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ABSTRACT  

Various means for manipulating droplets based on pressure, magnetic, optical, or 

other external fields have emerged. Despite the remarkable progress, the existing 

modalities of droplet formation control and manipulation still deserve further 

investigations, especially for the utilization of biodiesel. Here, we report a method for 

droplet manipulation using electric fields to achieve improved uniformity of droplet 

distribution, continuity and stability of droplet generation. Leveraging on the 

weakening of surface tension by electric stress could manipulate the droplet size, 

generation period, and departure rate. When the applied voltage is of 4kV, the droplet 

size and formation time were reduced by 50% and 7.83 times, respectively. 

Furthermore, we utilized ethanol with lower surface tension and higher electrical 

conductivity to improve the response of biodiesel to the electric field, which reduced 

the droplet breakup time by 211.67 times. Among them, the electric field had the most 

significant effect on promoting the breakup of BE10 fuel. In addition, the effects of 

electrode structure and fuel flow rate on droplet breakup in the electric field are also 

considered. These findings provide a satisfactory paradigm for droplet operation in 

various practical applications. 
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Ⅰ. INTRODUCTION 

As a renewable energy source, the emission characteristics and environmental 

friendliness of biodiesel determine its potential application in the combustion field1-4. 

However, high viscosity means poor flowability, making it difficult to achieve the 

desired atomization effect and engine performance5, 6. Therefore, various external 

stimuli including electricity7-9, magnetism10, 11, and light12, 13 are introduced to achieve 

more flexible and precise manipulation in the droplet formation to ensure adequate 

atomization performance of the fuel. 

For a neutral liquid, the breakup mechanism has been well developed since the 

instability was first considered by Rayleigh14. In general, the formation of droplets is 

associated with inertial forces, gravitational forces, capillary forces, and viscosity 

effects15-18. However, the presence of an electric field plays a key role in influencing 

droplet formation19. For electric based manipulation, the droplet formation occurs 

primarily through the distribution of charge on the liquid surface resulting in electrical 

stress overcoming surface tension20-23. Droplets carrying the same charges are rapidly 

driven by Coulomb repulsion to avoid coalescence between droplets. Adjusting the 

appropriate electric field, the distribution of droplets is characterized by good 

monodispersity24, 25. Therefore, a few works were conducted to explore the effect of 

electric fields on the morphology of electrospray by carrying out experimental and 

numerical studies17, 26. The results all indicated that electric fields are uniquely suited 

to control droplet generation and spray transformation25, 27. 

Moreover, the response of droplet formation to the electric field varies with the 

fluid properties. The low electrical conductivity of biodiesel hints at the difficulty of 

electric-based manipulation. It can be solved by the addition of higher conductivity 

fuels with less viscous and lower surface tension into the biodiesel to achieve 
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improved electrospray characteristics of biodiesel28-30. Classical additives reported in 

recent years include butanol, alcohol, n-pentanol, and ethanol30, 31. The results found 

that blending ethanol can most effectively reduce the emissions of particulate matter 

and NOX while achieving optimized atomization performance. The adjustment of the 

blending ratio optimizes the physical properties of biodiesel to varying degrees, which 

will have different effects on the droplet formation in the electric field.  

Alternatively, electrode structures change the strength of electric field at the 

capillary exit may provide a promising avenue for droplet generation manipulation32, 

33. The cone-jet was studied by using a novel capillary with an external electrode34 

and a curved ground electrode35. In addition, the electrospray modes were also 

obtained by double capillaries and multi-nozzle, and the influence of tubes on spray 

was discussed36, 37. It has been demonstrated that the electrode structure significantly 

affects the electrospray, but studies on the droplet formation are still lacking. 

Therefore, it is necessary to carry out the study of charged droplet breakup by 

replacing different electrodes. 

Previous studies have proved that the applied voltages, properties of liquid, 

electrode structure, and flow rate are the key factors in determining the droplet 

formation mode. In the present work, electric stress is employed to assist droplet 

formation. The physical properties of the fuel, the electrode structure, and the flow 

rate are fully considered. Firstly, we prepared blended fuels by adding different ratios 

of ethanol to biodiesel. The optimized effects of different blended fuels relative to 

pure biodiesel on droplet formation in the electric field were compared to determine 

the optimal blending ratio for the electric response by evaluating the droplet formation 

period, droplet size, stability and continuity of droplet formation, uniformity of the 

droplet size distribution, and the departure velocity of the droplets. In addition, the 
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kinetic behavior of the optimally blended fuel and the interaction of the charged 

droplets in an electric field was further investigated by adjusting capillary 

specification and flow rate.  

