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Abstrakt 

Táto práca sa venuje štúdiu elektrostatického rozprašovania vody v kombinácii s 

atmosférickým kladným korónovým výbojom vo vzduchu. Elektrostatické 

rozprašovanie kvapalín je predmetom výskumu už od počiatku minulého storočia a 

našlo uplatnenie v rôznych oblastiach. V poslednej dobe sa uvažuje o využití 

elektrostatického rozprašovania vody najmä pri vyšších prietokoch ako vhodnej metódy 

pri dekontaminácii vody znečistenej rôznymi organickými a mikrobiálnymi polutantami. 

Prítomnosť elektrického výboja generujúceho nízkoteplotnú plazmu v rozprašovanej 

oblasti umožňuje veľmi efektívny prenos častíc generovaných plazmou do vody. 

Používali sme konfiguráciu elektród hrot-rovina s rôznymi typmi dutých kovových ihiel 

(anóda) umiestnených oproti kovovej rovinnej sieťke (katóda). Použili sme 

experimentálne metódy ako vizualizácia vysokorýchlostnou (HS) a iCCD kamerou, 

osciloskopické merania prúdových pulzov výboja a merania celkového prúdu, a optické 

emisnú spektroskopiu (OES). Tieto metódy boli použité za účelom vizualizácie 

formovania vodných filamentov pri rôznych módoch rozprašovania a správania výboja 

pri tomto procese. Pre vodu boli pozorované nasledovné módy rozprašovania: dripping 

mód a spindle módy pre nízke a stredné prietoky, a simple jet mód pre vysoké prietoky. 

Geometria vysokonapäťových elektród mala výrazný vplyv na proces rozprašovania. 

Kapilára (nozzle) bola vhodnejšia pre vznik stabilného rozprašovania a ihla pre vznik 

intenzívneho výboja.  Pozorovali sme odlišné správania elektrostatického rozprašovania 

a korónového výboja v závislosti od prietoku a vodivosti vody. Vo všeobecnosti, 

zašpicatené, predĺžené a rýchlo sa šíriace vodné filamenty boli pozorované pre nižšiu 

vodivosť vody; na rozdiel od zaoblenejších, širších a kratších, rýchlo sa 

rozpadávajúcich filamentov pre vyššiu vodivosť. Navyše so zvyšujúcou sa vodivosťou 

bolo pozorované znižovanie prierazného napätia koróny do iskry. Pre malý interval 

napätí platilo, že frekvencia tvorby vodných filamentov bola v dobrej zhode 

s frekvenciou meraných prúdových pulzov od streamera. Po každom streameri sa na 

čele vodného filamentu objavila kladná glow koróna, ktorá sa šírila smerom od hrotu 

elektródy spolu s predlžujúcim sa vodným filamentom. Tieto výsledky naznačili 

recipročný charakter nepravidelného elektrostatického rozprašovania vody 

a korónového výboja, kde sa oba procesy navzájom ovplyvňujú. 

 

Kľúčové slová—Elektrostatické rozprašovanie, DC korónový výboj, bio-dekontaminácia, 

vysokorýchlostná kamera, iCCD zobrazovanie 
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Abstract 

This thesis explores the effect of electrospraying of water in combination with 

atmospheric positive DC corona discharge in air. The electrospraying effect of liquids 

has been a subject of research since the beginning of the last century and found 

importance in many diverse fields. Recently, one of the potential uses of water 

electrospray, especially large flow rate modes, has become a decontamination of water 

from organic and microbial pollutants. The presence of an electrical discharge 

generating non-thermal plasma in the spraying zone allows for very efficient mass 

transfer of plasma-generated species into water. We used a point-to-plane geometry of 

electrodes with a various types of hollow syringe needle anodes opposite to the metal 

mesh cathode. We employed the iCCD and high-speed (HS) camera visualization 

techniques, oscilloscopic discharge current measurements, total average current 

measurements, and optical emission spectroscopy (OES). These were used in order to 

visualize the formation of water jets (filaments) in various electrospraying modes and to 

investigate the corona discharge behavior during this process. The following modes of 

electrospraying typical for water were observed: dripping mode and spindle modes for 

low and medium flow rates, and simple jet modes for high flow rates. The geometry of 

the HV stressed electrodes had a significant influence on the electrospraying process. A 

nozzle was more suitable for stable electrospray generation and a needle for intense 

discharge generation. We observed different electrospraying and corona discharge 

behavior in dependence on the water flow rate and water conductivity. Generally, 

pointy, elongated, and fast spreading water filaments were observed for lower water 

conductivity; in contrast to rounder, broader, and shorter quickly disintegrating 

filaments for higher conductivity. In addition, with increasing conductivity, the 

breakdown voltage for corona-to-spark transition was decreasing. For a limited range of 

voltages, the frequency of intermittent water filament generation in spindle modes 

agreed well with the frequency of the measured streamer current pulses. After each 

streamer, a positive glow corona discharge was established on the water filament tip and 

it propagated from the stressed electrode along with the water filament elongation. 

These results show a reciprocal character of the intermittent electrospraying of water 

and the presence of corona discharge, where both the electrospray and the discharge 

affect each other.  

 

Keywords—Electrospray, DC corona discharge, bio-decontamination, high-speed camera, 

iCCD imaging 
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1 Introduction 

 Background 1.1

The electrospraying effect of liquids has been a subject of research for more than a 

century. The pioneering works conducted by (Zeleny, 1914, 1917) were among the first 

published experimental studies in this field, followed by others. Later in 1964, another 

important study was conducted by Taylor who first derived the condition for stable 

liquid cone existence (Taylor, 1964). Since then, the electrospray became the subject of 

extensive studies by many researchers (Smith, 1986; Hayati et al., 1987a, 1987b; Bailey, 

1988; Cloupeau and Prunet-Foch, 1989; De La Mora and Loscertales, 1994; Gañán-

Calvo et al., 1997; Hartman et al., 1999a). The electrospray found importance in such 

diverse fields as thin film deposition, drug inhalation, spray painting and surface coating, 

ink-jet printers, or as a source of ions of macromolecules for mass spectrometry, among 

many others. 

The electrospraying effect can be generally explained as follows. When the liquid 

medium (in our case water) flowing through the capillary (or nozzle) is not subjected to 

electrical stress, regular droplets with rounded shapes are formed from the end of the 

capillary. In this situation, the droplet size is given by the balance of capillary and 

gravitational forces. However, with application of an electrical potential on the capillary, 

electric forces take effect. The effective surface tension of the liquid starts to decrease 

due to the presence of the electric field causing the charge separation inside the liquid 

and the volume of the forming droplets decreases. The charges of the polarity of the 

capillary move towards the droplet surface and induce a surface charge density, causing 

an increase of the electrostatic pressure against the capillary pressure. When a critical 

voltage is reached, the shape of the droplet changes into conical, which is referred to as 

Taylor cone (Taylor, 1964). Under these conditions, there has to be a hydrostatic 

balance between the capillary pressure and the normal electric pressure at the conical 

surface of the liquid. Subsequently, a jet emerges from the tip of the Taylor cone and 

breaks into droplets due to the axisymmetric (varicose), lateral (kink), or ramified 

instabilities (Hartman et al., 2000). These charged droplets are then accelerated by the 

electric field; Coulomb repulsion takes effect between them and finally the electrospray 

occurs. During the electrospray, the size of the droplets can vary from tens of nm up to 

hundreds of µm (Borra et al., 2004; López-Herrera et al., 2004). 
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The process mentioned above is also known as a cone-jet mode of electrospraying, 

which is relatively stable with a relative monodispersity (equal-size) of 

droplets(Cloupeau and Prunet-Foch, 1989). This mode is characterized by a large 

disparity of scales between the jet and the liquid meniscus, especially due to small 

liquid flow rates. Observing the cone-jet mode in liquids with higher surface tension 

(e.g. water) in atmospheric air can be difficult since the electric field required to form 

this mode increases with the surface tension. Therefore, the necessary voltage for the 

cone-jet mode generation can be higher than the electrical breakdown threshold of the 

surrounding gas. In this situation, the disruptive electrical discharge can ensue and 

probably prevent this mode.  

Depending on various parameters, several other modes of electrospraying can be 

generated (e.g. intermittent dripping and spindle modes, continuous simple jet modes) 

(Cloupeau and Prunet-Foch, 1994; Jaworek and Krupa, 1999a). It is possible to generate 

these modes in water, too. 

Since the cone-jet mode of electrospraying is very often used in various applications, 

the presence of electrical discharges is usually undesirable. However, the 

electrospraying effect of water in combination with an atmospheric plasma discharge 

can lead to new potential applications, such as decontamination of water polluted with 

organic and microbial pollutants. In this regard, it is necessary to better investigate the 

effect of electrospraying in combination with the discharge under various conditions. 

 

 Motivation 1.2

The motivation of our study can be divided into two main areas. The first is the 

potential application of electrospraying of water in combination with electrical 

discharge for bio-decontamination, and the second is the fundamental study of electrical 

discharge with the presence of electrosprayed water.  

One of the recently introduced potential applications of water electrospray in 

combination with electrical discharge is decontamination of water polluted with organic 

and microbial pollutants. Atmospheric air plasmas generated in contact with water are 

of the great interest in the plasma decontamination community because they produce 

large quantities of reactive oxygen species (ROS) and reactive nitrogen species (RNS) 

that seem to be the most efficient biocidal agents in bio-decontamination by plasma 

(Graves, 2012; Machala et al., 2013). But to our best knowledge, there are only a few 
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studies dealing with the electrospray for this purpose (Machala et al., 2010, 2013; 

Kovaľová et al., 2013, 2014). It is interesting to use the effect of water electrospraying 

in combination with the discharge (e.g. streamer corona). In such case, the water flows 

directly through the high-voltage (HV) needle electrode into the active discharge region, 

where it is sprayed into small droplets. The presence of the electrical discharge 

generating non-thermal plasma in the spraying area allows for very efficient mass 

transfer of plasma-generated active species into water. The results of our group on bio-

decontamination of water in streamer corona or transient spark showed that even 

~millisecond short times of flight of droplets enable efficient mass transfer of air plasma 

generated reactive oxygen and nitrogen species in the sprayed water to induce 

significant bactericidal effects (Machala et al., 2009, 2010, 2013). In addition, water 

activated by the electrospray with relatively low flow rates (~0.05 ml/min) 

demonstrated enhanced bactericidal effects when sprayed on the surfaces (Kovaľová et 

al., 2013, 2014).  The key is probably in very high surface to volume ratio of the 

droplets. However, it is important to note that this thesis is not directly focused on the 

application, thus no results dealing with the applications will be presented. 

The motivation of this work is more fundamental: electrical discharges in combination 

with electrosprayed droplets have not been fully understood. Of course, there have been 

a few studies dealing with a discharge in the presence of the electrospray. Zeleny in his 

pioneering experiments studied the electrical discharge from the liquid points (Zeleny, 

1914, 1920). English also investigated the corona discharge from a water drop and he 

was the first who presented interesting results on the difference in positive and negative 

onset potentials (English, 1948). In later years, this topic was approached by various 

scientists who considerably contributed to this area (Dawson, 1970; Kuroda and 

Horiuchi, 1984; Cloupeau, 1994; Jaworek and Krupa, 1997; Borra et al., 2004; Jaworek 

et al., 2005). However, there is still lot of unknown in the field of electrical discharges 

with the presence of electrosprayed droplets and there are still some controversies about 

the role of electrical discharge during electrospraying as was also noted by (Jaworek et 

al., 2014) in their recent work. In this regard, it is necessary to better investigate the 

effect of electrospraying in combination with the discharge under various conditions. 
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 Objectives of the work 1.3

 

(i) To study and identify the electrospraying modes of water observed during 

investigation of corona discharge in combination with electrospraying. 

 

Various modes of water electrospraying occurring in our experiments with corona 

discharge were investigated and identified in accordance with the literature. To 

investigate these modes, we used mainly high-speed camera visualization. The 

advantage of this method is a time-resolved visualization of fast phenomena that are 

normally very hard to detect by naked eye or standard digital camera with low frame 

rate. 

 

(ii) To study the influence of water with various flow rates on the electrospray 

with corona discharge. 

 

The effect of electrosprayed water and its flow rate on the discharge behavior was 

investigated for various stressed electrodes. The presence of water cone can influence 

the discharge generation. For this purpose we used the current-voltage (I-V) 

measurements and photo documentation. 

 

(iii) To study the influence of water conductivity on the electrospray with 

corona discharge. 

 

The effect of water conductivity on the particular electrospray modes in combination 

with positive DC corona discharge was investigated. Our main objective was to 

investigate and explain the spray behavior and especially the water filament (water jet) 

formation in dependence on the water conductivity. The discharge generation and its 

behavior during this process of electrospraying were also investigated. For this purpose 

we used high-speed camera visualization, I-V measurements with optical emission 

spectroscopy, and photo documentation. 
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(iv) To study the mutual influence of the corona discharge and the electrospray. 

