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 Electrospray is an atomization method which produces monodisperse and fine droplets by applying a 
high potential difference between a nozzle and a counter electrode. Therefore liquid meniscus shows 
different behaviors when flow rate or applied voltage varies in the electrospray method. Here we report 
experimental study of these modes based on observation of the liquid meniscus shape emitted from the 
nozzle. The formation of different modes is reported and forces acting on the meniscus in each mode is 
discussed. In this work classification of electrospray modes is reviewed for a wide range of flow rates, 
between 0 80 ml h , and voltage, between 0 8.5kV. Electrospraying of ethanol is studied as a 
promising clean fuel for a wide range of voltages and flow rates. Formation of dripping, sibling, spindle, 
micro spindle, intermittent cone jet, oscillating jet, precession, cone-jet, multi jet, simple jet and 
ramified jet modes are observed. It should be noted that throughout this study such as identification of 
mode shapes has been done based on taking photos of electrospray phenomenon using the method of 
shadowgraphy, and this method has been done by using a high speed and a high resolution camera. In 
present configuration, for all  flow rates, the dripping and sibling mode is utilized for all of voltages 
which are lower than 3kV, for voltages between 3 4kV the spindle mode will be seen and for the 
voltages which are more than 5.5kV the multi jet mode will be observed. There are the other mode 
shapes for voltages between 4 5.5kV. 
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Fig. 1 Scheme of the experimental stand 

1   

1 SP2000,FNM  
2 HV35 FNM  
3 HVP-40 Pintek 
4 86D Victor 
5 1000 FPS, AOS technology 
6 D7100, Nikon 
7 AF-S Micro Nikkor 105mm 1: 2.8 G ED Nikon 
8 Extension Tube, 12,20,36mm, Kenko  
9 Shadowgraphy 
10 LED 

1   
 Table 1 Properties of ethanol 
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Fig. 2 Formation and separation of droplets in dripping mode, Flow 
rate= 6 ml h,Voltage= 0.407kV 

2 6 ml h
0.407kV  

1 Sibling 

  
Fig. 3 Schematic representation of forces on the sibling droplet in the 
dripping mode, Flowrate= 3 ml h, Voltage= 2.512kV 

3  
3 ml h2.512kV  

  
Fig. 4 Dimensionless droplet diameter versus bond number for different 
flow rate in dripping mode 
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Fig. 5 Different stages of drop formation in spindle mode, Flow rate= 2 ml h,Voltage= 3.033kV  
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Fig. 6 Schematic representation of forces on liquid meniscus in the 
spindle mode, Flowrate= 5 ml h, Voltage= 3.514kV 
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5 ml h3.514kV  
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Fig. 7 Different stages of formation of jet in intermittent-cone mode, Flow rate= 1.5 ml h ,Voltage= 3.5kV  

 7 1.5 ml h3.5kV  

 

Fig. 8 Different stages of drop formation in multi-spindle mode, Flow rate= 4 ml h ,Voltage= 4.029kV  
8  4 ml h4.029kV  
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Fig. 9  Schematic representation of forces on liquid meniscus in the 
multi-spindle mode, Flowrate= 4 ml h, Voltage= 4.029kV 
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Fig. 10 One period of jet formation in oscillating jet mode, Flow rate= 4 ml h ,Voltage= 4.029kV, Frame Rate=1000, Exposure= 95 s 
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Fig. 11  Schematic representation of forces on liquid meniscus in the 
oscillating jet mode, Flowrate= 60 ml h, Voltage= 5.37kV 

11  
60 ml h5.37kV  

  
Fig. 12  Schematic representation of forces on liquid meniscus in the 
precession mode, Flowrate= 50 ml h, Voltage= 6.07kV 
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Fig. 13 Cone jet mode, (a): from shadowgraph, (b): from light 
scattering, Flowrate= 2 ml h, Voltage= 4.63kV 
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2 ml h4.63kV  

  
Fig. 14 Schematic representation of forces on the liquid jet in the cone 
jet mode, Flowrate= 1.6 ml h, Voltage= 4.53kV 
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Fig. 15  Schematic representation of forces on the one liquid jet in the 
multi-jet mode, Flowrate= 1.6 ml h, Voltage= 4.53kV 
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1.6 ml h4.53kV  

 

Fig. 16  The other modes, Flowrate= 250 ml h, (a): Simple jet, 
Voltage= 3.92kV, (2): Oscillating simple jet, Voltage= 6.01kV, (c) 
Ramified jet, Voltage= 9.66kV,  Random spray, Voltage= 12.81kV. 
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Fig. 17  Schematic representation of the most important forces for each 
mode shapes 
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Fig. 18 The operating ranges of different spraying modes for ethanol 
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Fig. 19  Flow chart of spray mode in electric field 
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