Ⅱ. EXPERIMENTAL DESCRIPTION AND FABRICATION OF FUELS 

A. Experimental setup 

Figures 1(a) and 1(b) show the experimental setup of droplet formation during an 

electrospraying process, which comprises an electrostatic generation system, a fuel 

supply system, and an imaging system. In the electrostatic generation, the capillary is 

connected to the positive of high voltage electrostatic generation (HVEG) (BOHER 

HV, 71230P, China), and the range of applied voltages is from 0 kV to 8 kV. The 

negative of the HVEG is connected to the grounding mesh. The set of the capillary is 

shown in Fig. 1(c). The distance of H can be calculated as follows: 

1 2 4( )H H H H= − −         (1) 

3 1
4 3

3 2

L L
H H

L L

−
=

−
        (2) 

The parameters of H1, H2, H3, L1, L2, and L3 can be found in Fig. 1(c). Therefore, 

the distance of H is 21.75 mm. A micro syringe pump (ISPLab02, China) is used in 

this study as the fuel supply system. The flow rate of fuel ranges from 10 ml/h to 50 

ml/h. The Fuel is pumped into a metal capillary at a set flow rate, and broken into 

droplets with different sizes in an electric field. The imaging system comprises a high-

speed camera (Phantom VEO, 1310L, USA), a light source, and a computer. The 

high-speed camera is employed to capture behaviors of droplet formation and motion 

in the electric field. The resolution of the high-speed camera is set to 1280×804 with a 

frame rate of 3000 fps, which means that 3,000 consecutive pictures could be taken 
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per second. The light source is set in backlight mode, and a piece of scattering film is 

employed to evenly distribute the light source.  

Collector

_

+

Stainless steel capillary

Syringe pump

Grounding mesh 

Plastic tube

HVEG

Resistance

PC

High speed camera

Light source

L

Collector

(a)

(b)

H
1
=

5
0

m
m

H
2
=

3
8

m
m

H
3
=

2
6

m
m

H
4

H

L2=25mm

L3=33mm

L1=30mm

(c)

 

FIG. 1. Schematic of the experimental setup of the electrospray system. (a) The picture of the 

experimental setup. (b) The Schematic drawing of the droplet formation during the electrospraying 

process. (c) The set of the distance between the exit of capillary and grounded mesh.  

B. Fabrication of fuels 

As a renewable energy source, the good emission characteristics and 

environmental friendliness of biodiesel determine its potential application in the 

combustion field. However, the high viscosity and low electrical conductivity mean 

that it has poor fluidity and electro-atomization, which affects the engine 

performance. The conductivity and fluidity of ethanol are much better than that of 

biodiesel, and there is a good compatibility between ethanol and biodiesel. To obtain 

fuels with different physical properties, we first add different volume ratios of ethanol 



 

7 

to biodiesel. The ratio of biodiesel to ethanol B: E is 90:10, 80:20, 70:30, 60:40, and 

50:50, respectively. The mutual solubility of the two fuels in different blending ratios 

was tested at 25℃ and no separated layer was found after standing for 5 days, and the 

properties of the test fuels are shown in Table Ⅰ. 

TABLE Ⅰ Compositions and properties of the test fuels. (298 K). 

Test fuels B100 BE10 BE20 BE30 BE40 BE50 

Ethanol (% by volume) 0 10 20 30 40 50 

Biodiesel (% by volume) 100 90 80 70 60 50 

Dynamic viscosity μ (mPa·s) 6.05 4.64 3.68 3.22 2.67 2.48 

Surface tension σ (N/m) 0.034 0.033 0.031 0.029 0.027 0.026 

Electrical conductivity K (S/m) 5.0E-10 4.7E-9 3.5E-8 8.7E-7 5.2E-6 7.9E-5 

Density ρ (kg/m3) 870 860 852 846 838 830 

Ⅲ. RESULTS AND DISCUSSION 

A. Droplet formation of biodiesel affected by electric field 

The droplet formation of biodiesel is a key issue to optimize the combustion 

process. To study the formation of droplets promoted by an electric field, we used a 

syringe pump to continuously supply biodiesel with a flow rate of 10 ml/h. The 

specification of the capillary is selected as 20G (outer diameter is 0.9 mm, and the 

inner diameter is 0.6 mm), which can produce droplets with a diameter of ~2.56 mm 

under neutral conditions. Biodiesel will be broken and move in the electric field 

traction formed between the metal capillary and the grounded grid. The schematic 

drawing of the droplet formation during the electrospraying process is provided in 