 

The current pulses occurring during the measurements were investigated and identified 

in relation with the electrospray. Additionally, the mutual influences of the corona 

discharge and water electrospraying were observed and studied considering the electric 

field distortion and ionic space charge effects. We used the high-speed camera 

measurements supplemented with the records of the discharge generation and 

propagation during the electrospray process by iCCD camera, photomultiplier tube 

responses, and oscilloscopic current measurements of the discharge. 

 

(v) To summarize the results considering the potential effects in bio-

decontamination.  

 

 Thesis outline 1.4

The present thesis explores the effect of electrospraying of water in combination with 

positive direct current (DC) corona discharge as a potential method for bio-

decontamination of water and as a fundamental research of relatively unexplored area of 

atmospheric air discharges in combination with electrosprayed water. Thesis is 

organized into 11 sections. Sections 2, 3 and 4 form the theoretical part of this work. 

Sections 5, 6, 7, 8, 9 and 10 form the experimental part of this work. The results in the 

experimental sections are combined with the discussion. Individual experimental 

sections contain their respective conclusions. 

Section 2 very briefly summarizes the electrical discharge phenomena in atmospheric 

air. The main importance is placed on the non-thermal or cold plasma and how is the 

plasma generated. Additionally, section 2 discusses the known types of corona 

discharge generated in the negative and positive polarity. There is also a short reference 

to the potential effects of sprayed liquid on the discharge. 

Section 3 summarizes the history and previous known research in the field of 

electrospraying. It focuses mainly on the theory of electrospraying and classification of 

electrospraying modes. 

Section 4 particularly discusses the possible effects of electrical discharges on the 

electrospray and summarizes the state-of-the-art in this field. 
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Section 5 is the first experimental section. It is dedicated to experimental set-up and 

methods, emphasizing the fast imaging methods by using high-speed and iCCD cameras. 

Section 6 shows the typical emission spectra of electrospraying of water with the 

atmospheric positive corona discharge, discusses the presence of various excited and 

ionized species, and analyzes the measured plasma temperatures. 

Section 7 summarizes the observation and identification of various electrospraying 

modes typical for our experimental measurements. 

Section 8 discusses the influence of the water with various flow rates on the discharge 

behavior for different stressed electrodes. For this study we used measurements of I-V 

characteristics of the discharge or photo documentation of the discharge light emission. 

Section 9 deals with the effect of water conductivity which is a very important 

parameter in electrospraying phenomena since it generally affects the tangential 

component of electric field on the liquid-air interface. The high-speed camera 

measurements are presented showing the known effect of tangential electric field on the 

water filament shape. Additionally, the effect of water conductivity on the discharge 

characteristics is presented, showing the reduction of breakdown voltage with the 

increasing conductivity. 

Section 10 summarizes the investigation of corona discharge propagation during the 

intermittent electrospraying by using the iCCD camera fast imaging. The connection 

between the intermittent water filament generation and corona discharge generation is 

presented. Additionally, the mutual influence of corona discharge and electrospray is 

discussed. 

Section 11 deals with the summary of this thesis. 
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2 Introduction to plasma and electrical discharge 

phenomena 

The term „Plasma” for an ionized gas was first time established by an American 

chemist and physicist Irving Langmuir in 1928 (Langmuir, 1929; Martišovitš, 2006). 

Plasma is generally created by supplying energy to a neutral gas in order to reorganize 

the electronic structure of the species causing the formation of excited species and 

charge carriers (electrons and ions). Electrons and ions are produced in the gas phase 

when electrons or photons with sufficient energy collide with the neutral atoms and 

molecules in the feed gas (electron-impact ionization or photoionization). However it is 

important to note, that not every ionized gas satisfies the conditions to become plasma. 

These conditions are: 

 

 Quasi-neutrality of the plasma, which says that the density of negative 

charges is approximately equal to the density of positive charges over large 

volumes of the plasma (on the scale of the Debye shielding length charge 

imbalance is possible). 

 

 Collective behavior of charged species in the plasma, which means these 

charge carriers affect each other by electric forces. 

 

Thus according to the exact definition, ionized gas can be called as plasma if all of its 

three dimensions are larger than the Debye shielding length, outside of which charges 

are electrically shielded. The Debye length λD in the plasma is in real situation defined 

as (Martišovitš, 2006):  

 

   √
      

    
 ,    (1) 

  

where e is the elementary electronic charge, n0 is the concentration of electrons and ions, 

ε0 is the permittivity of vacuum,  kB is the Boltzmann’s constant and Te is the 

temperature of electrons.  

Here we will consider only non-thermal or cold plasmas (non-local thermodynamic 

equilibrium plasmas, non-LTE). Non-LTE plasma is in general any plasma which is not 
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in thermodynamic equilibrium, either because the temperature of ions and neutrals is 

different from the electron temperature (Ti,n << Te), or because the population 

distribution of some of the species’ excited states does not follow Boltzmann 

distribution. 

 

 Generation of plasma by electrical discharge 2.1

There are various ways to supply the necessary energy for plasma generation to a 

neutral gas (Conrads and Schmidt, 2000; Tendero et al., 2006). The most widely used 

method of generating and sustaining non-thermal plasma for technological and technical 

applications utilizes the electrical breakdown of a neutral gas in the presence of an 

external electric field. The electrical breakdown occurs if the voltage between the 

electrodes reaches a critical value VB – breakdown voltage. It was experimentally 

determined that the key role in the electrical breakdown process is played by electrons. 

Any volume of a neutral gas always contains a few electrons and ions that are formed, 

for example, as the result of the interaction of cosmic rays or radioactive radiation with 

the gas. For instance, about eight electrons are produced in each cubic centimeter of air 

per second as an average due to earth radioactivity (Giao and Jordan, 1968). These free 

charge carriers are accelerated by the electric field and new charged particles may be 

formed when these electrons collide with atoms and molecules in the gas or with the 

surfaces of the electrodes. This leads to an avalanche of charged particles called an 

electron avalanche (Fig. 1) that is eventually balanced by charge carrier losses, so that 

steady-state plasma develops. One simple collision results in 2 free electrons and a 

positive ion. These 2 electrons will be able to cause further ionization by collisions 

leading in general to 4 electrons and 3 positive ions. The process is cumulative, and the 

number of free electrons will go on increasing as they continue to move under the action 

of the electric field. In the space of a few millimeters, it may grow until it contains 

many millions of electrons (Lucas, 2001). Electrons retain most of their energy in 

elastic collisions with atoms and molecules because of their small mass and transfer 

their energy primarily in inelastic collisions (Conrads and Schmidt, 2000).  
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Fig. 1 Development of an electron avalanche in electric field 

 

The process of electron ionization in electron avalanche is characterized by the first 

Townsend ionization coefficient α, expressing the number of electron-ion pairs 

generated per unit length (e.g. meter) by primary electron moving from the cathode to 

the anode under the action of the electric field. 

Additionally, the electrons can be also generated under certain conditions by secondary 

emission from the metal cathode caused by the impact of positive ions. This process is 

characterized by the secondary emission coefficient or the second Townsend ionization 

coefficient γ,   expressing the average number of electrons released from a surface by an 

incident positive ion. 

Considering these effects, the criterion for electrical breakdown can be expressed as 

(Martišovitš, 2006): 
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 [   (  )   ]   ,     (2) 

 

where d is is the distance between the electrodes (gap length). 

Under these conditions, the non-self-sustained (Townsend discharge) converts to self-

sustained discharge. 

However, this condition described in equation (2) is not directly usable to determine the 

breakdown voltage. The breakdown voltage VB is directly described by Paschen’s law 

which says that for a given gas, VB is a function of the product of gas pressure p and gap 

length d (Braithwaite, 2000; Martišovitš, 2006):  

 

   
   

  (   )   [  (     )]
 ,    (3) 

 

where A and B are the constants depending upon the composition of the gas. Breakdown 

voltage as a function of pd product is described by well-known Paschen’s curve; e.g. 

see (Martišovitš, 2006). At large pd, VB increases (applied in high-pressure insulation). 

At some critical small value of pd, VB goes infinite (applied in vacuum insulation). In 

between, there is a minimum of VB. By differentiating the curve with respect to pd and 

setting the derivative to zero, the minimum voltage can be found. The reasons of this 

dependence are well described e.g. in (Lucas, 2001). 

However, under some conditions the Townsend mechanism of electrical breakdown was 

shown to be deficient. According to Townsend theory of electrical breakdown, for high 

values of pd the time of the breakdown should increase. It was experimentally shown 

that this time in fact decreases and the breakdown occurs before the positive ions reach 

the cathode, thus the material of the cathode has no influence on the breakdown (is 

independent on γ). It was also observed that in long gaps (10–30 m) in atmospheric 

pressure, the breakdown occurred in relatively low external electric fields (Martišovitš, 

2006).  

These phenomena were clarified by Streamer theory which predicts a formation of 

filamentary discharge „Streamer” directly from a single avalanche. According to this 

theory, the breakdown mainly arises due to the added effect of the space-charge field of 

an avalanche and photo-electric ionization in the gas volume. The space charge 

produced in the avalanche causes sufficient distortion of the electric field that those free 

electrons move towards the avalanche head, and in so doing generate further avalanches 
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in a process that rapidly becomes cumulative. As the electrons advance rapidly, the 

positive ions are left behind in a relatively slow-moving tail. The field will be enhanced 

in front of the head. Just behind the head the field between the electrons and the positive 

ions is in the opposite direction to the applied field and hence the resultant field strength 

is lower. Again between the tail and the cathode the field is enhanced. Due to the 

enhanced field between the head and the anode, the space charge increases, causing a 

further enhancement of the field around the anode. The process is very fast and the 

positive space charge extends to the cathode very rapidly resulting in the formation of a 

streamer (Lucas, 2001). 

The transformation from electron avalanche to streamer is defined by Meek’s criterion 

which defines a critical condition when the electric field of the space charge directed 

radially at the head of the avalanche Er equals the applied external electric field between 

the electrodes. It generally occurs when the number of electrons within the avalanche 

head reaches a critical value Ne ≈ 10
8
, which can be written as (Martišovitš, 2006): 

 

 (  )    .     (4) 

 

 Types of collisions in plasmas 2.2

The electric field transmits energy to electrons in the gas (which are the most mobile 

charged species with mass only 9.11×10
-31

 kg in comparison with ions and neutral 

species which are 10
3
 ˗ 10

4
 heavier). This electronic energy is then transmitted to the 

neutral species by collisions which follow probabilistic laws. When particles interact 

(collide), momentum and energy must be conserved. Types of collisions can be divided 

into three classes of event (Braithwaite, 2000; Tendero et al., 2006). 

 

(i) Elastic collisions: momentum is redistributed between particles and the total 

kinetic energy remains unchanged. Therefore the internal energy of the neutral 

species does not change but their kinetic energy slightly rises. 

 

     
                  

              

 

(ii) Inelastic collisions: momentum is redistributed between particles but a fraction 

of the initial kinetic energy is transferred to internal energy in one or more of the 
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particles and modifies their electronic structure (i.e. excited states or ions are 

formed). 

 

     
           

     

 

or 

 

     
            

         

 

(iii) Superelastic collisions: there is more kinetic energy after the collision. 

Momentum is conserved and internal energy in the particles entering into a 

collision is transferred into kinetic energy. 

 

     
                         

 

 Direct Current (DC) discharges 2.3

The atmospheric plasma discharges can be classified as direct current (DC) discharges, 

alternating current (AC) discharges, or pulsed discharges on the basis of the temporal 

behavior of the sustaining electric field. In our experimental work we used only the 

continuous DC power supply. 

Different types of discharges and plasmas can be obtained depending on the applied DC 

voltage and the discharge current (Fig. 2) (Martišovitš, 2006). At first, after the 

transition from the Townsend discharge, the self-sustained discharge is generated which 

is characterized by a low discharge current. With increasing voltage and current, the 

corona discharge is obtained. With further current increase, the glow discharge occurs. 

The transition to a glow discharge is characteristic by a decrease in the voltage and an 

increase in the current. This is more specifically called sub-normal and normal glow 

discharge. The next phase of the glow discharge is called abnormal glow discharge, 

which develops as the current is increased even further. Finally, at very high currents, 

the discharge undergoes an irreversible transition into arc (glow-to-arc transition) 

(Conrads and Schmidt, 2000; Martišovitš, 2006). 
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Fig. 2 The dependence of voltage upon current for various kinds of DC discharges 

(Martišovitš, 2006). 

 

 Corona discharge 2.4

The corona discharge occurs when the strength (potential gradient) of the electric field 

around the conductor is high enough to form a conductive region, but not high enough 

to cause electrical breakdown or arcing to nearby objects. It can exist only in non-

uniform electric fields at pressures greater than 1 kPa (Martišovitš, 2006). In a uniform 

electric field it is not stable because it is immediately transformed to the other type of 

discharge (glow or arc). Therefore, three conditions must be satisfied to initiate a corona 

discharge (Giao and Jordan, 1968): 

 

(i) Field intensity should be high enough. 

