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Abstract: Minimum quantity lubrication (MQL) is a relatively efficient and clean alternative to flooding 

workpiece machining. Electrostatic atomization has the merits of small droplet diameter, high uniformity of 

droplet size, and strong coating, hence its superiority to pneumatic atomization. However, as the current 

research hotspot, the influence of jet parameters and electrical parameters on the average diameter of droplets 

is not clear. First, by observing the shape of the liquid film at the nozzle outlet, the influence law of air pressure 

and voltage on liquid film thickness (h) and transverse and longitudinal fluctuations are determined. Then, 

the mathematical model of charged droplet volume average diameter (VAD) is constructed based on three 

dimensions of the liquid film, namely its thickness, transverse wavelength (λh), and longitudinal wavelength 

(λz). The model results under different working conditions are obtained by numerical simulation. Comparisons 

of the model results with the experimental VAD of the droplet confirm the error of the mathematical model 

to be less than 10%. The droplet diameter distribution span value Rosin–Rammler distribution span (R.S) and 

percentage concentrations of PM10 (particle size of less than 10 μm)/PM2.5 (particle size of less than 2.5 μm) 

under different working conditions are further analyzed. The results show that electrostatic atomization not 

only reduces the diameter distribution span of atomized droplets but also significantly inhibits the formation 

of PM10 and PM2.5 fine-suspension droplets. When the air pressure is 0.3 MPa, and the voltage is 40 kV, the 

percentage concentrations of PM10 and PM2.5 can be reduced by 80.72% and 92.05%, respectively, compared 

with that under the pure pneumatic atomization condition at 0.3 MPa. 
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1  Introduction 

Metal working fluids (MWFs) play an important 

role in the field of cutting processing, but their base 

fluid and additives usually contain a large amount of 

non-renewable mineral oil and harmful substances, 

such as nitrite, sulfur compounds, chlorinated 

compounds, and alkanolamine borates, which are 
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Nomenclature 

a Acceleration of the liquid at the nozzle outlet

   (m/s2) 

CCr Limit charge mass ratio (C/kg) 

CD Drag coefficient 

Cz Real charge mass ratio (mC/kg) 

d Relative distance between electrodes (m) 

Ed Electric field intensity between electrodes (V/m)

Es Electric field intensity of rs point (V/m) 

EMQL Electrostatic atomization minimum quantity 

   lubrication 

Fe Electrostatic field force (N) 

Fg Gas drag force (N) 

Fσ Surface tension (N) 

h Liquid film thickness (m) 

k Surface wave number 

L Length of the annular liquid film (m) 

L′ Equivalent length of the annular liquid film (m)

ml Mass of the liquid film at the nozzle outlet (kg)

l
m  Instantaneous mass flow (kg/s) 

MQL Minimum quantity lubrication 

MWFs Metal working fluids 

Pe Electrostatic expansion force (N) 

Ps Static pressure (N) 

QCr Limit charge of droplets (C) 

Qd Total electricity (C) 

Qz Charge of the liquid film (C) 

rg Radius of the gas core (m) 

rs Distance from the calculation point to the center 

   of the sphere (m) 

r0 Radius of the nozzle outlet (m) 

R′ Equal-volume spherical diameter of annular 

   liquid film (m) 

Sl Windward area of the annular liquid film (m2)

Sn Area directly opposite the two poles (m2) 

U Nozzle voltage (V) 

Ud Droplet surface potential (V) 

vg Initial velocity of gas at the nozzle outlet (m/s)

vl Liquid phase velocity (m/s) 

vr Relative velocity of gas and liquid in the  

   nozzle (m/s) 

Vl Volume of the annular liquid film (m3) 

VAD Volume average diameter of droplet (m) 

We Electrostatic energy stored by the droplet (J) 

α Void fraction 

εr Relative permittivity of air 

ε0 Dielectric constant of vacuum (C/V·m) 

λh Transverse wavelength (m) 

λz Longitudinal wavelength (m) 

ρg Gas phase density (kg/m3) 

ρl Liquid phase density (kg/m3) 

σ Liquid surface tension (N/m) 

σ* Effective surface tension of charged liquid (N/m)

ω Surface wave growth rate 

ωmax Maximum growth rate 

∆Ws Surface energy variation of the droplet (J) 

∆σ Surface tension reduction (mN/m) 

  
 

difficult to biodegrade [13]. Furthermore, MWFs 

pose a great threat to the natural environment and 

the health of operators unless they are post-treated in 

an environment-friendly manner, but the cost is high. 

Obviously, MWFs cannot meet the growing demand 

for low-consumption and efficient clean processing 

[46]. As an extreme green manufacturing method, 

dry cutting completely abandons the use of MWFs. 

Although this process can fundamentally solve the 

negative impact of MWFs, it also leads to the serious 

shortage of heat exchange capacity. This approach is 

not suitable for the working conditions of difficult-to- 

process materials or high-energy-density output [79]. 

Consequently, scholars have proposed the minimum 

quantity lubrication (MQL) based on the objective 

reality of flooding and dry cutting. After more than 

10 years of exploratory research, MQL has been proven 

to be a relatively efficient and clean alternative to 

MWFs [10, 11] given its unique mode of reducing 

consumption at the supply side. In MQL, compressed 

air (0.4–0.65 MPa) is used to atomize a small amount 

of lubricant (10–100 mL/h) either inside or outside 

the nozzle to form a group of droplets, which are 

sprayed to the cutting area under the action of air 

flow field to realize cooling and lubrication [1214]. 

As the specific surface area of the lubricant increases  
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significantly after atomization, its spreading and 

wetting performance are both improved. Using 5% 

MWF can achieve an even better processing effect 

compared with flooding. Knowing how to improve the 

atomization performance of MQL in terms of droplet 

size and size distribution as a means of improving the 

cooling and lubrication ability has become a hot issue 

among scholars [15–17]. 

In the past, scholars focused on the commonly 

used pneumatic atomization mode and performed 

theoretical analysis and experimental research on 

atomization performance in this mode. They determined 

the breaking behavior of liquid films at nozzle outlets 

under the pull of high-pressure gas as the origin, and 

thus regarded as the most important consideration. 

Inamura et al. [18], Brend et al. [19], and Shanmugadas 

et al. [20] used a high-speed camera to capture the 

shape and thickness of the liquid film at the outlet 

of a pneumatic atomizer and the process of the 

ligament formed by the liquid film under unstable 

action. They also analyzed the main fluctuation types 

and dynamic evolution process of the liquid film in 

the change process of the liquid film. Chaussonnet 

et al. [21] and Qin et al. [22] built an atomization 

phenomenological model under the pneumatic 

atomization condition by considering the law of liquid 

film fluctuation and liquid film thickness (h) (m), and 

they predicted the average diameter of the droplets’ 

primary atomization by the pneumatic nozzle. Schillaci 

et al. [23], Déjean et al. [24], and Lilan et al. [25] adopted 

the numerical simulation method to analyze and 

determine different jet parameters, which established 

as having a significant impact on the fluctuation and 

evolution of liquid films. They obtained the complete 

breaking system diagram of the liquid film, determined 

the internal relationship between the liquid line shape 

of the liquid film and the main fluctuations of the 

Kelvin–Helmholtz (K–H) and Rayleigh–Taylor (R–T) 

waves, and established the prediction model of the 

average diameter of droplets. Pillai et al. [26] and 

Zhang et al. [27] analyzed the influence of gas–liquid 

flow on liquid phase fluctuation based on the principle 

of liquid instability and discovered the continuous 

decrease in atomization cone angle with the increase 

in the gas–liquid momentum ratio. They determined 

the average diameter and droplet distribution 

characteristics of droplets by calculating the Weber 

number and gas–liquid momentum ratio. Dafsari   

et al. [28] and Bravo et al. [29] show that the smaller 

the liquid viscosity is, the easier the annular liquid 

film is to break (0.53–30.25 mm2/s). Furthermore, 

although the average diameter of droplets is small, 

the distribution range of the droplet size is wide. 