Fig. 2(a). Figure. 2(b) shows the typical observed behavior of droplet formation in the 

absence of an electric field. The ending of the previous droplet breakup is the 

beginning of the present droplet formation. Once the previous droplet separates from 

the capillary, the increase of surface energy causes the phase interface at the front end 
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of the pinhole to shrink, lasting for approximately 3 ms. As a result, any excess kinetic 

energy is dissipated through the interface oscillation during the shrink process38. 

Under the promotion of the capillary effect, the liquid interface will continue to climb 

upwards along the capillary by ~2.43 mm with a contact angle of 26.57° between 

biodiesel and the capillary. The expansion stage of the droplet would last for 2.81 s, 

accounting for 89.78% of the total droplet formation time. The droplet develops 

rapidly in a spherical shape owing to the continuous injection of biodiesel. The 

droplet would undergo irreversible stretching and fracture (~3.13 s), when the contact 

angle between the interface and capillary exit reaches 90°. Note that the stretching 

stage lasted for 0.317 s, accounting for 10.13% of the total droplet formation time. At 

this point, an independent droplet is formed and leaves at a speed of 0.2 m/s. 

In comparison, the application of electric field reduces the surface energy of the 

droplet, due to the increase of accumulated charges39. According to the surface energy 

minimization principle, the molecular forces on the interface would be weakened, 

making droplets more susceptible to deformation and fragmentation when subjected 

to external forces15, 40. Once the charge density exceeds the Rayleigh limit41 

( 3

Rayleigh 02 2q D  = , where 0  and   denote the permittivity of vacuum and the 

surface tension of the droplet), the droplet breaks to release charges. Therefore, the 

participation of electric fields increases the frequency of droplet formation while also 

reducing droplet size. Higher applied voltages (2 kV, 3 kV, 4 kV) led to the creation of 

smaller droplets, which reduced the diameter of the droplet from 2.56 mm (V = 0 kV) 

to 1.31 mm (V = 4 kV), as shown in Fig. 2(c) to 2(e). The period of interface 

shrinkage always remains at 3 ms, while the expansion phase rapidly decreases from 

2.81 s (V = 0 kV) to 0.34 s (V = 4 kV). Especially, when the applied voltage is of 4 
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kV, the droplet will no longer climb up along the metal capillary affected by the 

capillary effect. Compared to neutral droplets, the formation time was shortened by 

7.83 times when the applied voltage was 4 kV. The shortening of the droplet 

formation period is mainly due to the contribution of the expansion stage, which has 

decreased by 8.26 times.  
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FIG. 2. Droplet formation of biodiesel affected by the electric field. (a) Schematic drawing of the 

droplet formation platform. (b) A droplet expands at the outlet of the capillary and lasts for 2.81s 

(V = 0 kV). (c) A droplet expands at the outlet of the capillary and lasts for 1.95s (V = 2 kV). (d) A 

biodiesel droplet expands at the outlet of the capillary and lasts for 1.49s (V = 3kV). (e) A droplet 

expands at the outlet of the capillary and lasts for 0.34s (V = 4kV). 

With the increase in applied voltages, the diameter of the departure droplet will 

be further reduced due to the increase in charge density ( ~ ( )q E ) on the droplet 

surface. As shown in Fig. 3(a), an applied voltage of less than 6 kV means that the 

system always produces single droplets with larger sizes. When the voltage reaches 6 

kV, the incoming flow will emit several small droplets (with sizes as small as tens of 
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micrometers) to achieve the purpose of releasing charges. However, under the action 

of hydrodynamics, a larger unstable droplet (D~0.8 mm) will still follow closely. The 

movement speed of fine droplets in an electric field can reach 3 m/s, which is far 

exceeding that of neutral droplets (0.2 m/s), benefiting from the increase in Coulomb 

repulsion and the reduction of droplet size. In addition, the cone height decreases with 

the increase of voltage. When the voltage is 8 kV, the cone height is 1.25 mm, which 

is 37.81% lower than that at V = 7 kV. 