 

(ii) The degree of field non-uniformity should be high enough. 

 

(iii) Free electrons should be available in the overstressed field region. 

 

A non-uniform electric field is created around a sharp electrode with a small radius of 

curvature where the intensity of electric field is the highest. On this sharp tip, the corona 

discharge can be observed as a bluish luminance (in air). With the increasing voltage 
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between the electrodes, the area of corona can spread from the tip towards the second 

electrode. Thermodynamically, the corona is a very non-equilibrium process, creating 

non-thermal plasma. The avalanche mechanism does not release enough energy to heat 

the gas in the corona region generally and ionize it, as occurs in arc or spark. Only a 

small number of gas molecules take part in the electron avalanches and are ionized, 

having energies close to the ionization energy of 1 - 3 eV, the rest of the surrounding 

gas is close to ambient temperature. This phenomenon is usually accompanied by a 

hissing noise, and the air surrounding the corona region becomes converted to ozone. 

Coronas are commonly known as efficient producers of ozone in air. Moreover, corona 

is responsible for a considerable power loss in transmission lines and also gives rise to 

the radio interference (Lucas, 2001; Martišovitš, 2006).  

Depending on the polarity of the corona electrode and the electrode geometrical 

configurations, we can distinguish several forms of negative corona (corona at the 

cathode) or positive corona (corona at the anode). Positive and negative point-to-plane 

corona discharges have been extensively studied since the early 1930s, which is well 

documented in the classical book of Loeb (Loeb, 1965). The physics of positive and 

negative coronas are strikingly different. This asymmetry is a result of the great 

difference in mass between electrons and positively charged ions, with only electrons 

having the ability to undergo a significant degree of ionizing inelastic collision at 

common temperatures and pressures.  

Negative corona generally propagates by impact ionization of the gas molecules. 

Propagation of the positive corona depends more on photoionization; the positive 

streamer, for example, may advance at as much as one percent of the speed of light 

(Morrow and Blackburn, 1999; Morrow and Lowke, 1997). In either case, the 

ultraviolet photon flux from ion-electron recombinations is quite large (Chang et al., 

1991). 

 

2.4.1 Corona onset field 

During nearly a century of research in gaseous electronics, many empirical equations 

dealing with intensity and non-uniformity of electric field were found which apply to a 

particular form of electrodes. Several decades ago, (Cobine, 1958) already noted that for 

many authors, the breakdown field strength in air (101.325 kPa, 20
o
C) is 30 kV cm

-1
 

whatever the experimental conditions. However, the overstressing required changes 

rapidly for various gap distances. It is substantially lower for larger distances, and it is 
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much higher for smaller distances, where the avalanches have only a limited length to 

develop (Giao and Jordan, 1968; Cloupeau, 1994). As was mentioned by (Cloupeau, 

1994) in his work, the best-known empirical formula giving the onset field strength of 

corona discharge, Ec, at the surface of a polished cylinder of radius r is that of Peek 

(Peek, 1929). At normal air density (101.325 kPa, 20
o
C) is equal to 

 

     (  
     

    
) (       ).    (5) 

 

However, this empirical Peek’s equation concerns wires of fairly large diameter. For 

positive fine wires, (Rousse, 1947) has proposed two formulas which represent well his 

experimental results: 

 

      
 

    
 (       )             ,   (6) 

 

and 

 

        
    

     
 (       )                   .  (7) 

 

2.4.2 Corona discharges at the cathode 

Negative corona discharge can be stable only in electronegative gases (i.e. gases like 

oxygen with molecules capable of attach electrons and form negative ions) (Martišovitš, 

2006). It visually appears a little larger than the positive corona, as electrons are 

allowed to drift out of the ionizing region near the stressed electrode, and so the plasma 

continues some distance beyond it. The total number of electrons and electron density is 

much greater than in the positive corona. However, they are of a predominantly lower 

energy, owing to being in a region of lower potential-gradient. This makes the negative 

corona a highly efficient ozone producer in air (much higher than positive corona), 

since the reactions that produce ozone are relatively low-energy. 

Negative coronas are more complex than positive coronas. While the establishing of a 

positive corona begins with an exogenous ionization event generating a primary 

electron, followed by an electron avalanche, electrons ionized from the neutral gas are 

not useful in sustaining the negative corona process by generating secondary electrons 
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for further avalanches. In negative corona, instead, the dominant process generating 

secondary electrons is the photoelectric effect, from the surface of the electrode itself. 

The source of energy for the electron-liberation can be a high-energy photon emitted 

from an atom within the plasma body relaxing after excitation from an earlier collision 

or a collision of the positive ions with the negative curved electrode. In this case, the 

new secondary electrons travel outward, which is the main difference between positive 

and negative coronas. 

A negative corona can be divided into three radial areas around the sharp electrode. In 

the inner area (ionizing plasma region), high-energy electrons inelastically collide with 

neutral atoms and cause avalanches. In the intermediate region (non-ionizing plasma 

region), electrons attach to form negative ions. They typically have insufficient energy 

to cause avalanche ionization, but remain part of plasma owing to the different 

polarities of the species present, and the ability to participate in characteristic plasma 

reactions. In the outer region (unipolar region), only a flow of negative ions, and a 

radially-decreasing density of free electrons toward the positive electrode take place 

(Loeb, 1965). 

Many authors have dealt with the study of negative coronas (English, 1948; Giao and 

B.Jordan, 1968; Goldman and Goldman, 1978; Kudu et al., 1998; Loeb, 1965; Sigmond, 

1978) and related to their work we can distinguish various negative corona modes like 

Trichel pulses at lower currents, which at high currents merge into a continuous 

negative glow, and negative streamers. 

  

2.4.2.1 Trichel pulses 

Loeb and Trichel discovered that the pulses present a miniature glow discharge with 

Crookes dark space (Faraday dark space, cathode dark space) at the electrode surface, 

negative glow, and positive column (Loeb, 1965). The discharge propagates radially 

into space for a few tens of ns and is choked off by the space charge developed. Their 

current amplitude varies from 10
-8

 A at a slender point electrode up to a few tens mA at 

a large electrode. With increasing voltage, the frequency of pulses increases, whereas 

their amplitude decreases. The frequency is determined by the dissipation of the 

negative charge created in front of the discharge (Giao and Jordan, 1968). 

The repetition rate of Trichel pulses cannot increase indefinitely. The critical frequency 

depends upon the electrode geometry, related pulse amplitudes, and surface conditions. 

For fine conical points, the critical frequency can be few hundreds kHz up to few MHz. 
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At large electrodes the critical frequency is much lower (few kHz) (Giao and Jordan, 

1968). 

The repetition rate of the Trichel pulses is further influenced by the secondary electron 

emission from the electrode surface. At a water surface which is a very poor secondary 

electron emitter, the Trichel pulses appear irregularly and their repetition rate does not 

exceed a few kHz, even when a water drop forms a cone under the influence of 

electrostatic forces (Giao and Jordan, 1968). 

 

2.4.2.2 Continuous negative glow 

With further voltage increase, the Trichel pulses, after reaching the critical frequency, 

change over into a new mode of negative corona – continuous (sometimes inaccurately 

pulseless) glow. The visual image of the discharge also changes. The wandering of the 

discharge ceases and it becomes fixed at one point. The corona current increases 

continuously with the voltage until in the close to breakdown when the discharge mode 

changes again to negative streamers. Glow discharge mode appears more likely in more 

divergent fields (Giao and Jordan, 1968). 

The glow mode is made up of individual electron avalanches which trigger successive 

avalanches at nearby locations. The total current from the electrode is relatively steady, 

but it is in fact composed of many discrete tiny pulses (Morrow, 1997). The discharge is 

noisy. The glow mode often changes with time into the tuft form, a process associated 

with the formation of more efficient mechanisms of generating successive avalanches. 

The tuft corona is also noisy and has the similar current properties as the glow mode 

(Chang et al., 1991). Differences between negative tuft and glow coronas have been 

investigated in these works (Lawless et al., 1986; Mclean et al., 1986). 

On oval electrodes, the Trichel pulses and pulseless glow may exist at the same time at 

different spots. 

 

2.4.2.3 Negative streamers 

Negative streamers are initiated from the negative glow sphere of the negative stable 

discharge. The conical positive column is constricted to form the streamer stem which 

stretches out into the gap with very little or no branching. The length of streamers 

increases with the voltage until eventually one of them crosses the gap causing a 

breakdown, or a retrograde positive streamer initiates from the anode and meets the 

approaching (Giao and Jordan, 1968). 
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The streamer current consists of a DC component and superposed pulses that have rise 

time very long in comparison with any other corona pulses. This implies a slow advance 

of the streamer head. The heavy negative space charge ahead tends to diffuse and 

dissipate the streamer head. The photoionization effect in this condition is not very 

effective in extending the ionization area. The presence of a high DC component in the 

streamer current implies that the discharge never dies out completely. Streamers form 

more easily on an oval than on a conical electrode (Giao and Jordan, 1968). 

 

2.4.3 Corona discharges at the anode 

With the same geometry and voltages, the positive corona appears a little smaller than 

the corresponding negative corona, owing to the lack of a non-ionizing plasma region 

between the inner and outer regions. A positive corona has much lower density of free 

electrons compared to a negative corona; perhaps a thousandth of the electron density, 

and a hundredth of the total number of electrons. However, in case of positive corona, 

the electrons resulting from the ionization are attracted toward the curved electrode, and 

the positive ions are repelled from it. The electrons in the positive corona are then 

concentrated close to the surface of the curved conductor, in a region of high potential 

gradient (and therefore the electrons have high energy), whereas in the negative corona, 

many of the electrons are in the outer, lower-field areas. Consequently, a positive 

corona generates much less ozone than the corresponding negative corona; as 

mentioned in section 2.4.2. The critical field intensity is slightly lower for positive than 

for negative corona due to the more favorable conditions of avalanche formation 

(electrons move in an increasing field at the anode) (Giao and Jordan, 1968). 

The positive corona can be divided into two regions, concentric around the sharp 

electrode. The inner region (plasma region) contains ionizing electrons, and positive 

ions, acting as plasma, and the electron avalanches in this region, creating many further 

ion-electron pairs. The outer region (unipolar region) consists almost entirely of the 

slowly migrating massive positive ions, moving toward the flat cathode, and the 

secondary electrons, liberated by photons leaving the plasma (photoionization 

mechanism), being re-accelerated inward into the plasma and creating a new avalanches 

(Loeb, 1965). 

As was documented in many scientific works (Chang et al., 1991; Giao and Jordan, 

1968; Kudu et al., 1998; Loeb, 1965), for positive point-to-plane coronas in air at the 

corona threshold voltage, the discharge usually starts with burst pulses. At a little higher 
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applied voltage, onset streamers occur together with these pulses. With increasing 

voltage, the rate of onset streamers increases, and then decreases to zero at the onset of 

the positive glow. At still higher voltages, pre-breakdown streamers appear, concurrent 

with a background of steady positive glow. 

 

2.4.3.1 Burst pulses 

The first observations of burst pulse corona were reported by Trichel and by Kip in 

1939 (Kip, 1939; Trichel, 1939); who both noted that, at onset, the streamers tended to 

come in bursts. Later with faster detection equipment, (Amin, 1954) was able to report 

more of the details of the burst pulses. He noticed that in all cases, the sequence of 

pulses began with a large onset streamer pulse followed by a number of secondary 

streamer pulses. This gives rise to the well-known burst pulses of current for applied 

voltages near corona onset voltage, and for positive points.  

Burst pulses can be described as trains of electron avalanches, initiated by electrons 

from external radiation or detached from negative ions formed in the corona drift region 

(Kudu et al., 1998). After each avalanche, the residual positive-ion distribution moves 

away from the positive point until the electric field recovers to the level where a 

secondary streamer discharge can occur. This process can be repeated with the 

generation of many secondary streamers. Generally, burst pulse amplitude is much 

lower than primary onset streamer amplitude (Giao and Jordan, 1968; Morrow and 

Blackburn, 2002). 

 

2.4.3.2 Onset streamers 

As was mentioned above, the onset streamers may be followed by secondary streamers 

in form of a Burst pulses (Morrow and Blackburn, 2002). Generally, the streamer 

represents a discharge directed radially outwards from the electrode. Its luminous trace 

is composed of a stem in the high field region and some branching of less intensity in 

the lower field area. In case of onset streamer, it does not reach the opposite electrode as 

pre-breakdown streamer. The streamer tip continuously changes its position giving the 

well-known brush-like picture (Giao and Jordan, 1968). 

The amplitudes of onset streamers range from a few tenths mA in highly divergent 

fields (at slender points of small diameter) up to a few hundreds mA at large electrodes. 

The repetition rate of onset streamers increases with the voltage up to a certain critical 

value at which the negative charge developed close to the anode chokes off this form of 
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discharge. The repetition rate can reach a few kHz at a point electrode of small diameter, 

whereas it is of the order of few hundreds Hz at the large electrode (Giao and Jordan, 

1968).  