Gupta et al. [30], Lv et al. [31], and Krolczyk et al. 

[32] found that increasing the atomization gas pressure 

could effectively improve the atomization performance 

and microdroplet transport energy, but negative effects 

occur at the same time. In the liquid atomization and 

breaking process, the energy exchange behavior was 

violent between gas and liquid. The atomization was 

accompanied by the generation of a large number of 

fine-oil mist particles, which could easily fly and 

disperse during movement. Furthermore, the droplet 

produced by atomization contained a certain amount 

of PM10 (particle size of less than 10 μm) and PM2.5 

(particle size of less than 2.5 μm) particulate matters. 

The settling time of the PM10 particles was 8.2 s, 

whereas that of PM2.5 exceeded 1.5 h. Suspended 

particles in air exceeding a certain concentration  

will seriously endanger the respiratory system. Fine 

particles are deposited in the respiratory tract, alveoli, 

bronchus, and other organs, possibly causing allergy, 

pneumonia, irritant reaction, asthma, and emphysema 

or even induce cancer (e.g., laryngeal cancer). In general, 

vegetable oil is harmless to the health of operators 

(except for poisonous vegetable oils, such as Jatropha 

curcas oil). However, when operators are exposed to 

inhalable oil mist particles for a long time in high 

intensity, a series of respiratory diseases will be caused 

due to that the human respiratory system cannot load 

such a large amount of oil mist particles [33, 34]. An 

analysis of Refs. [35, 36] indicates an irreconcilable 

contradiction between the improvement of atomization 

performance and the reduction of environmental 

impact of the aforementioned methods. 

In 2015, Li et al. [37] proposed the electrostatic 

atomization minimum quantity lubrication (EMQL) 

grinding technology. Subsequently, Mishra et al. [38] 

reviewed the development of MQL and determined 

EMQL to be a green, efficient, and sustainable cooling 

and lubrication processing method, indicating its 

broad research and application prospects. Jia et al. 

[39, 40] and Xu et al. [41] revealed that electrostatic 

atomization could effectively reduce the average  
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diameter of atomized droplets and the distribution 

span of droplet particle size. Moreover, the controllable 

performance of droplet transport could be enhanced 

by a certain charge on the droplet surface. Lv et al. 

[42, 43] conducted experiments on the atomization 

characteristics of EMQL and obtained similar results 

apart from a variety of cutting experiments. Their 

results showed that electrostatic atomization could 

effectively reduce the temperature and interface friction 

coefficient in the cutting area, prolong the service 

life of the tool, and improve the surface quality of 

the workpiece. Shah et al. [44] proved the improved 

atomization and tribological properties of a lubricant 

by charging via friction and wear experiments and 

5–15 press hardened steel turning experiments. Su  

et al. [45] built an EMQL heat transfer performance 

measurement device and studied the influence of pole 

spacing, medium flow, and voltage on heat transfer 

performance. Their results showed that increasing 

the voltage or selecting a medium flow and reducing 

the pole spacing could improve the critical heat   

flux. De Bartolomeis et al. [46] reported the results  

of a series of cutting experiments on nickel-based 

alloy 718 under EMQL conditions in the 5th CIRP 

Conference on Surface Integrity (CSI). They shared 

that EMQL will likely be a highly competitive method 

for cutting difficult-to-machine materials in the 

aerospace field in the future. In Ref. [46], the liquid 

breaking process includes the violent energy exchange 

between gas and liquid, which involves a variety of 

force interactions. Furthermore, the nozzle structure, 

external environment, liquid physical properties, and 

other factors have a direct impact on liquid atomization. 

Introducing the electrostatic field will likely result 

in an extremely complex liquid breaking mechanism 

in EMQL. 

Knowledge of continuous phase liquid breaking 

process in EMQL is important in understanding the 

influence of jet parameters on atomization quality. 

However, at present, the EMQL process is still in  

the confirmatory experimental stage of processing 

effect. The research on the breaking mechanism of 

the charging liquid of EMQL is relatively scarce. 

Furthermore, the atomization quality evaluation 

system for the particle size and size distribution of 

EMQL is not perfect. Thus, in this study, the fluctuation 

and evolution law of the liquid film at the outlet of 

an internal mixing two-phase flow nozzle are studied, 

and the influence law of the electric field on liquid 

film fluctuation and its causes are analyzed. First, the 

three-dimensional geometric quantities of the transverse 

wavelength (λh) (m), longitudinal wavelength (λz) (m), 

and annular film thickness of the liquid film at  

the outlet of the nozzle are considered, and the 

mathematical model of the volume average diameter 

(VAD) of droplets in the annular breaking process 

of the liquid film at the outlet of the two-phase flow 

electrostatic nozzle is constructed. Then, the reliability 

of the mathematical model is verified by a laser 

particle size measurement experiment. The effects 

of electrostatic field on the droplet size distribution 

span and the percentage concentration of fine 

droplets (i.e., PM10 and PM2.5) during atomization 

are analyzed. Finally, the atomization mechanism  

of the breaking process of the liquid film in the 

microlubrication atomization system under the 

coupling action of air flow field and electrostatic 

field is revealed. 

2 Analysis of instability fluctuation of 

the annular liquid film 

The internal mixing two-phase flow nozzle has  

been widely used in the field of MQL because of   

its advantages of low atomization pressure, low 

manufacturing and maintenance cost, and low 

influence of liquid viscosity. The EMQL system used 

in this study is shown in Fig. 1(a). The nozzle is an 

internal mixing two-phase flow copper nozzle, and 

its internal surface roughness (Ra) is 0.23 μm. A 

pole of the high-voltage direct current (DC) power 

supply is connected to the contact electrostatic nozzle 

(self-made type), whereas the other pole is connected 

to the workpiece for processing. Non-uniform electric 

field is formed between the nozzle and workpiece. 

The compressed gas and microlubricant required  

by the electrostatic nozzle are provided by the   

MQL system. Energy exchange occurs between the 

compressed gas and microlubricant in the mixing 

chamber of the nozzle, and the microlubricant is 

charged through contact with the nozzle. The specific 

structure of the electrostatic nozzle is shown in    
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Fig. 1(b). Previously, Kim and Lee [47] conducted a 

visual experiment on the two-phase flow pattern in 

the pneumatic atomizer. The gas–liquid two-phase 

flow in the nozzle has an annular flow, i.e., the liquid 

flows along the nozzle wall, and the gas flows at a 

high speed in the center of the annular membrane to 

form a gas core, as shown in Fig. 1(c). 

According to the surface instability theory, when 

liquid is ejected from the nozzle in continuous phase, 

a strong turbulence occurs between the liquid and the 

surrounding medium, thereafter producing unstable 

pressure fluctuations at the interface. With the 

continuous increase in external force, the fluctuation 

amplitude increases exponentially in time or space. 

When the amplitude is sufficiently large, the liquid 

breaks and forms an independent small liquid unit. 

Cherdantsev and Markovich [48] determined the gas 

core velocity in the annular liquid film to be large 

and the local sound velocity in the nozzle to be low. 

Thus, the gas core is in a state of pressure decrease 

and speed increase in the flow process. As the gas 

pressure at the outlet is higher than the external 

ambient pressure, the liquid will expand further, 

resulting in a further increase in velocity difference 

between gas and liquid. With the increase in velocity 

difference, the gas–liquid interface of the annular 

liquid membrane will produce a violent unstable 

fluctuation. Instability theory can help to derive the 

wave dispersion equations of the annular liquid film 

under various conditions. Furthermore, the correlation 

and proportion relationship between the average 

diameter of droplets and the longitudinal wavelength 

can be established based on the symmetrical or 

asymmetrical wave form of the liquid film [49, 50]. 