In the absence of an electric field, the droplets are mainly formed in a quasi-

static form at the nozzle by gravity overcoming surface tension, as shown in Fig. 3(b). 

In theory, the diameter of the formed droplets is 2.43 mm ( 1 3

in~ (6 )D d g  , where 

din is the inner diameter of the capillary, σ denotes the surface tension, ρ is the density 

of the liquid, and g is the gravitational acceleration)41. In our experimental 

measurements, the diameter of the neutral droplet is 5% larger than the theoretical 

value. The presence of an electric field has two main roles at the interface42, as shown 

in Fig. 3(c). On the one hand, the electric stress overcomes the surface tension of the 

droplet (σe~σ-q2/(8π2εD3))43 and promotes droplet formation. As a result, the droplet 

size is reduced by the self-repulsion of the free charges. On the other hand, the electric 

polarization stress generated by the permittivity gradient between the liquid and gas 

prevents the local electric field from shrinking and promotes the movement of 

droplets from strong fields to weak fields44. According to the discussion on the 

direction of the acting forces by Zhang42, 45, the electric field at the liquid-gas 

interface can be decomposed as normal and tangential components, which is shown in 

Fig. 3(d). 



 

11 

In general, the complete formation of droplets is simplified as three stages, 

including shrinking after the departure of the previous droplet, the expansion of the 

current droplet, and the narrowing of the liquid bridge caused by stretching of the 

droplet, which is depicted in Fig. 2(b) to 2(e). The stretching plays a key role in the 

formation of droplets. When the voltage is applied, the distribution of the charges on 

the interface could be simplified and indicated in Fig. 3(e). The configuration of the 

liquid bridge undergoes deformation, which results from the synergistic effect of 

tangential electric stress (stretching the droplet) and inertial force. Therefore, the 

liquid bridge becomes narrower and narrower until the liquid film separates and the 

droplets are completely broken. Notably, increasing applied voltage considerably 

shortens the duration of the shrinkage of the liquid bridge, which also leads to a 

further reduction in droplet volume under a high-voltage system. The broken droplets 

are accelerated away by Coulomb repulsion (F~qE) due to carrying charges with the 

same polarity. 
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FIG. 3. The diameter of the droplets varies with the applied voltages (a) Droplet diameter of 

biodiesel under various electric fields. (b) Schematic of the droplet formation mechanisms of 

neutral liquid. (c) Forces acting on a growing droplet under the electric field. (d) A normal (n) and 

a tangential (Fe) component decomposed from the electric field on the interface. (e) Simplified 

droplet breakup in an electric field and its charge distribution and transportation. 

B. Droplet characteristics 

The physical property of biodiesel is one of the important considerations for 

prompting droplet breakup by imposing an electric field. The prerequisite for the 

accumulation of free charges on the surface of droplets is that the speed of charge 

movement is greater than the fluid flow rate. The droplet breakup occurs when the 

local charge density exceeds a critical value46. However, biodiesel exhibits poor 

electrospray performance due to a larger charge relaxation time47 ( ~e K  , the 

conductivity of biodiesel is 5×10-10 S/m). Considering the good electrospray 

performance of ethanol (the conductivity K~5 × 10-5 S/m), blending it to biodiesel is 

an effective way to improve the quality of electrospray. Without considering the 

electric field assistance, the droplet size of BE50 is reduced by 8% compared to B100 

and differs from the theoretical value ( 1 3

in~ (6 )D d g  ) by 4%. In addition, the 

contact angle for the mixture and the capillary was reduced by 47.16% as shown in 

Table Ⅱ, which is mainly due to the reduction of surface tension. Figure. 4(a) shows 

the image capture of droplets generated by different blended fuels. In addition, the 

period of droplet formation is shortened by 18.85%, which is attributed to the 

reduction of the hydrodynamic relaxation time ( in~h r   , which denotes the 

mechanical deformation velocity of the capillary waves). By applying a voltage to the 

experimental system, we found that fuels with different blending ratios respond 
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differently to the electric field due to changes in physical properties. As shown in Fig. 

4(b), the droplets generated by BE10 show good uniformity and continuity. 

TABLE Ⅱ. The contact angle for the mixture and the capillary. 

Test fuels B100 BE10 BE20 BE30 BE40 BE50 

Contact angle 26.57° 23.63° 21.62° 19.09° 17.35° 14.04° 
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FIG. 4. Comparison of droplet formation of different blending ratios under the electric field 

(Q=10ml/h). (a) Image capture of droplets generated by different blended fuels (V=0). (b) Image 

capture of droplets generated by different blended fuels( V=4kV). (c) The structure of jet. 