 

2.4.3.3 Continuous positive glow (Hermstein’s glow) 

Positive corona glow discharge mode (sometimes called Hermstein’s glow) is formed 

when the density of the negative space charge close to the anode becomes high enough 

to completely suppress the onset streamers. The glow forms an ionized layer adhering to 

the electrode surface (Giao and Jordan, 1968). However, the number density of 

negative-charge carriers never equals the positive-ion density since the electrons and 

negative ions produced near the anode are absorbed rapidly at the anode (Morrow, 

1997). 

The first detailed study of positive glow corona was performed by Trichel in 1939 

(Trichel, 1939) and (Hermstein, 1960a, 1960b). During that time, the positive glow 

corona was considered continuous with a steady current due to the motion of positive 

ions at a fixed voltage and with quiet operation. 

However in 1975,(Beattie, 1975) first studied and mentioned the pulsating nature of 

glow corona. Many authors have subsequently observed the pulsing of positive glow. 

What was previously thought to be continuous, diffuse positive glows at the anode point 

surface, generally turned out to be completely pulsed or oscillatory when examined with 

more modern highly sensitive fast oscilloscopes and photomultipliers. The glow emits 

discrete pulses of light and the current has a characteristic ‘saw-toothed’ waveform with 

a DC offset (Kudu et al., 1998; Morrow, 1997; Sigmond, 1997). 

 

2.4.3.4 Positive streamers 

With increasing a voltage even more, streamers concurrent with a background of steady 

positive Hermstein’s glow occur and so the Hermstein's glow and streamers exist at the 

same time (Giao and Jordan, 1968). These are more powerful than onset streamers, and 

if some of them reaches the plane electrode, a spark breakdown may follow. In this case 

they are called pre-breakdown streamers (Kudu et al., 1998). Pre-beakdown streamers 

originate from spots of higher activity on the ionized Hermstein's layer and are most 

often launched at the peak of large glow pulses (Kudu et al., 1998). The amplitude and 

repetition rate of the streamer pulses grow with the voltage (Giao and Jordan, 1968).   
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The positive streamer forms when the positive ion density is large enough to extend the 

region for corona initiation into the interelectrode gap. The process then builds by 

photoionization, with the positive ion head moving in front of a nearly neutral column. 

This process gives the positive streamer corona an active volume much greater than the 

other forms, which are confined by their generation mechanisms to the near-electrode 

regions. Streamer corona produces an unsteady current (because the streamer is 

repetitive), is quite noisy, and is the direct precursor to a spark (Chang et al., 1991).  

Positive streamers advance much faster (~10
8
 cm s

-1
) than negative ones due to 

photoionizing action which forms the start electrons far ahead of the streamer positive 

head in high-field region (Morrow and Lowke, 1997). A heavy positive space charge 

moving towards the cathode is responsible for the irregular and branched form of the 

discharge (Giao and Jordan, 1968). 

A theoretical model and calculations of streamer development and propagation has been 

done by Morrow (Morrow and Lowke, 1997). 

 

 Short reference to potential effects of sprayed liquid on the 2.5

discharge 

The main difference between the discharge in air with electrosprayed liquids and other 

types of electrical discharges in air is that the former is very faint, not easily visible and 

can be photographically recorded usually by long time of exposure only, at least of the 

order of seconds. Another difference results from the fact that in the electrospraying, 

one of the electrodes is the surface of liquid (jet) and not a metal. Poor reproducibility 

of measurements is also caused by high sensitivity of electrospraying process on small 

variations in environment conditions, such as, for example gas composition, 

temperature or pressure. These variations can cause not only a significant 

destabilization of the electrospray but also cause changes in the form of discharge 

leading, for example, to a steep increase in the discharge current or quenching the 

discharge, even at other constant electrospray conditions, such as the flow rate or 

voltage (Jaworek et al., 2014). 

(Tardiveau and Marode, 2003) explored the effects of dielectric liquid droplets of few 

tens of µm in size, on the electrodynamics of the pulsed streamer-induced discharges in 

point-to-plane geometry under atmospheric pressure. They did not use the electrospray 

for liquid droplets generation but added the droplets to the discharge area externally. 
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However, their results can be potentially useful also in the field of electrospraying with 

the discharge. According to their measurements, a jet of dielectric droplets of silicone 

oil or ethanol can have a guiding action and a velocity increase effect on the streamer 

advancement, as well as a reduction of the voltage range where streamers develop. 

Their results led to the conclusion that the electric field is distorted and locally 

enhanced by the droplets. 

Other considerations involved the extraction of electrons from the droplets surface, 

owing to photons emitted from the streamer positive space charge. 

(Shirai et al., 2014) have used the liquids with various parameters for generation of the 

Taylor cone with a discharge. The Taylor cone created during the electrospray can be 

potentially used as a substitute for conventional metallic needle electrodes. In this case, 

the needle tip is not subjected to deterioration of the tip, which is a typical problem 

when using metallic electrodes. The Taylor cone electrode can be used without damage 

because it is made of liquid. Moreover, any water-soluble substance can be used as the 

medium for liquid electrode, leading to new reactions as a result of the interaction 

between the liquid and the plasma. Discharge properties can be also influenced by the 

liquid electrode. More specifically, they observed that increasing the conductivity of the 

liquid resulted in the higher light intensity of the corona issuing from the Taylor cone 

tip and the lower corona onset voltage. 

Some authors (Bruggeman et al., 2008; Machala et al., 2008) observed thermal 

stabilization of discharges when using water electrode; although, they did not use 

electrospraying and specifically liquid cone as a liquid electrode, but only water surface 

as one of the electrodes. When comparing with discharges with metallic electrodes 

under the same parameters, the temperatures were slightly higher in this case. Thus, the 

temperatures were lower with the presence of water; probably due to the use of a part of 

the thermal energy for vaporization and dissociation of water. 

However, reaction processes and physical phenomena of the discharge during the 

electrospraying of liquids have not been completely clarified yet despite an ongoing 

research and so need further studies. 
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3 Electrospraying of liquids 

The terms „electrospray” or „electrostatic spraying” can be used to designate at least 

two types of phenomena: 

 

(i) The cases in which a liquid is sprayed by pneumatic or other means and in 

which the application of an electric field has only the effect of charging the 

droplets and slightly decreasing their average size. 

 

(ii) The cases in which the electric field itself is the cause of the spraying of a liquid 

in fine droplets. 

 

For this reason in some works, the term „electrohydrodynamic atomization of liquids 

(EHDA)” has been used to describe the latter form of electrospray or atomization that 

occurs from a steady conical meniscus as opposed to other forms of atomization 

(Cloupeau and Prunet-Foch, 1994; Grace and Marijnissen, 1994). The conical meniscus 

is usually situated at the end of a capillary tube and continuously supplied with liquid. 

In the present work we only deal with this second case of electrospray, where no 

additional mechanical energy, other than that from the electric field alone, is needed for 

liquid atomization. 

The process of electrospraying can take place in various atmospheres (air, inert gas, 

vacuum, etc.) using various fluids and experimental conditions, and generate droplets 

from various production mechanisms (single jets, multiple jets, emission, collapse, etc.). 

This process includes the production of charged droplets from a large (order of mm) to 

very small (order of nm) droplets, from polydisperse to monodisperse droplet 

populations, and from low to high flow rates (Grace and Marijnissen, 1994).  

Electrospray device usually consists of a capillary nozzle maintained at high electric 

potential and a grounded counter electrode. 

The electrospraying (especially in cone-jet modes) has some advantages over 

conventional mechanical spraying systems with droplets created by mechanical means 

and subsequently charged by induction (Barrero et al., 1999; Jaworek, 2007a): 

 

(i) Droplets have high surface charge and size smaller than those available from 

conventional mechanical atomizers, and can be smaller than 1 μm. Also, the 



25 

 

droplet diameter can be easily controlled by varying either the electrosprayed 

flow rate or the electrical conductivity of the liquid sample. 

 

(ii) The size distribution of the droplets is usually narrow, with low standard 

deviation; droplets can be of equal size only for dripping and microdripping 

modes, or for Rayleigh jet breakup due to varicose wave instability. 

 

(iii) Charged droplets are self-dispersing in the space that results in absence of 

droplet agglomeration and coagulation. 

 

(iv) The motion of charged droplets can be easily controlled (including deflection or 

focusing) by electric fields. 

 

(v) The deposition efficiency of charged spray on an object is much higher than for 

un-charged droplets. 

 

 History of electrospray 3.1

Electrospray phenomena have a long research history. The first report found was that by 

William Gilbert in 1600, who described that a droplet of water was deformed into a 

conical shape when a rod of charged amber was brought into the proximity (Meesters et 

al., 1992). 

The disruption of a liquid surface into a spray of charged droplets when subjected to an 

intense electric field has been also known for more than two centuries since (Bose, 

1745) recorded the phenomenon. 

At the end of the 19th century, (Rayleigh, 1882) noticed that electrified droplets became 

unstable and underwent fission. In his work he calculated the limiting charge which an 

isolated drop of some radius can hold before it becomes unstable. He observed that the 

instability of a drop resulted in the emission of a liquid jet.  

However, it is only since the beginning of last century that the phenomenon has 

attracted considerable interest, from both fundamental and applied point of view. 

The first solid experimental study on the subject of continuous production of drops by 

the breakup of a permanent jet extending from a meniscus in conical form was 

conducted by (Zeleny, 1917, 1915, 1914). Zeleny observed disintegration of drops 
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owing to the formation of a pointed end and issuing jet at the end of the capillary. Both 

Rayleigh and Zeleny found, that the potential at which instability began was 

proportional to the square root of the liquid surface tension. 

Using a different configuration, (Macky, 1931) and (Nolan, 1926) observed that water 

drops falling between parallel plates in a uniform field became distorted and the same 

disintegration occured as observed by Zeleny. 

The stability of liquid jets was also investigated by (Weber, 1931). He investigated in 

detail the disintegration of a viscous liquid jet and obtained a special solution for 

surface disturbance by solving the Navier-Stokes equations. 

Very little serious effort was made on this phenomenon from that time until (Vonnegut 

and Neubauer, 1952) noticed that the aerosol produced by a variety of liquids in 

continuous mode of electrospraying exhibited the higher order Tyndall spectra what 

indicates monodispersity of droplets. This was important for later application research. 

Few years later, (Drozin, 1955) has systematically investigated the electrical dispersion 

of liquid as aerosols and evaluated the dispersibility of liquid in terms of physical 

properties of liquids but did not explain the phenomenon. 

Another important study came in 1964 when a British physicist and mathematician Sir 

Geoffrey Ingram Taylor (Taylor, 1964). For this reason, the expression „Taylor cone” 

is often used for conical meniscus. For an equipotential surface, he theoretically derived 

that only cones of half angle 49.29° satisfied the conditions (calculated from an ideal, 

no-flow equilibrium condition). However, in his assumptions there was no liquid jet at 

the cone apex. Consequently, there was no electrical current and liquid flow through his 

liquid cone. This problem was later approached numerically by (Joffre and Cloupeau, 

1986).  

After some time (Taylor, 1969) also examined the critical field needed to extract liquid 

jets from drop surfaces but failed to explain the stability exhibited by some of the jets. 

(Melcher and Warren, 1971) in their important contribution with theoretical model 

supplied the Taylor’s experimental work from 1969 and pointed out the stabilizing role 

of the polarization force due to the tangential electric field inside the steady, semi-

insulating liquid jet. 

(Watanabe, 1968) studied the disintegration of liquids with various physical properties 

as Drozin in 1955. He observed that a liquid from a capillary, when it is electrified, can 

show different behavior, depending on the extent of electrification. He explained this 

behavior qualitatively by charge relaxation. 
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(Schneider et al., 1967) has studied the instability of a charged liquid jet by extending 

Rayleigh's work with consideration of surface tension and electric charge. Their results 

have been corrected by (Neukermans, 1973). 

(Crowley, 1977) proposed and tested the idea of the Joule heating produced due to the 

high current densities at the small region of the cone’s tip as the mechanism which 

accounted for the observed differences in atomization characteristics between highly 

conductive liquids, such as metal, and the more resistive liquids, such as water and 

organic fluids. However, the hypothesis took no account of fluid flow, which can be 

considerable in the vicinity of the cone apex (Smith, 1986). 

During that time a good review about the theory and practical applications of 

electrostatic spraying was done in the book by (Bailey, 1988). 

In 1989 the stable continuous mode of electrospraying described in the most of the 

previous literature was specified by (Cloupeau and Prunet-Foch, 1989) as a special 

mode of electrospraying: „The cone-jet mode”, and from that time many known authors 

have been using this terminology to distinguish this mode of electrospray among many 

other modes. A detailed review of the functioning modes involved in the electrospray 

phenomena was given by (Cloupeau and Prunet-Foch, 1994, 1990) and (Jaworek and 

Krupa, 1999a, 1999b). 

In the last decades, many authors (Cloupeau and Prunet-Foch, 1994; Cloupeau, 1994; 

Joffre and Cloupeau, 1986; Mutoh et al., 1979; Smith, 1986; Hayati et al., 1987b, 

1987a) dealt with the influence of various liquid properties on the droplets generation 

and stability limits on the stable electrospray modes. 