Wang et al. [51] and Zhang et al. [52], who studied 

longitudinal and transverse waves during liquid film 

rupture (Fig. 2), found lateral fluctuation as the main 

reason for the formation of a ligament structure at 

the nozzle outlet. The average diameter of droplets 

is also related to lateral wavelength size. 

According to Daskiran et al. [53] and Vadivukkarasan 

and Panchagnula [54], shear force at the gas–liquid 

interface would lead to K–H instability, causing the 

liquid film to fluctuate longitudinally along the jet 

direction. The amplitude, growth rate, and wave 

number of longitudinal waves are mainly determined 

by the characteristics of liquid surface tension (σ) 

(N/m), gas phase, density, and velocity. Longitudinal 

-
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Fig. 1 Electrostatic atomization system and nozzle flow pattern. Note: r0 is the radius of the nozzle outlet (m). 
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waves can show the wave structure of the liquid film, 

and they mainly include symmetrical and asymmetrical 

waves. In general, the symmetrical fluctuation of the 

liquid film is more common in pneumatic atomizers. 

In addition, under the acceleration of external force, 

R–T instability occurs at the gas–liquid interface, 

resulting in the fluctuation of the liquid phase along 

the transverse direction of the nozzle. Transverse 

fluctuation is characterized by the formation of a 

wire drawing structure along the circumferential 

direction of the nozzle, also known as a braided 

structure. The amplitude, growth rate, and wave 

number of transverse waves are mainly determined 

by liquid density, acceleration, and surface tension 

(Fσ) (N). With the development and extension of the 

ligament in the jet direction, once the amplitude 

reaches a certain degree, the ligament breaks and 

forms multiple small liquid units. The small liquid 

unit eventually shrinks into spherical droplets under 

the action of surface tension or even further breaks 

under the action of external force. The smaller the 

liquid viscosity, the easier the annular liquid film is 

formed at the nozzle outlet, and the smaller the final 

droplet size [28]. 

Jin et al. [55] and Li et al. [56] conducted an in-depth 

research on the stability of coaxial electrofluid to 

explore the axisymmetric stability of the externally 

driven coaxial electrofluid in inviscid and viscous 

states. Grigo’ev and Shiryaeva [57] established a 

model of the pressure field and electric field under 

small disturbance and gave the dispersion equation 

of the small disturbance electrofluid in time mode. 

Bang et al. [58] deduced the dispersion equation of 

the charged cylindrical jet and studied the oscillation 

wavelength of the main unstable waves under different 

voltage conditions. Their results showed that the 

oscillation wavelength of the main unstable wave 

decreases with the increase in voltage. However, the 

stability analysis of the charged annular liquid film 

with high-speed gas core has not been reported. 

3 Influence of jet parameters on charged 

annular liquid film 

3.1 Particle image velocimetry (PIV) image data 

acquisition system 

The atomization process of the internal mixing 

two-phase flow electrostatic atomizer is explored 

by collecting data about the formation and evolution 

process of the liquid’s film instability structure near 

the nozzle outlet. Given the small-scale characteristics 

and short evolution period of the liquid film’s interface 

disturbance structure, using ordinary equipment 

cannot sufficiently collect the transient structure 

information of the liquid film. Thus, in this study, 

high-speed micrography (i.e., PIV) technology is 

used to collect the information on transverse    

and longitudinal instability fluctuations, instability 

structure, and breaking shape of the annular liquid 

film near the nozzle outlet under different working 

conditions. The specific observation system is shown 

in Fig. 3. The acquisition system is mainly composed of 

the MQL system (FK TYPE MQL, Bluebe), high-voltage 

 

Fig. 2 Two-dimensional instability fluctuation of the annular liquid film. Note: vg is the initial velocity of gas at the nozzle outlet 
(m/s), vl is the liquid phase velocity (m/s), and rg is the radius of the gas core (m). 
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Fig. 3 PIV high-speed camera image acquisition system. 

DC power supply (HDA-80T, Hongda), a gas supply 

system, a liquid supply system, a high-speed camera, 

a high-brightness light source, and a portable computer 

(PC) terminal. The model of high-speed camera is 

i-SPEED 221 (IX Camreas), and the light source is a 

light emitting diode (LED) high-intensity light source 

with continuously adjustable light intensity. The other 

parameters are also continuously adjustable: air supply 

pressure, between 0 and 0.8 MPa; liquid flow rate, 

between 0 and 200 mL/h; and voltage, between 20 and 

60 kV. The electrostatic atomization process usually 

entails a large voltage; by contrast, the current between 

the two poles used in this study is at the micro-amp 

level, which is far lower than the safe current of 10 mA 

[59]. The radius of the nozzle outlet (r0) is 1×10−3 m, 

the atomized liquid is soybean oil, and the average 

flow rate is adjusted to 60 mL/h. The distance between 

the receiving plate and nozzle is 0.05 m. 

3.2 Effect of air pressure on liquid film instability 

The effect of air pressure on the instability of the 

annular liquid film during the atomization of the 

internal mixing two-phase flow nozzle is analyzed 

by collecting images of the annular liquid film at the 

nozzle outlet under different air pressure conditions 

(0.1, 0.2, 0.3, and 0.4 MPa) at 0 kV (pure pneumatic 

atomization). The annular liquid film before the 

formation of the ligament at the nozzle outlet is shown 

in Fig. 4. In pure pneumatic atomization mode, the 

liquid film at the nozzle outlet is transversely unstable 

under the action of air flow, which is manifested as 

a circumferential wave along the nozzle. When the 

air pressure is 0.1 MPa, the nozzle outlet appears 

with two peaks. With the increase in gas pressure, 

the transverse fluctuation of the liquid film tends to 

further intensify. Moreover, the wave number increases, 

the λh decreases, and the distribution between peaks 

tends to be more uniform. As the nozzle is placed 

horizontally, the liquid under the nozzle is significantly 

more than the liquid above the nozzle under the action 

of gravity. The smaller the gas pressure, the more 

obvious this phenomenon. 

Figure 5 shows the shapes and distributions of the 

ligament at the nozzle outlet. Under the action of gas 

drag, the liquid film pulls out multiple ligaments at 

the transverse wave crest and develops along the jet 

direction. Under the action of gas shear force, the 

ligament fluctuates longitudinally and propagates 

downstream. When the gas pressure is small, the  

 

Fig. 4 Transverse fluctuations of the liquid film at the nozzle 
outlet under different pressure conditions. 

 

Fig. 5 Ligament distributions and morphologies at the nozzle 
outlet under different pressure conditions. 
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number of formed transverse wave peaks is small, 

the number of ligaments at the outlet is small,  

and the diameter of the ligament is large. With the 

increase in gas pressure, the number of ligaments 

increases, while its diameter decreases continuously, 

and the distribution of ligaments tends to be uniform. 

Longitudinal fluctuations occur on the ligament 

surface. However, the λz is difficult to quantitatively 

characterize because of the turbulence between gas 

and liquid. 

The analysis shows an extremely complex wave 

even on the same ligament due to the superposition 

of waves. Although many scholars have studied   

the longitudinal wavelength of jets, the longitudinal 

wavelength of the liquid film under the height of the 

gas–liquid two-phase flow cannot be determined 

accurately. Increasing the gas pressure will aggravate 

the disturbance of the gas–liquid interface, reduce the 

longitudinal wavelength, and increase the propagation 

speed and growth rate of the wave. Furthermore, the 

fracture length of the ligament is proportional to the 

longitudinal wavelength. In the case of symmetric 

waves, two waves meet at the wave trough, and the 

ligament breaks into two equal parts with the same 

wavelength; therefore, the half-wavelength is often 

used to calculate droplet size. Figure 5 shows a high 

frequency of symmetrical fluctuations, excluding the 

complex ones. With the increase in air pressure, the 

breaking length of the ligament decreases continuously. 

This phenomenon can be explained by the increase 

in gas velocity, which increases the amplitude of the 

wave and accelerates the propagation speed. 