When the applied voltage is V = 4 kV, a spiral jet with a diameter of 0.06 mm 

and a length of 3.52 mm will be ejected from the conical tip again every 7.33 ms, as 

shown in Fig. 4(c). When the cone angle θ is less than 54.46°, fine droplets start to 

form, and then the whole jet breaks up and fragments into several small droplets with 

a diameter of 0.14 mm, which are moving toward the grounded electrode with a speed 

of 2.2 m/s. Compared to the rest of the blending ratio fuels, BE10 exhibits better 

electrical response characteristics in an electric field environment, specifically 

reflected in the ability to generate finer droplets, faster droplet movement speed, and 

more stable generation. In addition, BE20 and BE40 fuels respond much less well to 

electric fields. Droplets comparable to biodiesel were still produced at 4 kV. However, 
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the droplet fragmentation modes of BE30 and BE50 are similar, both in spindle mode. 

A series of fine droplets with a diameter of several tens of micrometers are ejected 

from the tip of the spindle, and then the spindle-shaped droplets move in an electric 

field at a speed of 0.9 m/s and undergo morphological changes. Similarly, the cone 

angle θ when ejecting droplets from cone tips with different blending ratios is similar 

at about 55°. Overall, the BE10 showed a more sensitive response to the electric field 

and could stably produce uniform clusters of fine droplets. 

Furthermore, we control the applied voltage to probe the droplet formation 

modes for fuels with different blending ratios. The experimental results show that the 

fuels with different blending ratios exhibit dramatically different responses to electric 

fields. Figure 5 depicts the image capture of droplets generated by different blended 

fuels in various electric fields. BE10 demonstrated outstanding electrospray 

performance, especially at a voltage of 5 kV. A stable cone angle θ (69.42°) was 

formed at the exit of the capillary and a jet with a length of 1.48 mm was maintained 

at the tip of the cone. Droplets with a size of 45 μm and a spacing of 0.35 mm were 

continuously generated at the tip of the jet and moved toward the grounded electrode 

at a speed of 3.08 m/s. The stable characteristics of droplet formation show that the 

electric effect is far greater than the inertial force, and the electric force dominates the 

droplet formation process. The increase in voltage means that the charge density on 

the droplet surface is more likely to reach the critical value48 (Rayleigh limit, 

3

Rayleigh 0~ 2 2q D   ), and the greater Coulomb repulsion leads to an increase in 

droplet velocity. By further increasing the voltage, the surface disturbance of the 

liquid at the outlet of the capillary is enhanced, leading to the selective accumulation 

of charges in several local areas and the first to reach the Rayleigh limit, which results 

in multiple jets. The number of jet streams will be positively correlated with the 
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electric field. In addition, the spray range will also be expanded as the voltage 

increases. The spray range θr, represented by the atomization cone angle, will increase 

from 70.7° at 6 kV to 91.34° at 8 kV. 

 

FIG. 5. Image capture of droplets generated with different blended fuels in various electric fields. 

Fuel is injected into the metal capillary at a flow rate of 10ml/h.  

Comparing the response of fuels with different blending ratios to the electric 

field, we statistically characterize the droplet formation modes, as shown in Fig. 6(a). 

As the increase of blending ratio and voltage, the droplet formation modes will go 
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through dripping, stable jet, spindle, unstable jet, and stable multi-jet sequentially. The 

droplet formation mode of biodiesel in different electric fields is dominated by 

dripping due to the smaller conductivity (K~5×10-10 S/m). In terms of droplet 

formation mode distribution, BE10 can be proven to be the most stable blending ratio 

for droplet formation in an electric field. 