(Hayati et al., 1987a, 1986) investigated the liquid flow inside the Taylor cone and 

observed a circulating profile of liquid movement. These motions were later 

investigated in terms of influence of conductivity and viscosity of the liquid by (Barrero 

et al., 1999, 1996) as well. 

Recently, there has been a lot of theoretical and experimental research dealing mostly 

with spray current emitted from an electrified menisci, and droplet charge and size 

relating to the liquid properties (Chen et al., 1995; Gañán-Calvo et al., 1994; Grace and 

Marijnissen, 1994; Higuera, 2003; De La Mora and Loscertales, 1994; De La Mora, 

1992; López-Herrera et al., 2004). Some of them also proposed various scaling laws as 

can be seen in the following works (Gañán-Calvo, 1999, 1997; Gañán-Calvo et al., 2013, 

1997; Hartman et al., 2000, 1999b; Jaworek, 2007a; Ku and Kim, 2002; De La Mora 

and Loscertales, 1994). 
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Most of the recent research is also discussed in more details in the next sections together 

with the theory. 

Aside from their theoretical and aesthetical interest, the electrosprays produced by 

charged conical menisci have inspired numerous practical applications.  

Brief overviews of practical aspects of electrospraying and physical backgrounds were 

given by (Bailey, 1986, 1988), and (Michelson, 1990). However, many new inventions 

and devices have been developed since then, especially in nanotechnology (Barry et al., 

2003, 2005; Friedlander and Pui, 2004; Jaworek, 2007b) and biotechnology (Chen et al., 

2000; Jayasinghe et al., 2006; Li et al., 2006) for example, for thin film deposition, 

novel materials synthesis, monosized nanoparticles production, fuel combustion, drug 

inhalation, electric propulsion for spacecraft etc. It found importance in such diverse 

fields as spray painting and surface coating, high-voltage transmission lines, or 

agricultural spraying processes, liquid metal spraying and metallic powder production, 

microspray lubrication, ink-jet printers, energy conversion and electrical 

microlithography. 

In the 1980s (Fenn et al., 1989; Yamashita and Fenn, 1984) initiated a highly successful 

application of electrostatic spraying as a source of ions of macromolecules for mass 

spectrometry that revolutionized the mass spectrometry of proteins and other large 

biomolecules. 

 

 Theoretical background and basic principles of electrospray 3.2

All investigations and research mentioned in the previous section have demonstrated a 

rich history and the complexity of electrostatic spraying phenomena. 

Generally, the electrospray of liquids can be explained as follows: 

If a liquid issuing from the capillary tip (nozzle) is not exposed to an electric field, the 

liquid drips from the capillary at a critical volume depending on the surface tension.  

However, if a liquid issuing from this nozzle is exposed to an electric field, positive and 

negative charges separate inside the liquid and charges of the same polarity as the 

nozzle move towards the droplet surface, inducing a surface charge density on the 

liquid-air interface (liquid surface). Electrostatic and gravitational forces act on the 

liquid in the same direction and the electrostatic pressure, induced at the liquid surface, 

increases against the capillarity pressure so the effective surface tension decreases. 

Subsequently, the critical volume for the droplet detachment decreases and 
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progressively smaller droplets are generated by increasing the applied potential. Due to 

these resultant electrical forces, the dripping rate of liquid increases (Borra et al., 2004; 

Hayati et al., 1987b; Sung and Lee, 2004). 

With even more increasing electric field, a long liquid filament can be created from the 

meniscus which breaks off, the liquid meniscus relaxes back to its initial shape and the 

cycle is then repeated (Hayati et al., 1987b). 

With a further increase of the applied potential to a critical value of normal electric field 

on the surface, the free charge induced in the liquid surface and the electric stress 

deforms the liquid meniscus into a conical shape which is commonly called a Taylor 

cone (Fig. 3); in honor of Lord G. I. Taylor who described the phenomenon for static 

conditions in 1964 (Taylor, 1964). For dynamic conditions, a very fine filament (jet) 

emerges from the apex of the cone, and in the modern literature this is usually described 

as the cone-jet mode of electrospraying (Cloupeau and Prunet-Foch, 1989). 

Experimental results show that a stable cone-jet electrospray configuration is possible 

only if the electrical relaxation time te is small when compared to the hydrodynamic 

time th of the liquid motion (Gañán-Calvo et al., 1997; Barrero et al., 1999): 
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where β=ε/ε0 is the dielectric constant of liquid, ε0 and ε are the permittivity of vacuum 

and the system (liquid), K is the electrical conductivity of liquid, L and r are in this case 

the axial and radial characteristic lengths of the jet, and Q is the liquid flow rate. U is 

the characteristic velocity of the fluid particles moving across a zone of characteristic 

size L. 

If this applies, the liquid bulk is quasi-neutral and the free charges are confined to a very 

thin layer underneath the liquid-gas interface. The thickness of the surface layer, of the 

order of Debye’s length, is always very small if compared to any other characteristic 

length of the liquid.  In other words, the surface charge shields the liquid from the 

electric field in the gas, as in the absence of motion (Higuera, 2003). 
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The Debye length λD can be defined as (Lim et al., 2011): 
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Note that the molecular diffusivity of the charge species D and the electrical 

permittivity of the system ε have a positive effect on increasing the Debye length, while 

increasing the electrical conductivity K decreases the Debye length. 

In cone-jet modes of electrospraying (will be detailed later in section 3.3.2.4), charges 

must also be relaxed at the cone-jet surface since the motion of charges inside the liquid 

bulk would result in being incompatible with the steadiness of the cone-jet mode. In fact, 

it is well known that some liquids with very low conductivities (e.g. paraffin) can be 

electrosprayed only if their electrical conductivity is enhanced, by means of an additive 

(Gañán-Calvo et al., 1997). 

The electrical properties are discontinuous across the surface, giving rise to 

discontinuities in the electric field and a resultant surface stress. The density of free 

surface charge σ at the liquid-air interface can be then expressed as (Mestel, 1994): 
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where   
  and   

  are the normal components of the outer and inner electric field, 

respectively.  

A consequence of the existence of a charge layer at the surface which shields the liquid 

from the electric field in the gas leads to the well-known condition: 
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and consequently 
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Under these conditions, for a stable cone (liquid surface is an equipotential of the 

electric field, and this field induces a surface electric charge that shields the liquid from 
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the electric field in the gas), there has to be a hydrostatic balance between capillary 

pressure Pc and normal electric pressure PE at the conical surface of the liquid (Higuera, 

2003): 
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where γ is the surface tension of the liquid, α is the semi-angle of the cone (in no-flow 

static equilibrium condition is theoretically equal to 49.29°), and R is the distance from 

cone apex, and En is the electric field in the gas, which is normal to the surface. 

From this equilibrium it is possible to calculate the critical electric field.  The critical 

normal electric field at the gas-liquid interface En; which is proportional to the square 

root of surface tension of the liquid γ, can be expressed as (Smith, 1986; Barrero et al., 

1999; Higuera, 2003): 
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Fig. 3 Taylor cone scheme in the equilibrium of surface tension and electric field 

forces (α, R and r are the semi-angle of the cone, the distance from its apex and 

local Taylor cone radius, respectively. σ is the density of free surface charge, Pc and 

PE are the capillary and normal electric pressures at the surface, respectively, and 

En and Et are the normal and tangential electric fields in the gas, respectively). 

 

In an ideal equilibrium situation (no liquid withdrawal, zero flow rate), the tangential 

electric field on the electrified meniscus surface is zero and the electric field in the 

liquid side vanishes, since there are no liquid motions and no need for compensating the 

electric field. 

However, when a steady flow rate is issued from the cone’s tip in the form of a jet, a 

radial (or tangential) electric field must appear in the cone to supply the electric current 

i which is emitted by the jet in the form of charged droplets. Therefore, from the 

electrical point of view, the liquid bulk acts as an Ohmic conductor whose electric 

conductivity is given by the mobilities of the positive and negative ion species in a 

quasi-neutral solution (Gañán-Calvo et al., 1997). 

In dynamic conditions, the tangential electric field Et at the surface accelerates the 

charges at the liquid surface toward the cone apex and the tangential electrical shear 

stress τ pulling the charged surface towards this tip is (Gañán-Calvo et al., 1997): 
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The tangential electric field can be expressed from the Ohm’s law and the properties of 

the liquid filament as follows (Crowley, 1977; Smith, 1986; Hayati et al., 1987a): 
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where J is the current density passing through each section of the cone and K is the 

liquid conductivity, i is the current and A is the steradian area of the cone which is given 

by:  
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Subsequently, the tangential electric field is: 
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From the apex, a very fine filament (jet) with a high surface charge density emerges, 

breaking up into droplets due to various electro-hydrodynamic instabilities. The 

continuous filament emerging from the cone then self-disperses into a fine aerosol due 

to the Coulomb repulsion. This spray of droplets often shows a remarkably narrow size 

distribution (monodispersity). For some liquid metals only ionic species are emitted. 

For the jet with radius a, the normal and tangential electric fields can be analogously 

expressed as (Cloupeau, 1994; Kuroda and Horiuchi, 1984): 
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If the liquid viscosity and the electrical conductivity are small enough, liquid circular 

motions; different from the purely radial one, can be seen at the cone itself as was 

observed by many researchers (Melcher and Taylor, 1969; Hayati et al., 1986, 1987a; 

Shtern and Barrero, 1994, 1995a, 1995b; Barrero et al., 1996, 1999). The structure of 

these motions is governed by the Reynolds number of the flow, which in addition to the 
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liquid viscosity depends strongly on the electrical conductivity of the liquid. (Barrero et 

al., 1999) clarified that the liquid motions inside Taylor cones are driven by the 

tangential electrical shear stress acting on the liquid-gas interface and the flow rate 

injected through the electrified needle. Tangential shear stresses impose a characteristic 

velocity at the surface that can be larger or smaller than the sink velocity at the core, 

while the viscosity has the tendency to reduce these differences; towards making the 

axial velocity radially uniform (De La Mora and Loscertales, 1994). Clearly, a 

recirculating flow exists if this characteristic velocity from the tangential stress is higher 

than the sink velocity. When liquids of high enough conductivity are electrosprayed, 

there is no noticeable motion different from the pure sink flow corresponding to the 

imposed flow rate. In these cases, tangential electric field is practically zero and 

therefore tangential shear stress is negligible (Barrero et al., 1999, 1996). 

In any case, the tangential electrical shear stress is the agent that induces a sufficient 

axial momentum transfer onto the liquid to begin a progressive deformation of the cone 

into a jet (Gañán-Calvo et al., 1997). 

Thus, the charge withdrawn from the jet’s tip in the form of charged droplets is steadily 

supplied from the needle by: 

  

(i) Ohmic bulk conduction. 

 

(ii) Surface charge convection. 

 

The first one is dominant at the cone (large cross section and very small liquid velocity), 

while the second one becomes dominant close to the jet’s end (very small cross section 

and large liquid velocity). In between, there is a transition region of the jet at which 

both conduction and convection are of the same order (Hayati et al., 1987a; Gañán-

Calvo et al., 1997). 

As mentioned above, in real dynamic conditions, the process is more complex as was 

described by Taylor in 1964 for static cone (Taylor, 1964), and the shape of the liquid 

cone is a result of the balance of liquid pressure, liquid surface tension, gravity, electric 

stresses in the liquid surface, the liquid inertia, and the liquid viscosity (Hartman et al., 

2000). The surface is neither of constant pressure or potential as proposed by Taylor 

1964 and, in fact, is no longer of true conical shape but can be concave or convex. The 
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conditions depend on the combination of the mechanical and electrical properties of the 

fluid (Meesters et al., 1992) 

Many parameters are involved in electrospraying, and depending on the values of these 

parameters, different functioning regimes or modes can be obtained, giving aerosols of 

highly varied characteristics and of unequal practical value. The important parameters 

are (Cloupeau and Prunet-Foch, 1990): 

 

(i) The physical properties of the liquid, and in particular its electrical conductivity, 

its surface tension and its viscosity. 

 

(ii) The liquid flow rate. 

 

(iii) The applied voltage. 

 

(iv) The geometry of the system used. 

 

(v) The dielectric strength of the ambient medium. 

 

The most important liquid properties that govern the electrospray performance are 

considered the electrical conductivity and the surface tension. Of particular interest is 

the conductivity. In fact, a range of conductivities was often quoted outside of which 

fine atomization was not possible. Conductivity defines the range of liquid flow rate 

over which the cone-jet mode can be maintained in a stable manner, and a uniform 

droplet size can be produced. Since there is a one-to-one correspondence between the 

liquid flow rate and the droplet size, the electric conductivity also governs the range of 

sizes that can be uniformly produced for a certain liquid (Cloupeau and Prunet-Foch, 

1989; De La Mora et al., 1999). In general, as conductivity of the liquid increases, the 

boundaries of the flow rate range move towards lower flow rates; this is accompanied 

by a reduction the filament (jet) width, length, and aerosol droplet size (Mutoh et al., 

1979; Smith, 1986). 