3.3 Effect of voltage on liquid film instability 

When the air pressure is 0 MPa, and the voltage is  

40 kV, the shape of the liquid film is arranged 

vertically at the nozzle outlet (Fig. 6). Under the 

action of electrostatic force, the liquid film at the 

nozzle outlet has a unique Taylor cone structure for 

the electric jet. Under the traction of the electric field, 

ligaments and monodisperse droplets appear at the 

tip of the Taylor cone. In electrostatic three-dimensional 

printing, the capillary tube is used as a nozzle, and 

liquid atomization is realized using an electric field. 

When the diameter of the EMQL nozzle is much 

larger than that of the capillary tube, simply using 

electrostatic fluid cannot achieve the processing 

requirements of high atomization. Therefore, gas is 

needed for auxiliary atomization. 

The influence of the coupling effect of air flow field 

and electrostatic field on the instability of the annular 

liquid film is studied via an experiment that requires 

a collection of image information of the annular 

liquid film at the nozzle outlet under different 

conditions of air pressure (0.1, 0.2, 0.3, and 0.4 MPa) 

and voltage (0, 20, 25, 30, 35, and 40 kV). The shapes 

of the liquid film under different voltage conditions 

with an air pressure of 0.2 MPa are shown in Fig. 7. 

With the increase in voltage, the transverse fluctuation 

of the liquid film tends to further intensify, the wave 

number increases, the transverse wavelength decreases, 

and the distribution between wave peaks is more  

 
Fig. 6 Morphologies of the liquid film at the nozzle outlet under 
the 0 MPa/40 kV condition. 

 
Fig. 7 Transverse fluctuations of the liquid film at the nozzle outlet under different voltage conditions. 
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uniform. This trend can be attributed to the liquid 

surface having the same charge, causing the surface 

layer to have a significant directional arrangement, 

thereafter reducing the σ and liquid deformation 

resistance. Furthermore, after the liquid is charged, 

additional electrical disturbance occurs at the gas–liquid 

interface. In particular, after the nozzle is energized, a 

Taylor cone structure appears at the front end of the 

liquid film, which is a unique structural feature of 

the electric jet. This phenomenon proves the obvious 

effect of the electric field on the transverse fluctuation 

of the liquid film. The electric traction at the wave 

crest is greater under the action of electric field force 

because of the denser charge distribution at the wave 

crest on the liquid film surface. Under the action 

of electroviscous effect, the charge moves the nearby 

liquid microclusters, subsequently forming a Taylor 

cone structure. In addition, after the nozzle is 

charged, the liquid deposition at the bottom of the 

nozzle under the influence of gravity is significantly 

improved. This phenomenon can be explained by the 

liquid spreading more evenly along the inner wall of 

the nozzle under the action of Coulomb repulsion 

after charging. 

Figure 8 shows the shapes and distributions of the 

liquid line at the nozzle outlet under different voltage 

conditions with an air pressure of 0.2 MPa. Under the 

synergistic action of gas drag and electrostatic force, 

the liquid film is pulled out from the tip of the Taylor 

cone to form ligaments. The diameter of the ligament 

at the nozzle outlet is smaller than that under the 

pure pneumatic atomization condition despite the 

 

Fig. 8 Ligament distributions and morphologies at the nozzle 
outlet under different voltage conditions 

same pressure value. As the voltage rises, the number 

of ligaments increases, the diameter of the ligament 

decreases, and the distribution of ligaments tends to 

be more uniform. Under the traction of electric field 

force, the longitudinal movement speed of ligaments 

increases, and the liquid breaking speed increases. 

Therefore, the breaking length of ligaments decreases 

with the increase in voltage. When the voltage is   

35 kV, some ligaments break near the outlet. When 

the voltage reaches 40 kV, all ligaments near the 

outlet rupture. If the ligament velocity is fast, and the 

diameter is small, then the fluctuation of the ligament 

surface is difficult to directly observe. Thus, the single 

coarse ligament image formed at the nozzle outlet is 

collected in the experiment. The surface fluctuation 

of the ligament is symmetrical. 

4 Mathematical model of volume average 

particle size of charged droplets 

The existing mathematical model of droplet size only 

considers one-dimensional longitudinal fluctuation. 

However, a large error exists between the theoretical 

predicted particle size and the real particle size. In 

PIV observation experiments, the fluctuation of the 

gas–liquid interface is a highly complex phenomenon, 

and the breaking process of the liquid film is      

a three-dimensional problem. The longitudinal 

wavelength, transverse wavelength, and thickness of 

the liquid film all have effects on the average diameter 

of droplets [60]. Figure 9 depicts a case of a local nozzle 

outlet expanded into a plane and the related liquid 

film distribution and its breaking process. The liquid 

 

Fig. 9 Three-dimensional breaking mechanism of the annular 
liquid film. 
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film pulls out a ligament at each transverse wave peak, 

and the longitudinal wave at the ligament interface is 

symmetrical. The ligament shrinks at the longitudinal 

half-wavelength to form a small liquid unit, further 

breaking and shrinking into spherical droplets under 

the action of surface tension. 

In summary, the average droplet volume diameter 

at the nozzle outlet is directly proportional to the 

longitudinal half-wavelength, transverse wavelength, 

and thickness of the liquid film. A three-dimensional 

equal-volume mathematical model of annular 

membrane crushing atomization can be constructed 

according to the principle of constant volume in the 

liquid crushing process. The VAD is given by Eq. (1): 

z h3
3

VAD = 
π

h 
               (1) 

4.1 Liquid film thickness 

The existing liquid film thickness model is mainly 

based on Bernoulli’s law of horizontal tube. This 

kind of model uses the change in gas pressure inside   

and outside the nozzle to calculate the liquid phase 

velocity (vl) (m/s), and it ignores the pressure drop 

caused by friction and gravity on the inner wall of the 

nozzle. The model cannot reflect the effect of electric 

field intensity on liquid phase velocity. Furthermore, 

as the nozzle structure is much more complex than 

the horizontal tube, a large deviation usually occurs 

for the predicted value of the model. 

This study defines the void fraction (α) of the 

annular liquid film at the outlet of two-phase flow 

nozzle as the ratio of the cross-sectional area of the 

gas core to the cross-sectional area of the nozzle outlet. 

It is given by Eq. (2): 


2

g

2
0

r

r
                 (2) 

where rg is the radius of the gas core (m). 

For the EMQL two-phase flow nozzle in pulse liquid 

supply mode, its duty cycle (ratio of oil delivery time 

to non-oil delivery time) is 1:5. The instantaneous 

mass flow (
l

m ) (kg/s) is obtained from the average 

mass flow of the microlubricant. If the liquid velocity 

and liquid density at the nozzle outlet are known, then 

the void fraction can be derived as 

l

2

l 0l
π (1 )m rv                  (3) 

where ρl is the liquid phase density (kg/m3). According 

to the above analysis, the nozzle outlet is an annular 

liquid film. The annular liquid film thickness is given 

by Eq. (4): 

  0 1h r                 (4) 

The liquid phase velocity in the model needs to be 

obtained. Here, the continuous image information of 

the outlet liquid film is obtained using a high-speed 

camera system. 