The size of the droplet is one of the important parameters to measure the degree 

of fuel fragmentation. We have counted the variation of average size with voltage for 

different blended fuels, which can be illustrated in Fig. 6(b). The charge density of 

droplets increases with increasing voltage, resulting in a decrease in the average 

droplet size. The average diameter of droplets produced by BE10 fuel in an electric 

field is the finest. When the electric field force is not enough to weaken the surface 

tension (V < 4 kV), the droplets will be dominated by inertial forces to produce larger 

droplets. However, when the voltage is greater than 4 kV, it can be observed that the 

blended fuel is well fragmented into fine droplets at the micrometer level. Biodiesel 

still drops larger droplets due to the competition between electric field force and 

surface tension caused by the large electrical relaxation time unfavorable to free-

charge transport. Therefore, blending a certain percentage of ethanol in biodiesel can 

effectively improve the electrospray effect of the fuel. Compared with biodiesel, 

BE10 has the best degree of fragmentation in the electric field. The effect was 

gradually significant when the voltage was greater than 3 kV, and the average particle 

size could be reduced by a maximum of 18.4 times (V = 6 kV). In addition, compared 

to the absence of an electric field, the boosting of electric stress can significantly 

reduce the droplet size, especially the response of BE10 to the electric field. The 

droplet size decreases with increasing electric field up to 211.67 times (V = 8 kV), 
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while the droplet size of biodiesel decreases only up to 64 times, as shown in Fig. 

6(c). 

The departure velocity is an important parameter to characterize droplet motion. 

The charged droplet is mainly accelerated by the electric field force (F~qE) during its 

motion. In the shooting field of view, we assume that the droplet is moving at a 

uniform speed. Figure 6(d) depicts the variation trend of droplet velocity of different 

blended fuels with applied voltages. As increasing the applied voltages, the departure 

velocity of droplets is increased, and the maximum velocity can reach 4.2 m/s, which 

is 17.77 times higher than that in the absence of an electric field. Overall, the droplet 

velocity of blended fuel is larger than that of biodiesel, and BE10 has the largest 

motion velocity. In addition, compared to biodiesel, the maximum increase in droplet 

velocity of BE10 is 4.94 times (V = 4kV). On the one hand, the increase in voltages 

enhances the charge density on the droplet surface, leading to an increase in Coulomb 

force. On the other hand, the decrease in droplet size leads to an increase in the 

acceleration of smaller droplets by the same magnitude of Coulomb force. 

The breakup time of the droplets represents the continuity of the electrospray. 

Since the droplet generation frequency increases with the increase in electric field, we 

only counted the droplet breakup time for voltages from 0 kV to 6 kV, as shown in 

Fig. 6(e). Due to the increase in charge density, the droplet breakup time will decrease 

rapidly as the voltage increases. When the voltage V ≥ 4kV, the droplet generation 

time stabilizes at the millisecond level because the droplet breakup is transformed to 

be dominated by the electric field force. For biodiesel, the presence of the electric 

field increases the number of droplets per second by a factor of 90.38 (0kV-6kV). 

While for BE30, the droplet breakup time is reduced by a factor of 682.17 for the 

same voltage range. Since ethanol blending reduces the electrical relaxation time e  
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and accelerates the charge transport, the fragmentation time of the blended fuel is 

further reduced. 
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FIG. 6. Comparison of droplet characteristics of different blending ratios under the electric field. 

(a) Droplet formation modes of fuels with different blending ratios in various electric fields. (b) 

The variation trend of droplet size of different blended fuels with applied voltages. (c) The degree 

of fragmentation of different blended fuels in an electric field compared to a neutral environment 

(Here, Di, and D0 are the droplet diameters of any droplet, and droplet at a voltage of 0, 

respectively). (d) The variation trend of droplet velocity of different blended fuels with applied 

voltages. (e) The droplet breakup time of different blended fuels under the action of an electric 

field. 

C. Considering capillary diameter and flow rate 

Droplet dynamics in an electric field are deeply modified by the capillary 

specifications. In the experimental system of this study, the flow rate of BE10 fuel 

was controlled at 10 ml/h through different sizes of capillaries. The outer and inner 

diameters of the capillary with different specifications are depicted in Table Ⅲ. 

Experiments showed that changing the capillary size did not have a significant effect 
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on the droplet fragmentation process, as shown in Fig. 7(a). Droplets were generated 

at the exit of different capillaries in a similar mode in the absence of electric field. 