An increase in the capillary diameter can cause a narrowing of these boundaries or 

domain. Outside the cone-jet domain, electrosprays is unstable (intermittent) and 

polydisperse (Tang and Gomez, 1996). 
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In case of constant flow rate and when a stable jet is formed, a further increase of 

voltage causes: the cone angle increases while the cone itself shrinks (the jet becomes 

shorter). Until eventually other secondary jets emerge from the primary one. The 

number of these secondary jets increases with an increase in the applied potential. 

Moreover, the jet diameter decreases and thus for the given flow rate the jet velocity 

must then increase. Also the size of the droplets must decrease (Hayati et al., 1987b). 

The length of the jets also increases with the viscosity (Cloupeau and Prunet-Foch, 

1994). 

It must be noted that the steady cone–jet mode cannot be reached by imposing a flow 

rate smaller than the natural one. In that case, the liquid ejected by the Taylor cone 

would not be replaced, the meniscus volume would decrease progressively, moving 

away from that of the underlying static solution, and the jet emission would be 

eventually interrupted. One concludes that the liquid flow rate naturally issued by a 

Taylor cone–jet is also the minimum flow rate that can be steadily ejected for the same 

liquid. Therefore, the natural flow rate determines the minimum size of the droplets 

steadily produced by electrospraying (Gañán-Calvo et al., 2013). 

Surface tension is important because the voltage required for establishing the cone-jet 

mode is proportional to the square root of surface tension (Gomez and Tang, 1994). 

Since 1990s, many theoretical considerations, determining the size of the droplet, the jet 

diameter and velocity, the current through the liquid cone, and the minimum flow rate, 

were presented in various relations in literature (De La Mora and Loscertales, 1994; 

Chen and Pui, 1997; Gañán-Calvo et al., 1997; Gañán-Calvo, 1997, 1999; Gañán-Calvo 

et al., 2013; Hartman et al., 1999b, 2000). These relations are often called the scaling 

laws for electrospraying in the cone-jet mode. 

Regardless of an effect of other parameters, all the equations indicate that the droplet 

diameter and current scales with the liquid flow rate. 

 

3.2.1 Jet disintegration 

The jet drawn from the apex of the Taylor meniscus breaks up into droplets by three 

mechanisms as a function of increasing surface charge on the jet: varicose instabilities 

where the breakup proceeds as in a natural jet, kink instabilities where the breakup is 

more disordered due to the large lateral instabilities caused by the high electric forces or 

drag forces, and lastly, the ramified instability where multiple secondary jets issue from 

the surface of the primary jet (Grace and Marijnissen, 1994).  (Rayleigh, 1878) and 
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(Weber, 1931) have presented theories to predict droplet sizes for liquid jets without 

electric fields. These theories are valid when the jet breaks up due to varicose 

instabilities. (Melcher, 1963) presented a theory which can be used to calculate the 

influence of these electric fields on the jet break-up. He also took the jet break-up due to 

kink instabilities into account. However, in electrospraying in the Cone-Jet mode, not 

only the electric fields, but also the acceleration of the liquid in the jet is of importance 

(Hartman et al., 1999a). 

For intermittent modes, the liquid filament is not constantly connected to the nozzle but 

a free column of liquid is periodically detached from the nozzle. Under the action of 

surface tension forces, this free column of liquid will spontaneously disintegrate into 

droplets in disintegration process similar to varicose instabilities. 

 

3.2.1.1 Varicose instabilities 

The varicose or axisymmetric instabilities can be defined as sinusoidal growing 

instabilities along the axis of filament propagation. At the end of the jet where droplets 

are formed, the formation of the unstable wave like structure before the breakup of the 

jet is present (Fig. 5a). It is similar to the formation of droplets in the surface tension 

driven Rayleigh disintegration and the breakup into droplets takes place in a manner 

similar to that of a neutral jet as long as the surface charge of the jet is not too high (Lim 

et al., 2011; Mutoh et al., 1979). From the results of (Mutoh et al., 1979) it can be 

concluded that the electric field plays only its role in elongation of the jet but has no 

effect on the jet disintegration. 

(Rayleigh, 1878) has analyzed the response of the jet to small sinusoidal and 

axisymmetric perturbation of the surface and has presented a theory for small varicose 

instabilities on a liquid jet. This theory is able to predict the wavelength of the growing 

varicose instability at which the disturbance will exponentially grow with the optimum 

growth ratio, eventually causing disintegration of the jet (Fig. 4). It has been clarified by 

(Rayleigh, 1878) that the growth ratio of the disturbance becomes optimum with: 

 

   

 
      ,     (22) 

 

where 2πa is the circumference of the cylindrical thread (jet) and λ is the wavelength of 

the disturbance (Mutoh et al., 1979). 
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Fig. 4 Disintegration process by varicose instabilities, d is the droplet diameter, a is 

the radius of the jet, vs (Mutoh et al., 1979). 

 

(Hartman et al., 2000) noted in their work that the dominant wavelength of the 

axisymmetric mode shifts toward the short wavelengths with increasing electric stress 

and the dominant wavelength shifts toward the long wavelengths with increasing 

viscosity. 

 

3.2.1.2 Kink instabilities 

This kind of instabilities can be also described as lateral or azimuthal instabilities and 

are recognized by its whipping movement out of the jet propagation axis (Fig. 5b). 

This can only occur if the jet is slowed down by external forces like the drag force of 

the surrounding air, or when the jet is charged. Drag force can be neglected for very fine 

jets (Hartman et al., 2000). 

As already shown by (Cloupeau and Prunet-Foch, 1990), flow rate plays an important 

role in the transition from the varicose jet break-up mode to the kink jet break-up mode. 

In the jet break-up of charged jets, the repulsion force due to the electric charge 

competes with the surface tension of the liquid. If no charge is present, then the jet can 

only break-up due to varicose instabilities. At higher flow rates, the current through the 

liquid cone increases. With increasing current, the surface charge on the jet increases. 

At a low ratio of the normal electric stress over the surface tension stress, the surface 

tension can suppress the kink instabilities. However, with increasing surface charge 

above a certain value, the repulsion force of the charge becomes stronger, and the kink 

instabilities can start to grow. When the influence of these instabilities increases, then 

the average size of produced droplets is smaller than that obtained just before the 

appearance of these instabilities. The emission frequency is higher and the size 

distribution is broader as for varicose instability disintegration (Cloupeau and Prunet-

Foch, 1989; Hartman et al., 2000). 
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Generally, the jet break-up regime is determined by the occurrence of the current 

through the liquid cone. With increasing current, the whipping of the jet increases. 

In some cases, the whipping of the jet increased with increasing applied potential 

difference, but only when the current through the liquid cone depends on the applied 

potential difference. This can depend on the diameter of the nozzle. For higher nozzle 

diameters, the current is almost independent of the applied potential. So, the jet break-

up regime is not changed (Hartman et al., 2000). 

Kink instabilities are sometimes also described as a whipping motion of the jet or 

snaking motion. According to (Mutoh et al., 1979) it seems that the snaking motion of 

the jet can be also caused by the corona emission. 

 

3.2.1.3 Ramified instabilities 

In this case the jet is no longer cylindrical and multiple secondary jets issue from the 

distorted surface of the primary jet (Grace and Marijnissen, 1994) (Fig. 5c). This mode 

can only occur if the jet is highly charged. If the surface charge is above a certain 

threshold value, then the electric stresses can overcome the surface tension. These 

electric stresses will transform the shape of the jet. 
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Fig. 5 Three jet break-up modes, the axisymmetric varicose break-up (a), the 

lateral kink break-up (b), and the ramified jet break-up (c) (Hartman et al., 2000). 

 

3.2.2 Droplets characteristic in electrospray 

The size distribution of the droplets created in stable continuous electrospray is usually 

narrow, with low standard deviation; droplets can be of equal size for dripping and 

microdripping modes, or for Rayleigh jet breakup due to varicose wave instability (e.g. 

cone-jet mode). For other modes, the size distribution is usually broader (Jaworek, 

2007a). 

The size distribution produced in the cone-jet mode depends on the diameter of the jet, 

and on the break-up of this jet into droplets (Hartman et al., 2000). 

In the case of intermittent modes, the mechanism is similar and we can generally say 

that the size distribution depends on the jet or meniscus diameter and break-up 

mechanism. However, this is valid only for primary or parent droplets in electrospray 
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because they are primarily created from the water filament. Under certain conditions, 

also secondary droplets and satellites can be created from the primary droplet.  

If the highly charged droplets evaporate, then the Rayleigh limit for droplet charge can 

be reached. Rayleigh criterion of instability for the critical value of charge on the 

droplet is given by (Taflin et al., 1989; Li et al., 2005):  

 

     √     ,    (23) 

 

where ε0 is the permittivity constant, γ is the surface tension of the droplet, and r is the 

droplet radius.  As shown by (Tang and Gomez, 1994), the critical charge density is a 

monotonically decreasing function of droplet size. Thus, large droplets with lower 

charge density are closer to the Rayleigh limit and consequently, are more likely to 

become unstable. 

At or above this critical value (i.e. q ≥ qR), the disturbances due to shape oscillations 

grow, leading to the breakup of the droplet.  

One possible outcome of Rayleigh instability might involve the droplet breaking into 

two droplets of similar size and charge, and even fission process. Numerous 

experimental studies have shown, however, that the instability involves ejection of 

several similarly sized progeny droplets through the formation of what appears to be a 

Taylor cone on the parent droplet. The progeny droplets are much smaller than the 

parent. Interestingly, this was predicted by Rayleigh in 1882 who analyzed the 

instability and predicted that charge would be ejected from the droplet in a fine jet, this 

is referred as a Rayleigh discharge event. Droplets produced in a discharge event will 

evaporate further, leading to additional instabilities (Smith et al., 2002). 

(Gomez and Tang, 1994) have shown that the Coulomb explosion of a spherical droplet 

past the Rayleigh limit involves the formation of a relatively long-lived cone that emits 

a stream of daughters less than 10 times smaller than the parent droplet.  

The parent droplet can undergo breakup through the cone-jet mode with varicose jet 

breakup mode but as well as with the whipping and ramified jet breakup modes (Kim 

and Dunn, 2010). 

Electrical interaction between highly charged droplets with different sizes, and thus 

different inertia, causes a size segregation effect. Small droplets will be found at the 

edge of the spray and larger sizes will be found in the spray center. Generally, charged 
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droplets self-disperse in the space that results in an absence of droplet agglomeration 

and coagulation (Jaworek, 2007a). 

The droplet trajectories depend on the initial velocity of the droplets, the droplet charge, 

the electric field necessary to transform the large droplet at the nozzle to a conical shape, 

the electrical droplet-droplet interaction, and the interaction with the surrounding gas 

(Hartman et al., 1999a). 

Occurrence of electrical discharges in the surrounding gas can completely disturb the 

droplet production process (Hartman et al., 1999a). 

 

 Classification of the modes of electrospraying 3.3

The present section summarizes and classifies the observations of various 

electrospraying modes presented in the literature (Cloupeau and Prunet-Foch, 1990, 

1994; Grace and Marijnissen, 1994; Shiryaeva and Grigor’ev, 1995; Chen et al., 1995; 

Jaworek and Krupa, 1999a, 1999b; Kim et al., 2011), which will be helpful for 

identification and classification of our observed electrospraying modes described in the 

experimental part of this work.  

The modes of spraying differ in the process of formation of the meniscus and jet 

emerging from this meniscus (Cloupeau and Prunet-Foch, 1994, 1990; Hayati et al., 

1987a, 1987b; Jaworek and Krupa, 1999a, 1999b). Many liquid parameters are involved 

in this spraying process such as conductivity, surface tension, and viscosity, and the 

voltage and liquid flow rate. The modes of spraying strongly depend on these liquid 

parameters. However, the conditions for generating a required mode of spraying, and 

the size of the droplets obtained in each mode cannot be predicted from the liquid 

parameters. Although there are some scaling laws characterizing electrospraying, which 

are confirmed by experimental results, they are applicable only to the cone-jet mode, 

and there are many discrepancies for other modes of spraying (Jaworek, 2007a). 

The modes are separated into two general categories: those that exhibit a continuous 

flow of liquid through the meniscus and those that do not, but rather have intermittent 

character.  Both categories have been observed by most authors although the 

nomenclature has not been universally accepted and we can find some differences in the 

literature. Each mode has multiple characteristics and the transition between modes is 

not always well defined (Grace and Marijnissen, 1994). Probably the most detailed 
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classification is that of (Jaworek and Krupa, 1999a) shown in Fig. 6, where they use 

time constants for describing the dynamics of the spraying. 