4.2 Longitudinal wavelength 

The longitudinal wavelength of the liquid film under 

the condition of high-speed gas-assisted jet atomization 

is analyzed according to the theory of surface 

instability. Then, the effects of physical properties, 

such as gas and liquid velocity, density, gas 

compressibility, liquid viscosity, surface tension, and 

boundary conditions, on longitudinal wavelength are 

considered based on the principles of mass conservation 

and momentum conservation in gas phase and liquid 

phase. By introducing a stream function and a velocity 

potential function in the cylindrical coordinate system, 

the interface longitudinal wave dispersion equation 

can be constructed to reveal the implicit relation 

between the surface wave growth rate (ω) and surface 

wave number (k) or wavelength (λ) (m). When the 

gas–liquid interface is a velocity discontinuous 

interface, the vortex thickness tends to be zero. Here, 

the liquid phase density is considered to be much 

higher than the gas phase density (ρl >> ρg). According 

to the K–H wave instability theory [48], the dispersion 

equation of the interface disturbed by gas and liquid is  

l l g g

l g g l l g

l g l g

2( ( ))
v v k

k i v v k
 

     
   


    

 
  

(5) 

where i is the imaginary part. The maximum growth 

rate (ωmax) is calculated as 

g g g

max

l

1
322

3 3

v 


 

 
   

 
            (6) 
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In Eqs. (5) and (6), the surface wave number 

corresponding to the maximum growth rate is  

given by 

g g

22

3

v
k




                 (7) 

where vg is the initial velocity of gas at the nozzle 

outlet (m/s). Then, by considering the relationship 

between wavelength and wave number, the main 

unstable wavelength (λKH) (m) of the surface wave 

can be obtained as 

KH

g

2

g

2π 3π

k v
 


               (8) 

Without considering the influence of gravity, 

droplets tend to shrink into ideal spheres with radii 

(R) (m) under the action of surface tension. The static 

pressure (Ps) (N) is generated inside and outside the 

droplet, as shown in Fig. 10(a). When the droplet is 

charged, the charge is distributed on the droplet 

surface because of the skin effect, a phenomenon that 

can be simplified as a surface charge model. Under 

the action of the same charge repulsion on the surface, 

the electrostatic expansion force (Pe) (N) opposite to 

the static pressure is generated inside the droplet, as 

shown in Fig. 10(b).  

Assuming that the charged droplet is an ideal 

sphere, and the surface is non-fluctuating, the total 

electricity (Qd) (C) carried by the droplet is evenly 

distributed on this droplet’s outer surface. According 

to the principle of electrostatic field superposition, 

the electric field intensity of rs point (Es) (V/m) at any 

distance outside the droplet can be calculated as 

 

Fig. 10 Force analysis of the charged droplet. 

d
s 2

r 0 s
4π

Q
E

r 
                 (9) 

where rs is the distance from the calculation point to 

the center of the sphere (m). The surface potential of 

the spherical droplets and the electrostatic energy 

stored by these droplets can be expressed as 

d
d s s

r 0

d
4π

R Q
U E r

R 
            (10) 
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d
8π

Q Q
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R 
           (11) 

where Ud is the droplet surface potential (V), and We 

is the electrostatic energy stored by the droplet (J). 

Assuming that the reduction of surface tension caused 

by droplet charging is the surface tension reduction 

(∆σ) (N/m), the corresponding surface energy variation 

of droplets is 

s

24πW R                 (12) 

where ∆Ws is the surface energy variation of the 

droplet (J). At this time, the total energy of the droplet 

is W = We + ∆Ws. The following relationship can be 

derived from the principle of virtual work. 

    
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where 

2 3

r 0

d

2

64π

Q

R


 
                (14) 

If σ = ∆σ, then the static pressure generated by 

surface tension is completely offset by the electrostatic 

expansion force. At this time, the droplets would 

be deformed and broken. By considering the critical 

conditions and Eq. (14), σ can be further expressed as 

Cr

2

2 3

r 0
64π

Q

R


 
              (15) 

where QCr is the limit charge of droplets (C). QCr in 

Eq. (15) is substituted as 

rCr

3

0
8πQ R             (16) 
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The limit charge of the droplet is considered in  

this study. The limit charge mass ratio (CCr) (C/kg) is 

expressed as 

r 0
r 3 2C

l

 6C
R

 


              (17) 

When the true charge of the droplet is less than  

the limit charge, the droplet is in a stable state. The 

effective surface tension of charged liquid (σ*) (N/m) 

is given by Eq. (18): 

2
*

2 3

r 0

d

64π

Q

R
 

 
             (18) 

The formulation of the relationship between the 

effective surface tension of charged liquid and the true 

charge mass ratio is 

2 3 2
*

r

z l

0
36

C R 
 

 
               (19) 

The outlet of the internal mixing two-phase flow 

electrostatic nozzle is an annular liquid film, and it 

needs to be transformed into an equal-volume sphere. 

The volume of the annular liquid film (Vl) (m
3) can be 

expressed as 

 2

l

2

0 g
πV r r L               (20) 

where L is the length of the annular liquid film (m). 

The edge of the annular liquid film is irregular due to 

the existence of transverse fluctuation on the liquid 

film surface. As the length of the liquid film cannot 

be measured directly, fitting calculations are required. 

After removing the lens stain on the image, it is 

transformed into a binary image. The first black pixel 

is approached from the top, bottom, and right 

directions, and the liquid film calculation area at the 

nozzle outlet is automatically intercepted, as shown 

in Fig. 11. The proportion of black pixels is calculated 

based on the total number of pixels and black pixels 

in the rectangular area. Then, from the ratio of pixel 

value to actual size, the equivalent length of the 

annular liquid film (L′) (m) is calculated. 

Different air pressure and voltage conditions are 

considered in this study. Twenty images for each 

working condition are utilized in the analysis, and   

 

Fig. 11 Calculation scheme for deriving the equivalent length 
of the liquid film. 

the average value is calculated. The equivalent length 

of the liquid film under all working conditions is 

between 0.264 and 0.291 mm. The equivalent length 

variation is negligible under different working 

conditions. Subsequently, 0.276 mm is selected as the 

equivalent length of the liquid film for all working 

conditions. The equal-volume spherical diameter of 

annular liquid film (R') (m) is expressed as 

 2 23
0 g

0.75πR r r L             (21) 

Equations (19)(21) are substituted to express the 

effective surface tension of charged liquid. 
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According to Eq. (8), the longitudinal wavelength of 

the annular liquid film after surface tension can be 

reduced as 

*

g

2

g

z

3π

v


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                (23) 

4.3 Transverse wavelength 

When the density of the liquid phase is much higher 

than that of the gas phase, the interface disturbance 

caused by various types of acceleration can be 

represented as an R–T unstable wave. The most 

unstable wavelength of the R–T wave (λRT) (m) can 

be calculated as [48]: 

  /

RT

1 2

l
2π 3 / a               (24) 

where a is the acceleration of the liquid at the nozzle 

outlet (m/s2). 
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In the process of electrostatic atomization, the 

annular liquid film at the nozzle outlet is mainly 

affected by gas drag, electrostatic field force (Fe) (N), 

and surface tension. The gas drag force (Fg) (N) and 

electrostatic field force accelerate the movement of 

the liquid film downstream of the nozzle, but 

surface tension hinders the liquid film’s downstream 

movement. According to the stress analysis of the 

annular membrane 

l g e
a F Fm F                 (25) 

where ml is the mass of the liquid film at the nozzle 

outlet (kg). The mass of the liquid film is calculated as 

 l l

2 2

g0
πm r r L               (26) 

According to the theory of fluid mechanics, the gas 

drag can be expressed as 

g D r

2

g l

1
C

2
F v S              (27) 

where CD is the drag coefficient, vr is the relative 

velocity of gas and liquid in the nozzle (m/s), and Sl is 

the windward area of the annular liquid film (m2). 