However, the diameter of the generated droplets decreases with decreasing capillary 

diameter in the absence of an electric field, as shown in Fig. 7(b). The droplet 

diameter decreases by 22.14% when replacing G18 with G22 capillary. The difference 

between the experimental measurement value and the theoretical value 

( 1 3

in~ (6 )D d g  ) is within 5.39% (G20). With the gradual increase in voltage, 

dripping, jet, and multi-jet crushing occur sequentially at the exit of different 

specification capillaries. The jet length is shortened from 4.08 mm in G18 to 1.81 mm 

in G22 when the voltage is 4 kV, as shown in Fig. 7(a). The electric field strength at 

the exit of the capillary can be expressed as follows49: 

out out

2

ln(4 / )

V
E

r H r
=          (3) 

where V is the applied voltage, rout is the outer diameter of the capillary, and H is the 

distance from the exit of the capillary to the grounded electrode. Therefore, the 

electric field strength at the exit of the capillary is the result of a combination of 

applied voltage, capillary diameter, and electrode distance. The results found that the 

electric field strength of G22 is 4.14 × 103 kV/m, which is 59.84% larger than that of 

G18, as shown in Fig. 7(c). The essence of switching the capillary size is to change 

the electric field strength at the outlet. The decrease in capillary diameter implies an 

increase in the electric field strength, which leads to an increase in the charge density 

on the droplet surface, and thus the jet length is shortened. However, due to the weak 

electric field strength at the exit, when the voltage is 4 kV, the jets of G18-G20 will 

break as a whole under the inertial force and then break into several small droplets, 

while G21 and G22 remain stable with broken jet tips. It means that the voltage for 
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small-size capillaries to reach a stable jet is decreased. Coincidentally, the cone angle 

is always about 55° when the droplet breakup mode changes to a jet, as depicted in 

Fig. 7(d). The continued increase in voltage means that the jet length is shortened and 

the cone angle is increased. 

TABLE Ⅲ. The outer and inner diameters of the capillary with different specifications. 

Specification of capillary G18 G19 G20 G21 G22 

Outer diameters (mm) 1.25 1.05 0.9 0.8 0.7 

Inner diameters (mm) 0.85 0.7 0.6 0.5 0.4 
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FIG. 7. Droplet formation by considering capillary diameter. (a) Image capture of droplets 

formation in various capillaries (Q=10 ml/h). (b) The droplet diameter varies with capillaries in 

the absence of an electric field. (c) Electric field strength at the exit of the capillary. (d) Cone 

angle when the droplet breakup mode changes to a jet. 

During the transition from stable jet mode to multi-jet mode, there is a special 

stage where the jet tilts along a specific direction (oblique jet), as shown in Fig. 8(a). 
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The inclination angle θj will increase with the decrease in capillary diameter (from 

9.3° for G18 to 31.2° for G22). The jet mode will then change to a multi-jet mode. 

Furthermore, the jet diameter decreases accordingly, implying a decrease in the 

diameter of the generated droplets14 (D ~ 1.89Dj). The droplet sizes produced by 

different capillaries show the same trend of response to the electric field, which can be 

proved in Fig. 8(b). As the droplet fragmentation mode shifted from dripping to jet 

mode, the droplet size appeared to decrease across scales, rapidly decreasing from the 

millimeter level to the micrometer level. In addition, the departure velocity of the 

droplet is also increased by increasing the applied voltage, as shown in Fig. 8(c). 
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FIG. 8. Droplet characteristics by considering capillary diameter. (a) The inclination angle of the 

oblique jet. (b) The variation trend of droplet size of different capillaries with applied voltages. (c) 

The variation trend of droplet velocity of different capillaries with applied voltages. 

In addition to capillary size and fuel properties, the flow rate of fuel is also one 

of the key considerations for combustion optimization. Under conventional 
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conditions, the jet breakup will be significantly affected by the flow rate of fuel, 

which is mainly manifested by the weakening of gravity as the flow rate increases, 

while the gradually dominates the liquid breakup41. However, for the charged jet 

breakup process, the presence of electric field force makes the breakup of droplets 

under a high flow rate more complicated. Figure. 9 demonstrates the droplet 

formation of BE10. In the absence of an electric field, droplets are generated by 

gravity in a dripping mode. The droplet size decreases slightly due to the increased 

flow rate improving the inertial force. By applying a voltage, the breakup mode of the 

droplets shifts, which is mainly due to the weakening of the surface tension by the 

applied voltage. Increasing the fuel flow rate means that the surface charge density at 

the exit of the capillary decreases, resulting in a weakening of the electric field force 

and an elevation of the inertial force. 

 

FIG. 9. Image capture of droplets formation various flow rates (G20). A larger flow rate means a 

greater electric stress is required to fragment the droplets. 

When a voltage is applied in this system, the droplets at a flow rate of 10 ml/h 

are generated in a jet breakup mode with a size of 150 µm and a velocity of 2.2 m/s. 