In this classification we will consider only spraying modes in a gaseous medium under 

atmospheric pressure. It should however be noted that all the modes obtained in air are 

also observable in vacuum (Cloupeau and Prunet-Foch, 1994). Some modes of 

electrospraying (e.g. dripping, spindle, or simple jet modes) may not be considered 

„electrospray per se” by some authors, since there is not a large disparity of scales 

between the jet and the liquid meniscus typical for cone-jet modes, especially due to 

larger liquid flow rates. Nevertheless, many recent works include these modes among 

electrospray modes, thus we comply with this trend. 

 

 

Fig. 6 Classification of electrospraying modes according to (Jaworek and Krupa, 

1999a) 

 

3.3.1 Intermittent modes 

These modes are characterized by periodical forming and detachment of the liquid 

filament from the nozzle (Fig. 6, upper part), thus the electrospraying process cannot be 

classified as continuous. Usually, the frequency of these changes is so high, it is 

impossible to observe these changes by naked eye, or using cameras with low frame rate. 

Therefore, it is sometimes difficult to distinguish between continuous and intermittent 

modes without proper visualization techniques. 
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These modes are often referred to as pulsating or intermittent modes (Grace and 

Marijnissen, 1994). Here belong the dripping, the microdripping, the spindle and the 

oscillating spindle modes. 

The intermittent behavior of pulsing meniscus can be explained by transient field 

modification induced by the pulsed electrical discharges (Borra et al., 1999). 

 

3.3.1.1 Dripping mode 

The dripping mode of electrospraying (or field enhanced dripping), does not differ 

significantly from the dripping for electrically neutral conditions. The drops take the 

shape of spheres detaching from the capillary as the gravity force and the electric force 

overcome the surface tension forces. After the drop detachment, the meniscus contracts 

back forming a hemispherical-like meniscus (Jaworek and Krupa, 1999a). 

The dripping mode is characterized by the production of large droplets (usually larger 

than the capillary diameter) at low frequency (<500 Hz). The production frequency and 

the droplet diameter vary directly and inversely, respectively, with the applied potential 

due to electrostatic forces, causing smaller droplets to detach from the meniscus 

(Cloupeau and Prunet-Foch, 1994; Grace and Marijnissen, 1994). 

The primary droplets are sometimes accompanied by satellite droplets or siblings 

created from the thin thread connecting the capillary with the main droplet before its 

detaching.  

The time of the drop formation is much longer than the fall of the former drop, so its 

charge does not affect the droplet formation (Jaworek and Krupa, 1999a). 

It should also be pointed out that the electric field at the end of the pendent drop is 

sometimes sufficient to create a jet following the same process as for the cone-jet mode 

described below (Cloupeau and Prunet-Foch, 1994). (Shiryaeva and Grigor’ev, 1995) 

call it a jet-dripping mode. 

 

3.3.1.2 Microdripping mode 

In the microdripping mode, the electric force close to the capillary outlet is sufficiently 

high to keep a stable hemispherical or ellipsoidal meniscus. The microdripping mode 

differs from the dripping mode also in that the meniscus does not contract after the 

droplet detachment. A single small droplet, much smaller than the capillary diameter, is 

formed only at the tip of the meniscus, where the electric field is much stronger. The 

droplet is detached from the meniscus and does not undergo further disruption. The 
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microdripping mode operates at low-volume flow rates. The characteristic time while 

the liquid is provided to the capillary outlet is much longer than the time of the drop 

formation due to electrical force, and no great fragment of liquid can be formed 

(Jaworek and Krupa, 1999a).  

The size of the droplets can range from a few micrometers up to about a hundred of 

micrometers in diameter and the droplet size distribution is usually monodisperse. The 

frequency of the emission of the droplets ranges from a few tens up to a few thousands 

of droplets per second (Cloupeau and Prunet-Foch, 1994; Jaworek and Krupa, 1999a). 

The space charge formed by formerly generated droplets is too weak to affect the 

generation process, because the droplets are quickly removed by the electric field 

(Jaworek and Krupa, 1999a). 

 

3.3.1.3 Spindle mode 

Spindle mode is sometimes described as the pulsating-jet mode (Grace and Marijnissen, 

1994). 

As the flow rate is sufficiently high and the electric field increases, the liquid can 

elongate in the direction of the electric field, taking the shape of a thick jet which 

detaches as a vast spindle-like fragment. The characteristic time the liquid is supplied to 

the capillary is nearly equal to or shorter than the characteristic time of the jet formation. 

High electric field detaches a fragment of liquid before a continuous jet is formed. The 

spindle mode operates at higher voltages than the dripping mode, and it differs from the 

dripping mode since no regular droplet is ejected from the meniscus but only elongated 

fragments of liquid. After its detachment, the spindle can disrupt into several smaller 

droplets of different sizes (main drop, and fine droplets from the remaining jet), while 

the meniscus contracts to its initial shape, and a new jet starts to be formed (Jaworek 

and Krupa, 1999a).  

The main droplets are usually different in size, varying in the range from 300-1000 µm, 

while siblings are smaller than 100 µm. 

The electric field is too low to form a long continuous jet for a given flow rate. The 

increase in the voltage causes the jet to oscillate and oscillating spindle mode occurs. 

Additionally, if the flow rate is also increased, the intermittent generation of the 

spindles is replaced by continuous jet, which can oscillate as well (Jaworek and Krupa, 

1999a). 
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The similar process as jet-dripping mode mentioned in section 3.3.1.1 can occur during 

spindle mode as well. In some literature it is called intermittent or pulsed cone-jet mode 

(Cloupeau and Prunet-Foch, 1994; Grace and Marijnissen, 1994; Shiryaeva and 

Grigor’ev, 1995). As the name suggests, it produces an unstable cone-jet and the 

meniscus collapses to the capillary between the cone-jet occurrences as in the spindle 

mode description. However, in this case the size distribution is broader in comparison to 

spindle mode without intermittent cone-jet, thus sometimes it is characterized as an 

independent mode (Cloupeau and Prunet-Foch, 1994).  

 

3.3.1.4 Oscillating spindle (multispindle) mode 

(Jaworek and Krupa, 1999a) classify this mode as a multispindle mode. However this 

description can be slightly confusing since it would evoke the image of multiple 

spindle-like fragments at the same time. In reality, there is only one fragment at the 

moment. From this reason we are proposing to use the term „oscillating spindle mode” 

which better corresponds to the real situation. 

In this mode of spraying the droplet generation is similar to the spindle mode so 

sometimes it can be considered as a special case of the spindle mode, but spindles are 

only emitted periodically from distinct points at the circumference of the capillary, 

usually in the form of short spindle-like jets, one piece of liquid at an instant. The 

droplet generation process is caused by the electric field between the electrodes and is 

also affected by the space charge. If the liquid velocity at the outlet of the capillary is 

higher than the characteristic velocity of the jet formation, a sufficiently high excitation 

field causes the liquid to elongate fast from the capillary, similar to the spindle mode, 

and detaches a fragment of liquid. The formerly generated droplets are still close to the 

capillary outlet, and the field generated by them deflects the next jet off the capillary 

axis (Jaworek and Krupa, 1999a). Thus the filament formation shifts from one side of 

the nozzle to another, and the elongated water fragments are no longer perpendicular to 

the plane electrode. When observed by naked eye, this gives a visual impression of two 

well distinguished water streams. 

 

 

 

 

 



47 

 

3.3.2 Continuous modes 

These modes are characterized by a continuous liquid filament constantly connected to 

the nozzle (Fig. 6, bottom part), thus the electrospraying process can be classified as 

continuous. 

Continuous modes are represented by the simple jet, oscillating jet, precession, the 

cone-jet and the multijet. The meniscus and the jet in this group can be stable, can 

vibrate, rotate spirally around the capillary axis or whips irregularly (Jaworek and 

Krupa, 1999a). 

 

3.3.2.1 Simple jet mode 

In the absence of an electric field, the liquid forms a permanent jet if the flow rate is 

sufficiently high. This critical rate is reached when the kinetic energy of the liquid at the 

outlet of the capillary is greater than the surface energy required to create the surface of 

the jet (Lindblad and Schneider, 1965). In this case, the application of even a low 

voltage has the effect of charging and accelerating the already established jet. The jet 

may also be obtained at flow rates substantially lower than the critical rate if the applied 

voltage exceeds a certain minimum value (Cloupeau and Prunet-Foch, 1994). 

The simple jet and cone-jet exhibit similar structures. Both consist of a single jet drawn 

from the meniscus by the electrical forces. The simple jet differs from the cone-jet in 

the sharpness of the conical meniscus (there is no significant transition between the 

cone and the jet) (Grace and Marijnissen, 1994). 

In every case, when the voltage is gradually increased, the behavior of the jet is first 

similar to what is observed in the cone-jet mode (which is described below); then 

whipping motions or numerous ramifications can occur (Cloupeau and Prunet-Foch, 

1994). This is probably due to the repulsive action of higher surface charge on the jet 

due to the higher currents caused by high imposed flow rate (similar to kink instabilities 

in the cone-jet mode disintegration) (Cloupeau and Prunet-Foch, 1990, 1989; Hartman 

et al., 1999a). 

The ramified jet occurs at higher flow rates and is characterized by one or more jets 

issuing from the capillary tip and several temporary secondary jets issuing from the 

surface of the primary jet(s), not just its apex (Grace and Marijnissen, 1994), as shown 

in Fig. 5. It can be considered as a special mode of the simple jet mode or as an 

independent mode. 
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3.3.2.2 Oscillating jet mode 

This mode can be also considered as a special mode of simple jet mode. One can find 

here the analogy as between spindle and oscillating spindle modes. 

The increase in the flow rate allows the jet to become continuous and steadily connected 

with the capillary in comparison to spindle modes. With the increasing voltage, this 

continuous jet can oscillate or rotate because of the space charge of formerly emitted 

droplets and gas ions (Jaworek and Krupa, 1999a). 

In the oscillating jet mode the jet issues smoothly from the meniscus at the tip of the 

capillary, and changes its position (oscillates) in one plane with the capillary axis. The 

jet is usually not smooth, but becomes thinner at a few places. The jet disintegrates into 

small unequal droplets due to kink instabilities. The jet deflects off the capillary axis 

because of the space charge; however, when the droplets are removed to the collecting 

plate, the jet starts to move back. The droplets are usually smaller than about 200 µm in 

diameter (Jaworek and Krupa, 1999a). 

According to (Hartman et al., 2000), for the liquid jets with higher liquid velocities or 

with relatively large jet radii, the influence of the air and drag force has to be also taken 

into account as a mechanism of jet oscillations. 

 

3.3.2.3 Precession mode 

This mode can be again considered as a special mode of simple jet mode. 

The precession mode (Jaworek and Krupa, 1996a) is characteristic by the liquid 

escaping the capillary in the form of a skewed cone which smoothly changes into a thin 

jet. Both the cone and the jet rotate regularly round the capillary axis, taking the shape 

of a fragment of a spiral. The jet becomes thinner at its end, and also rotates spirally, i.e. 

the end part of the jet is winding round the mother spiral. The aerosol is nearly 

uniformly dispersed into the space which assumes the form of a regular cone with the 

axis co-linear with the axis of the capillary. With increasing voltage the jet becomes 

longer and rotates faster (Jaworek and Krupa, 1999a). 

The jet rotates due to repulsive electrostatic force generated by the space charge formed 

by the sprayed droplets. The jet disintegrates into droplets due to repulsive electrostatic 

forces, and probably also due to the centrifugal forces (Jaworek and Krupa, 1999a). 
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3.3.2.4 Cone-jet mode 

The single most common spray mode reported in the literature is the cone-jet mode. 

Many authors gave it several designations. (Mutoh et al., 1979) used the expression 

„convergent jets”, while (Hayati et al., 1986) spoke of „stable jet mode”. For (Smith, 

1986), it is only to this mode that we should apply the term „electrohydrodynamic”, a 

term often used in a more general sense. In the absence of consensus, (Cloupeau and 

Prunet-Foch, 1989) starts using the compound word „cone-jet” which simply denotes 

the aspect of the meniscus without prejudging to the stability of the jet and the way this 

configuration is maintained. 

In the cone-jet mode, often referred to as the Taylor cone mode, the meniscus forms a 

conical shape with a theoretical half angle near the 49.29° (as calculated from an ideal, 

no-flow static equilibrium condition). In case of constant flow rate and when a stable 

cone-jet is formed, a further increase of voltage causes that the cone angle increases 

while the cone itself shrinks (Hayati et al., 1987b). In real dynamic situation, the cone 

can take three different forms: with linear sides, convex or concave (Cloupeau and 

Prunet-Foch, 1994; Jaworek and Krupa, 1999a).  

The jet drawn from the apex of this meniscus breaks up into droplets by three 

mechanisms as a function of an increasing potential (Fig. 5): varicose instabilities where 

the breakup proceeds as in a natural jet, kink instabilities where the breakup is more 

disordered due to the large lateral instabilities caused by the high electric forces, and 

occasionally the ramified instability where multiple jets appear from the primary jet 

issuing from the nozzle (Grace and Marijnissen, 1994). The jet remains stable in the 

length of a few millimeters because of weak lateral electric field. The field generated by 

sprayed droplets is nearly symmetrical and the lateral forces on the jet remain in 

equilibrium. The space charge reduces the electric field near the end part of the jet 

(Jaworek and Krupa, 1999a). 