The nozzle and receiving surface are two conductive 

electrodes filled with dielectric material (air) and can 

jointly act as a capacitor [61]. The charged amount of 

the nozzle liquid film is given by Eq. (28): 

 r

2 2

0 pr n
z

00
π r rS

Q U U
d d

   
         (28) 

where Qz is the charge of the liquid film (C), εr is the 

relative permittivity of air (i.e., 1.00053), ε0 is the 

dielectric constant of vacuum (i.e., 8.85×10−12 C/V·m), 

Sn is the area directly opposite the two poles (m2),   

U is the nozzle voltage (V), and d is the relative 

distance between electrodes (m). According to Eq. (28), 

the electrostatic force on the liquid film can be 

expressed as 

r 2

e 2

n
d z

0
S

F E Q U
d

 
             (29) 

where Ed is the electric field intensity between 

electrodes (V/m). The resultant force of surface tension 

on the liquid film is 

  *

0 g
2πF r r               (30) 

According to Eqs. (24)(30), the λh can be 

expressed as 

 
l
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In conclusion, by considering the liquid film 

thickness (Eq. (4)), transverse wavelength (Eq. (31)), 

and longitudinal wavelength (Eq. (23)), the VADs of 

the droplets can be calculated as  
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(32) 

5 Mathematical model calculation and 

error analysis 

5.1 Determination of the input parameters of the 

mathematical model 

The liquid phase velocity, gas core velocity, and 

droplet charge mass ratio under different air pressure 

and voltage conditions must be provided to be able 

to compute the final VAD of the mathematical model. 

The liquid phase velocity can be obtained by analyzing 

the nozzle liquid film image collected in the PIV 

experiment. The steps are briefly given as follows: The 

continuous liquid film image is selected, and a binary 

image is turned. The first black pixel from the right 

side of the image is approached, and the coordinate 

value is obtained. Similarly, the X-coordinate values 

of the rightmost black pixel in the continuous images 

are selected, as shown in Fig. 12. The X-coordinate 

value difference of the rightmost black pixel of two 

consecutive images as the moving distance of the 

liquid film is taken. Here, the time interval between 

consecutive images is 0.002 s. Finally, the liquid phase 

velocity at the nozzle outlet based on the ratio of pixel 

value to actual size is obtained. 

Twenty continuous images are selected for analysis, 

and the average value under different compressed air 
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Fig. 12 Calculation scheme of liquid film velocity at the nozzle 
outlet. 

pressure (P) (MPa) and U (kV) conditions is calculated. 

On this basis, the liquid phase velocity at the nozzle 

outlet can be obtained, as shown in Table 1. The liquid 

phase velocity increases with the rise in air pressure 

and voltage, which can be attributed to the effect of 

gas drag and electric field traction. 

The total charge of droplets per unit time is measured 

using the charge meter (EST111, Beijing Jingbeinuo 

Technology Co., Ltd.) and Faraday cylinder. The 

average charge mass ratio is obtained by measuring 

the total mass of droplets per unit time. The surface 

tension of soybean oil is measured using the surface 

tension meter (BZY‐201, Shanghai Fangrui Instrument 

Co., Ltd.). Here, the voltage is assumed to have no 

effect on the gas core velocity. The gas volume at the 

nozzle outlet is measured using a vortex flowmeter, 

and the initial gas velocity under various working 

conditions is calculated according to the measured 

pipeline diameter. 

5.2 Calculation results of the mathematical model 

The surface tension of soybean oil at room temperature 

is 32.17 mN/m. The values of initial gas velocity (vg) 

are 38.25, 56.38, 69.40, and 79.92 m/s under different 

conditions between 0.1 and 0.4 MPa. The corresponding 

Table 1 Liquid velocity at the nozzle outlet (m/s) under different 
voltage and pressure conditions. 

U (kV) 
P (MPa) 

0 20 25 30 35 40 

0.1 0.1357 0.1772 0.1855 0.1918 0.1954 0.1978

0.2 0.1692 0.1984 0.2063 0.2120 0.2151 0.2179

0.3 0.2084 0.2341 0.2412 0.2464 0.2490 0.2511

0.4 0.2256 0.2479 0.2547 0.2595 0.2619 0.2637

measurements of real charge mass ratio (Cz) and ∆σ 

are shown in Figs. 13 and 14, respectively. Given  

the same air pressure condition, Cz and ∆σ increase 

with the rise in voltage. The amplitudes of the two 

changes decrease with the increase in voltage. The 

trends indicate that increasing the voltage tends to 

saturate the liquid charge, hindering the liquid to 

charge further. Furthermore, given the same voltage 

condition, Cz and ∆σ decrease with the increase in air 

pressure. This phenomenon can be explained by the 

liquid phase velocity rising with the increase in air 

pressure, thereafter decreasing the contact charging 

time between the liquid phase and nozzle. When 

the air pressure is 0.1 MPa, and the voltage is 40 kV,   

the maximum Cz and ∆σ are 0.3078 mC/kg and  

8.3301 mN/m, respectively. At 0.4 MPa and 20 kV, the 

minimum Cz and ∆σ are 0.1556 mC/kg and 1.6986 mN/m, 

respectively. 

 

Fig. 13 Charge mass ratios under different conditions. 

 

Fig. 14 Variations of surface tension under different conditions. 
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The h (62.3–125.2 μm), λz (32.4–172.7 μm), λh 

(457.4–1,700 μm), and theoretical VADs (95.9–327.4 μm) 

under different working conditions are determined by 

substituting the abovementioned input parameters 

into the mathematical model. The specific results 

are shown in Figs. 15(a) and 15(b). The variations of 

transverse wavelength, longitudinal wavelength, 

and thickness of the liquid film and the VADs of the 

droplets with respect to air pressure and voltage are 

all consistent. Thus, the gas drag force and electric 

field drag force of the liquid film increase continuously 

as the air pressure and voltage increase. This situation 

further leads to the increase in liquid phase velocity 

at the nozzle outlet and the decrease in liquid film 

thickness. The influence of gas traction on the liquid 

phase velocity is more obvious compared with the 

influence of electric field traction. The longitudinal 

wavelength of the annular liquid membrane decreases 

with the increase in air pressure and voltage. The effect 

of voltage on longitudinal wavelength is depicted by 

the decrease in surface tension of the liquid after it 

is charged, causing the deformation resistance of 

the liquid to be decreased. Meanwhile, the increase 

of gas velocity will cause the increase of external 

force of liquid deformation. Notably, increasing the 

gas phase velocity reduces the contact time between 

the liquid phase and nozzle, and it has a negative 

impact on the charge of the liquid. Furthermore,  

the transverse wavelength of the annular liquid film 

decreases with the increase in air pressure and voltage. 

The influence of voltage on transverse wavelength is 

reflected in two aspects. On the one hand, the increase 

in voltage reduces the surface tension of the liquid,  

eventually reducing its deformation resistance. On 

the other hand, the increase in voltage increases the 

traction force of the electric field, thereafter accelerating 

the liquid phase acceleration. Both of these phenomena 

reduce the transverse wavelength. Similarly, the 

increase in air pressure further accelerates the liquid 

phase, which is manifested by the decrease in transverse 

wavelength. Here, the maximum values of the 

transverse wavelength, longitudinal wavelength, and 

thickness of the liquid film are obtained at 0.1 MPa/0 kV, 

whereas the corresponding minimum values are 

obtained at 0.4 MPa/40 kV. The VADs of the droplets 

are affected by the thickness and transverse and 

longitudinal wavelengths of the liquid film. 

Consequently, the VADs of the droplets decrease 

with the increase in  air pressure and voltage. The 

values of transverse wavelength are significantly larger 

than those of liquid film thickness and longitudinal 

wavelength, further suggesting that transverse 

wavelength may have a greater impact on particle  

size. In other words, the number and distribution of 

ligaments have the most obvious effect on the VADs 

of the droplets. 

5.3 Model verification and error analysis 

Regarding the error of the mathematical model, the 

experimental values of the VADs of the droplets under 

different working conditions need to be measured for 

comparison and verification. The laser particle sizer 

(Winner319, Jinan Micro-nano Particle Instrument Co., 

Ltd.) is used to collect and measure the VADs of the 

droplets and their diameter distribution characteristics. 