However, at a flow rate of 50 ml/h, the droplets were broken in dripping mode to 
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produce droplets with a diameter of 1.13 mm and a speed of only 0.63 m/s. The 

droplet diameter increased by 7.53 times under the same voltage condition, which 

means that increasing the flow rate worsened the droplet breakup. In addition, 

increasing the flow rate also increases the voltage range for the droplet breakup mode 

shift. 

D. Repulsion between droplets promoted by electric field 

The broken droplets move toward the grounded electrode in the electric field by 

carrying charges of the same polarity. It means that there is interaction between the 

droplets. To elucidate the mechanism of repulsion between droplets, we revisited the 

characterization of the motion of charged droplets. Figure. 10 plots the sketch map of 

repulsion between droplets promoted by an electric field. The density of charges is 

positively related to droplet volume (
3

Rayleigh 0~ 2 2q D   ), which means the 

strength of the electrical repulsion to which the droplet is subjected. There are two 

phenomena of repulsion between droplets. First, when the applied voltage is low, the 

electric stress is not enough to perfectly resist the surface tension and the droplets 

break up in a larger diameter. In addition, the liquid bridge breaks up into a small 

droplet with a micrometer size, as shown in Fig. 10(a). Surprisingly, this small droplet 

does not incorporate into the larger droplet although it moves at a greater speed. 

Instead, the small droplet is bounced off by the large droplet and reverses its direction 

of motion when the distance is close. However, the large droplets still move according 

to the established trajectory, and the repulsive force between the droplets has little 

effect on them. The shift in the direction of motion of the droplets is mainly due to the 

fact that the droplets are charged with the same polarity, and the charges migrate when 

the droplets are close (Fig. 10(b)), changing the motion of the droplets under the 

action of repulsive forces. Alternatively, when the applied voltage is increased, the 
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fuel can be sufficiently fragmented to produce droplets with a uniform distribution of 

droplet size, implying that the droplets are similarly charged. Approaching droplets 

will simultaneously change their direction of motion under repulsive forces and thus 

move away again, as shown in Fig. 10(c). The schematic diagram of the interaction 

between two charged droplets with equivalent volume is shown in Fig. 10(d), the 

repulsive force has a similar effect on the motion of the two droplets. 

0 s 1 ms 2 ms

3 ms 4 ms 5.33 ms

Fe

Fe

g

g

v

v

(a)

(b)

0 s 0.33 ms 0.67 ms

1 ms 1.33 ms 1.67 ms

Fe Fe

gg

vv

+

++

+

+
+

++

+

+
+

+

+

+
+

+

+
+

+ +

+

+
+

+

(c)

(d)

 

FIG. 10 Repulsion between droplets promoted by the electric field. (a) The motion of two charged 

droplets with different sizes under Coulomb repulsion. (b) Schematic diagram of the interaction 

between two charged droplets with different sizes. (c) Two charged droplets with equivalent 

volume move in opposite directions under the push of Coulomb repulsion. (d) Schematic diagram 

of the interaction between two charged droplets with equivalent volume. 

Ⅳ. CONCLUSIONS 

In this study, we successfully investigate the formation of droplets promoted by 

the electric field. The transfer of charges enhances the ability of droplets to undergo 

Rayleigh breakup, thereby promoting the formation of fine droplets. It was found that 
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the participation of electric fields increases the frequency of droplet formation by 7.83 

times, and reduces droplet size by 50%, which allows us to realize the control of 

droplet generation and its characteristics of motion by adjusting the strength of the 

electric field. In addition, the addition of ethanol significantly enhanced the charging 

performance of biodiesel due to the increase in conductivity. BE10 could obtain the 

most excellent fragmentation characteristics, which was manifested in the continuous 

generation of fine droplets with good stability and homogeneity. The change in 

physical properties decreased the droplet size by 211.67 times. In contrast, changing 

the capillary diameter and flow rate has a smaller effect on the electric field 

promoting droplet generation. The change in capillary diameter essentially adjusts the 

outlet electric field strength, while increasing the flow rate reduces the surface charge 

density of the droplet. Furthermore, the Coulomb repulsion increases the departure 

velocity of droplets by 17.77 times in the electric field space and avoids coalescence 

between droplets. These findings advance the understanding of droplet formation 

promoted by the electric field and open potential avenues for further exploration of 

practical applications.  
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