Its working principle is shown in Fig. 16. The transmitter 

 

Fig. 15 Different air pressure and voltage conditions: (a) thickness, longitudinal wavelength, and transverse wavelength of the liquid 
film; (b) VADs of droplets. 
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sends a monochromatic parallel laser, and the beam 

vertically enters the droplet test area after passing 

through the lens. Droplets with different particle sizes 

cause the parallel beam to manifest a polydispersive 

Fraunhofer diffraction behavior. The diffraction angle 

produced by large diameter droplets is small, whereas 

the diffraction angle produced by small diameter 

droplets is large. Once the diffracted beam reaches the 

detector at the receiving end, the particle size distribution 

and the VADs of the droplets can be finally obtained 

using an energy spectral analysis apparatus. The 

laser particle sizer is used to obtain the R.S value of the 

particle sizes’ distribution span and the percentage 

concentrations of PM10 and PM2.5. In consideration 

of the influence of the nozzle on the detection beam, 

the position 10 mm away from the nozzle outlet is 

selected as the atomization measurement point. 

The value of the droplet diameter variable in 

Eq. (32) is a discrete value. Here, the obtained discrete 

values are processed by polynomial fitting. The fitted 

adjusted R-square value is between 0.977 and 0.989; 

the fitting accuracy is regarded as sufficient in this 

study. Figure 17 shows a comparison between the 

calculated VADs of the droplets and the experimental 

values. The variation trend of the VADs of the droplets 

with respect to voltage and air pressure is consistent 

with that of the theoretical calculation. When the air 

pressure is 0.1–0.3 MPa, the errors of pure pneumatic 

atomization are greater than those of electrostatic 

atomization (i.e., 8.76%, 1.91%, and 8.78%). At 0.1 MPa 

and 20–40 kV, the error is between 3.38% and 4.79%. 

At 0.2 MPa and 20–40 kV, the error is between 0.01% 

and 1.05%. At 0.2 MPa under the charged condition, 

the calculated value is the closest to the experimental  

 

Fig. 17 Comparison between the calculated and measured values 
of the average droplet diameter. 

 

Fig. 16 Working principle of the laser particle size analyzer. 
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value. At 0.3 MPa and 20–40 kV, the error is between 

6.10% and 7.04%. When the air pressure is 0.4 MPa, 

the error value of pure pneumatic atomization is 

1.72%. At 0.4 MPa and 20–40 kV, the error value    

is between 1.70% and 3.55%. Figure 17 shows the 

standard deviations of the derived values. The 

increase is significant in terms of the randomness   

of liquid atomization with respect to the increase in  

air pressure. The randomness of liquid atomization 

decreases, while the controllability increases with the 

increase in voltage. 

6 Atomization characteristics 

6.1 Droplet diameter distribution span R.S 

The research on the atomization quality of nozzles 

not only pays attention to the average diameter of 

droplet groups but also their respective particle 

size distributions. The more concentrated the droplet 

distribution, the closer the particle size between 

droplets, and the higher the controllability of 

atomization parameters. The effects of the aerodynamic 

and electrical parameters on the diameter distribution 

and concentration of fine droplets in the atomization 

process are studied by collecting data on the span 

value R.S and PM10/PM2.5 percentage concentrations 

under different working conditions. The droplet 

diameter distribution is characterized by the span 

value R.S. The R.S value is calculated according to 

(x90 − x10)/x50, where x90, x10, and x50 mean the diameters 

of 90%, 10%, and 50% of the measured cumulative 

distribution of droplets (i.e., the volume contents 

of droplets smaller than this diameter account for 

90%, 10%, and 50% of all droplets), respectively. The  

larger the R.S value, the wider the droplet diameter 

distribution range, and the higher the degree of 

non-uniformity of droplets. Figure 18 shows the 

measured cumulative distribution curves of the 

droplets at 0.3 MPa. 

When the air pressure is 0.3 MPa, and the voltage 

is 0 kV, the droplet diameter size distribution is 

extremely wide, and the R.S value reaches 2.982. 

After the nozzle is energized, the droplet diameter 

distribution narrows with the increase in voltage. 

When the voltage is 40 kV, the minimum R.S value 

of 1.697 is obtained, which is a reduction by 43.09% 

compared with that under the pure pneumatic 

atomization condition at 0.3 MPa. 

Figure 19 shows the scatter distributions of the  

R.S values measured experimentally under different 

working conditions. Under the pure pneumatic 

atomization condition, R.S has an obvious upward 

trend with the increase in air pressure. When the  

air pressure is 0.4 MPa, R.S is 3.363. When the air 

pressure is 0.2 and 0.4 MPa, the change trend of R.S is 

consistent with that at 0.3 MPa. The R.S at 0.2 MPa/40 kV 

is 19.7% lower than that at 0.2 MPa/0 kV. Furthermore, 

the R.S at 0.4 MPa/40 kV is 45.38% lower than that 

at 0.4 MPa/0 kV. The analysis indicates that with the 

increase in voltage, the liquid film spreads more 

evenly at the nozzle outlet, the transverse fluctuation 

tends to further intensify, and the transverse wave crest 

is denser. Therefore, the droplet diameter distribution 

is more concentrated, and the probability of generating 

droplets with large and small diameters is reduced. 

This finding further suggests that the uniformity  

of the droplet diameter distribution is significantly 

improved after the nozzle is charged. Notably, the 

R.S is small (i.e., 0.610) at 0.1 MPa/0 kV. After adding 

the electric field, the R.S does not decrease but rather 

increases to a value between 0.786 and 0.94, while 

the change trend of voltage does not seem to follow 

an obvious law. The analysis shows that due to the 

insufficient atomization capacity of 0.1 MPa gas, the 

droplet diameter is generally large, so the droplet 

diameter distribution span is small. Although the 

atomization ability is improved to some extent after 

charging, the atomization ability is still limited, and 

the droplet diameter distribution span only increases 

slightly. The uniformity of droplet diameter distribution 

is improved by liquid charging in the effective range 

of MQL atomization. 

6.2 Percentage concentrations of PM10 and PM2.5 

Inhalable particles carried by air pose a threat to the 

environment and the health of operators. Thus, the 

percentage concentration of PM10 under different 

working conditions is measured in the experiment 

(Fig. 20). Under the pure pneumatic atomization 

condition, the percentage concentration increases 

significantly with the increase in air pressure. When  
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Fig. 18 Measurement of spray particle size under 0.3 MPa condition. 
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Fig. 19 Spray particle size distribution spans under different 
working conditions. 

 
Fig. 20 Percentage concentrations of PM10 under different 
working conditions. 

the air pressure is 0.1–0.4 MPa, the percentage 

concentrations are 0%, 1.263%, 6.576%, and 8.858%. 

The analysis shows that when the air pressure is   

0.1 MPa, the droplet diameter is greater than 300 μm 

due to the low atomization energy. No droplet of 

diameter less than 10 μm is generated. With the 

increase in gas pressure, the energy exchange between 

gas and liquid tends to intensify. Furthermore, due to 

the non-uniformity and superposition of fluctuations 

of the liquid film, ligaments with an extremely small 

diameter are formed and broken into fine droplets 

with very small diameters. With the increase in gas 

pressure, the probability of producing fine droplets  

is greater. When the air pressure reaches 0.4 MPa,  

the percentage concentration of PM10 reaches the 

maximum at 8.858%. After the nozzle is charged, 

when the air pressure is 0.1 MPa, the percentage 

concentration is between 0.001% and 0.003%. The 

addition of an electric field can improve the atomization 

ability, allowing for the formation of some fine 

droplets. As for conditions involving extremely low 

concentrations, they are no longer analyzed in this 

research. Under the charged atomization condition, 

when the air pressure is 0.2–0.4 MPa, the liquid charge 

has an obvious inhibitory effect on the percentage 

concentration of PM10. A decreasing trend of percentage 

concentration is observed with the increase in voltage. 

The percentage concentrations at 0.2 MPa and 20 and 

40 kV are reduced by 48.3% and 61.2%, respectively, 

compared with that for pure pneumatic atomization 

at 0.2 MPa. At 0.3 MPa and 20 and 40 kV, the 

percentage concentrations are reduced by 44.94% 

and 80.72%, respectively, compared with that for pure 

pneumatic atomization at 0.3 MPa. The percentage 

concentrations at 0.4 MPa and 20 and 40 kV are reduced 

by 54.56% and 76.07%, respectively, compared with 

that for pure pneumatic atomization at 0.4 MPa. After 

adding an electric field, the liquid film spreads more 

evenly, avoiding the formation of extremely thin 

ligaments caused by the instability of gas drag. The 

transverse distribution of the liquid film is also more 

uniform. The comprehensive analysis indicates that 

the percentage concentration of PM10 can be effectively 

reduced after the liquid is charged. 

In accordance with the third interim target of the 

World Health Organization and the hygienic standard 

of inhalable particulate matter in indoor air of China 

[62], the percentage concentration of PM10 should 

not be higher than 150 μg/m3. The flow rate of MQL 

lubricant in this study is 60 mL/h, and the lubricant 

density is 916.8 kg/m3. The average settling time of 

the PM10 suspended particles is 8.5 s, and the total 

liquid mass injected at this period is 152.8×103 μg. 

Droplet diffusion space is determined based on 

equipment and installation space. According to the 

volume and operation space of ordinary small machine 

tools, the estimated floor area is 3 m × 3 m, the 

workshop height is 5 m, and the available diffusion 

space is 45 m3. The calculation shows that for PM10 

concentration in space to be lower than 150 μg/m3, 

the percentage concentration of this particle in the 

atomized droplets should be less than 5.2%. As shown 
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in Fig. 20, under the no-charge condition, when the air 

pressure is between 0.3 and 0.4 MPa, the percentage 

concentration of PM10 exceeds the hygienic standard 

of particulate matter. The blue dotted line in 

Fig. 20 represents the standard line. The area below 

this standard line does not meet the indoor particle 

concentration requirements, indicating great harm  

to the health of operators. Charging the nozzle at 

0.1–0.4 MPa allows for the percentage concentration 

of PM10 to meet the international health standards. 

The change trend of percentage concentration of 

PM2.5 is consistent with that of PM10, as shown  

in Fig. 21. When the air pressure is 0.1 MPa, the 

percentage concentration of PM2.5 is not detectable 

at the nozzle outlet. The percentage concentration 

increases significantly with the rise in air pressure. 

Under the pure pneumatic atomization condition   

at 0.2–0.4 MPa, the percentage concentrations are 

0.147%, 1.232%, and 1.748%. According to the analysis, 

PM2.5-suspended droplets are usually satellite droplets 

formed during the rapid retraction of ligament 

rupture. The build-up of satellite droplets is related 

to the movement speed of the main droplets to a 

certain extent. The higher the speed of the main 

droplet, the easier it is to form satellite droplets,  

and finer droplets are produced. Given the same   

air pressure condition, the charge has an obvious 

inhibitory effect on the percentage concentration of 

PM2.5. In particular, the percentage concentration 

shows a decreasing trend with the increase in voltage. 

The percentage concentrations of PM2.5 at 0.2 MPa 

and 20 and 40 kV are reduced by 64.63% and 80.27%, 

respectively, compared with that for pure pneumatic 

atomization at 0.2 MPa. The percentage concentrations 

at 0.3 MPa and 20 and 40 kV are reduced by 60.31% 

and 92.05%, respectively, compared with that for pure 

pneumatic atomization at 0.3 MPa. The percentage 

concentrations at 0.4 MPa and 20 and 40 kV are 

reduced by 69.97% and 89.24%, respectively, compared 

with that for pure pneumatic atomization at 0.4 MPa. 

The analysis shows that after adding an electric field, 

the liquid surface tension decreases, which reduces 

the retraction speed of the ligament fracture and 

even the possibility of production of satellite droplets. 

Figure 8 illustrates the formation of a relatively 

straight ligament after charging, whereas it is bent 

under the pure pneumatic atomization condition. 

Therefore, charging can prevent the main droplets from 

moving directly against the wind to a certain extent, 

thereafter avoiding the formation of a large number 

of satellite droplets. National Health Commission of 

the People’s Republic of China have not specified 

provisions regarding PM2.5 concentrations in the 

hygienic standards for inhalable particulate matter in 

indoor air. According to Ref. [63], PM2.5 particles 

are suspended in air for a much longer time, indicating 

prolonged periods of harm to the human body and 

the environment. Accordingly, PM2.5 concentrations 

should be minimized as much as possible in 

manufacturing work settings. Figure 21 shows a 

significant decrease in the percentage concentration 

of PM2.5 produced by the atomization system after 

charging. When the air pressure is 0.4 MPa, the 

percentage concentrations are reduced by 66.67%  

to 90% compared with that under the no-charge 

condition. In summary, electrostatic atomization can 

not only refine the droplet diameter but also reduce 

the droplet diameter distribution span and the 

percentage concentrations of PM2.5 and PM10. 

 

Fig. 21 Percentage concentrations of PM2.5 under different 
working conditions. 

7 Conclusions 

This study has collected the fluctuation information 

of liquid film at the nozzle outlet (i.e., internally 

mixed two-phase flow nozzle) under different 

working conditions by using a high-speed camera 
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system. The effects of air pressure and voltage on the 

transverse fluctuation of the liquid film, the diameter 

of the liquid line, and the longitudinal fluctuation of 

the liquid film are analyzed. The mathematical model 

of the breaking mechanism of the annular liquid  

film wave is established, and the accuracy of the 

model is analyzed. The R.S of droplet diameter 

distribution span and the percentage concentrations 

of PM10/PM2.5 under different working conditions 

are measured by the laser particle sizer (Winner319), 

and then compared. 

1) The formation and unstable breaking mechanism 

of the annular liquid film in the internal mixing 

two-phase flow nozzle are analyzed. The instability 

and fragmentation process of the annular liquid film 

under different air pressure and voltage conditions are 

observed by high-speed micrography (PIV). Compared 

with the findings for the working condition of  

pure pneumatic atomization, an obvious Taylor cone 

structure develops at the nozzle outlet under the 

working condition of electrostatic atomization, the 

number of transverse wave peaks increases, and the 

distribution of wave peaks is more uniform. The higher 

the voltage, the more obvious the abovementioned 

phenomenon. In addition, with the increase in 

voltage, the speed of ligament breakup increases, and 

the breaking length of the ligament decreases. 

2) The relationship between true charge mass  

ratio and change in surface tension is obtained by 

calculating the limit charge mass ratio of static 

droplets. The theoretical model of the liquid film’s 

transverse and longitudinal wavelengths in gas-assisted 

electrostatic atomization is constructed based on the 

wave instability theory. As for the liquid crushing 

process, the droplet VAD model, which is positively 

related to the thickness, transverse wavelength, and 

longitudinal half-wavelength of the liquid film, is 

constructed according to the principle of constant 

volume. 

3) The VADs of the droplets under different working 

conditions are measured using the laser particle  

sizer, and then compared with the results of the 

mathematical model. According to the comparative 

results, the error of the mathematical model in terms 

of droplet VAD is less than 10%. The model has high 

accuracy, and thus can be applied. 

4) The R.S values of the droplet diameter distribution 

span and the percentage concentrations of PM10/PM2.5 

under different working conditions are compared 

and analyzed. The results indicate that electrostatic 

atomization can not only reduce the droplet diameter 

distribution span but also significantly inhibit the 

production of PM10 and PM2.5 fine particles. When 

the air pressure is 0.3 MPa and the voltage is 20 kV 

and 40 kV, the percentage concentrations of PM10 are 

reduced by 44.94% and 80.72%, respectively, compared 

with that under the pure pneumatic atomization 

condition. As for the percentage concentrations of 

PM2.5, they are correspondingly reduced by 60.31% 

and 92.05%. 

In conclusion, charging not only increases the 

atomization performance of soybean oil, but also 

effectively inhibits the generation of inhalable oil 

mist particles. 
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