A characteristic of the cone-jet mode is the large disparity of scales (of several orders of 

magnitude) between the jet and the meniscus. The jet diameter becomes lower and its 

length becomes shorter with the increasing voltage or with decreasing the flow rate. For 

a liquid of a given conductivity, the cone-jet mode appears only within a limited range 

of values of flow rate. As conductivity of the liquid increases, the boundaries of the 

flow rate range move towards lower flow rates; this is accompanied by a reduction of jet 

diameter. The length of the jets also increases with the viscosity (Cloupeau and Prunet-

Foch, 1994). 
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Among the key features distinguishing the cone-jet electrospray from other atomization 

techniques are quasi-monodispersity of the droplets especially for varicose and kink 

instabilities; Coulombic repulsion of the charged droplets, which induces spray self-

dispersion, prevents droplet coalescence; and the use of a spray nozzle with a relatively 

large bore with respect to the jet diameter and size of the generated droplets. The cone-

jet mode can produce droplets/particles over a wide size range, from sub-micrometer to 

hundreds of micrometers, depending on liquid flow rate, applied voltage and liquid 

electric conductivity (Duby et al., 2006).  

 

3.3.2.5 Multijet mode 

The multijet mode develops usually from the cone-jet mode by increasing the electrical 

potential and the flow rate. Usually at first, the Taylor cone becomes skewed, leading to 

a single jet at the rim. This situation is, however, unstable and the jet splits into two jets 

at opposite sides relative to the axis or three symmetrically distributed on the rim of the 

capillary are formed. Several emitting sites are then established around the end of the 

capillary and their number increases with the applied voltage and flow rate (Cloupeau 

and Prunet-Foch, 1994; Jaworek and Krupa, 1996b). 

The jets disintegrate due to kink instabilities, into small droplets, forming a fine mist 

around the capillary axis. The cone-jet mode changes to the multijet mode probably 

because of the limited velocity of the jet formation when compared to the liquid 

velocity at the outlet of the capillary, resulting from the flow rate (Jaworek and Krupa, 

1999a).  

For distilled water (probably for all high surface tension liquids) the multijet mode has 

not been observed, probably because of the corona discharge from the capillary 

(Cloupeau and Prunet-Foch, 1990; Jaworek and Krupa, 1996b). 

The advantage of this mode compared to single cone-jet mode is that for the same total 

flow rate, the sharing of the flow rate between multiple jets yields both finer drops and 

much higher emission frequencies than in the single cone-jet mode (Cloupeau and 

Prunet-Foch, 1994). 
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4 Electrospraying of liquids with the presence of electrical 

discharges 

Electrospraying phenomenon is well known and has been thoroughly studied for more 

than a century. In last decades, numerical modeling and scaling laws were also applied 

for better understanding of the mechanisms of jet formation and its disintegration into 

droplets. However, electrospraying is usually accompanied by the occurrence of 

electrical discharges. This phenomenon was not studied sufficiently well and is usually 

not taken into consideration in the models of electrospraying presented in the literature 

(Jaworek et al., 2005). For instance, many authors proposed some laws for calculations 

of spray currents. Unfortunately, all these equations do not take into consideration the 

current carried by gaseous ions, which greatly contribute to the total current (Jaworek et 

al., 2014). The gaseous discharges occurring during the electrospraying can highly 

influence the atomization processes, mainly due to the space charge formed by ionized 

gas surrounding the liquid surface, which can cause the electric field distortion (Jaworek 

and Krupa, 1997). 

The appearance of a discharge (mostly corona) from the liquid surface at atmospheric 

pressure has been reported in a few studies several decades ago (Zeleny, 1915, 1917; 

Macky, 1931; English, 1948; Ausman and Brook, 1967; Barreto, 1969; Dawson, 1970).  

In later years, this topic was approached by various scientists who considerably 

contributed to this area (Kuroda and Horiuchi, 1984; Smith, 1986; Hayati et al., 1987b; 

Meesters et al., 1991, 1992; Cloupeau, 1994; Borra et al., 1996, 1999, 2004; Jaworek 

and Krupa, 1997; Ku and Kim, 2002; López-Herrera et al., 2004; Jaworek et al., 2005, 

2014; Shirai et al., 2011, 2014; Kim et al., 2014). Some of them stated that for a liquid 

with high surface tension (e.g. for water), the establishment of stable sprays (e.g. cone-

jet mode) is usually prevented by pulsed filamentary discharges developed in the air 

around the liquid. According to their explanations, if the threshold field of gas 

ionization described by equations (5), (6) and  (7) is reached before the threshold 

field of the cone-jet mode required for the Taylor cone equilibrium described by 

equation (16), electrical discharges can prevent the cone establishment and completely 

disturb the droplet production process by the cone-jet mode. Whether this phenomenon 

will occur, depends on the electric field, the shape of the liquid jet, and the properties of 

the surrounding gas. (Cloupeau, 1994; Hartman et al., 1999a). 
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In order to stabilize the electrospray of high surface tension liquids, such as water, i.e. to 

prevent the development of filamentary gas discharges, several solutions have already 

been found:  

 

(i) Increasing the dielectric strength of the gas, either by increasing the pressure or 

by using more insulating gases like SF6, CO2 (Hayati et al., 1986; Tang and 

Gomez, 1995). 

  

(ii) Adding surfactants to reduce the surface tension of the liquid (Smith, 1986; 

Shirai et al., 2014). Shirai et al. also observed different continuous cone-jet 

modes (cone-jet, precession, multiple-jet) with the presence of continuous glow 

discharge on the tip of the cone-jet in negative polarity. 

 

(iii) Use very fine nozzles increases the divergence of the field around the liquid to 

reduce the length of ionization around the cone to such an extent that no more 

significant avalanches could lead to pulsed filamentary discharge. This can lead 

to a continuous glow discharge without pulsed filamentary discharge (Borra et 

al., 1999, 2004; López-Herrera et al., 2004).  

 

Some of these studies (Cloupeau, 1994; Tang and Gomez, 1995; Borra et al., 1999, 

2004; López-Herrera et al., 2004) have also mentioned that the presence of continuous 

discharge during the electrospray can have a stabilizing role on the electrospray.  The 

continuous glow regime of electrical discharges is favored by highly diverging field 

promoted with smaller radius of curvature in classical point-to-plane discharge 

geometry (Borra et al., 2004). 

Generally, two physical conditions are required to induce the electrospray of liquids in 

the mode stabilized by a continuous glow discharge in air at atmospheric pressure 

(Borra et al., 2004): 

 

(i) The electric field normal to the liquid surface has to reach the threshold field 

that the electrospray requires for the formation of the liquid cone due to EHD 

equilibrium (the same condition as that for the electrospraying in the cone-jet 

mode without electrical discharge). 
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(ii) The electrical field in the gas has to promote the continuous glow discharge 

regime to stabilize the spraying mode. 

 

It has been stated by many authors (for example by (Cloupeau and Prunet-Foch, 1994; 

Jaworek and Krupa, 1997; Jaworek et al., 2014) that electrospraying at positive polarity 

is less disturbed by corona discharge than at negative. Also the length of the jet from the 

apex of the Taylor cone to the point of its breakdown is influenced by the polarity. It is 

shorter for negative polarity than for the positive one, but this difference decreases with 

increasing jet velocity (increasing flow rate) (Jaworek et al., 2014). 

Thus, as was highlighted by (Jaworek et al., 2014) in his recent work, there are still 

many controversies about gas ionization processes in the vicinity of the liquid jet 

maintained at high electric potential, and the effect of this ionization on electrospraying 

process. The results and conclusions on this subject are frequently contradictory as 

presented by different authors. 

There is no doubt that at certain circumstances, for various, mainly polar liquids; the gas 

in the vicinity of capillary nozzle can be ionized. The main controversy is, under which 

conditions, the electrical discharge can occur, and whether it can disturb the process of 

electrospraying, particularly in the cone-jet mode, or they are favorable for electrospray 

stabilization as mentioned above (Jaworek et al., 2014). 

The corona discharge from liquid points can have various forms, similarly as from 

metal points mentioned in sections 2.4.2 and 2.4.3. Different regimes of corona 

discharge were observed with the increasing voltage and named by (Meesters et al., 

1992). The first regime is the autostabilization regime, where as in all discharges the 

positive corona is unstable close to its threshold. This regime is also referred to as the 

burst-pulse or pre-onset streamer regime. When the threshold is reached, a streamer is 

formed taht develops away from the apex. A streamer is formed before the electrical 

breakdown and due to the space charge near to the apex, the field at the apex is 

diminished. By increasing the potential further another regime was observed. This is 

called the pulseless glow regime. In this case a positive, steady discharge is established 

at the apex and a constant glow can be seen. The electric field at the apex is constant, 

although a space charge exists which causes a reduction in the effective field and 

inhibits the formation of streamers. When the potential is further increased, the third 

regime, the stable pulsed discharge regime occurs. Streamers are formed and current 

pulses similar to those of the pre-onset streamers regime are seen again. These pulses 
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have essentially the same characteristics as in the first streamer regime. Visually, 

luminous filaments are superimposed on the permanent glow at the apex, which 

distinguish this regime from the first and the second. 

Forms of electrical discharges for different spraying modes were investigated also by 

(Jaworek and Krupa, 1997). By using a photographic documentation they concluded 

that the discharge is mainly of the glow type, and is localized near the liquid surface, 

and the discharge emission pattern is determined mainly by the mode of spraying. They 

observed that the streamer discharge takes place only for very high voltage. The 

discharges were quite different for positive and negative polarity. According to their 

recent work (Jaworek et al., 2014), discharges, which lead to the disturbing of the 

process of electrospraying are considered pre-breakdown streamers, intermittent 

streamers, spark, arc, or burst pulses, whereas glow discharge or onset streamers do not 

disturb this process. 

In case of disruptive discharges, if they are generated before the cone-jet mode is 

formed, the current-voltage characteristics are non-linear and the cone meniscus is 

distorted, preventing a stable jet formation. It can occur for water or other polar liquids 

in air. 

In case of non-disruptive discharges, after the onset of electrical discharge (presumably 

glow), the space charge of gaseous ions near the liquid surface stabilizes the electric 

field close to this surface due to the space charge uniformly distributed around the 

nozzle tip that favors a stable cone-jet mode generation. Further increase in the supply 

voltage may not cause instabilities, but only causes an increase in the discharge current 

and glow brightness - until the electric breakdown occurs (streamers, etc.). The 

disruptive discharges distort the electric field and uniform charge distribution on the 

liquid surface, and irregular modes of spraying (spindle, oscillating spindle, ramified jet, 

etc.) occur, which produce droplets of polydisperse size distribution. Larger droplets of 

high electric charge produced in these modes introduce additional asymmetry in the 

electric field that results in off-axis deformation of the liquid meniscus and the 

generated droplets are ejected in random directions (Jaworek et al., 2014) (as mentioned 

in  section 3.3.1). 

General conclusion from this brief overview is that the effect of electrical discharge on 

the electrospraying process cannot be considered without taking the type of discharge 

into account (Jaworek et al., 2014). 
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 Spectroscopy of the discharge with electrospray 4.1

Optical emission spectroscopy (OES) can be a valuable method for the detection and 

investigation of corona discharge during electrospraying of liquids. OES is used for 

analysis of light emitted by excited and ionized gaseous atoms and molecules that 

allows „in situ” investigation of the excitation, ionization and recombination processes 

in electrical discharges. Depending on the detector used, the gaseous atoms and 

molecules can be detected at ppm levels. Spectroscopic data can provide information on 

rotational and vibrational states of molecules, and excitation or ionization states of 

atoms without disturbing the discharge processes. In the case of electrospraying, the 

spectra can also provide information on volatilized elements and compounds evaporated 

from meniscus, jet and electrosprayed droplets (Jaworek et al., 2014). In the literature 

there are, however, only a few studies on this subject (Meesters et al., 1991; Jaworek et 

al., 2005, 2014; Shirai et al., 2008, 2014).  

OES is also frequently used in the field of bio-decontamination and sterilization with 

discharges for detection of various active species (mainly radicals and reactive oxygen 

species ROS, e.g. OH, O, O3, and charged particles, particularly O
-

2) which are 

considered as important bio-destructive species (Machala et al., 2010). 

(Meesters et al., 1991) applied optical emission spectroscopy for the detection of 

emission spectra of electrical discharge during the cone-jet mode of electrospraying of 

di-octyl-phthalate and methanol. They found only ionization and excitation of 

vibrational N2 molecules levels molecules. No excited OH or CH bonds have been 

found during these measurements. From these results, the authors concluded that the 

liquid cone does not participate in discharge processes. 

(Jaworek et al., 2005) in his paper presented spectroscopic studies of electrical 

discharges, which occur during electrospraying of distilled water, KI and CuSO4 water 

solutions, and discussed the effect of electrical discharge on the electrospraying process. 

The authors concluded that all electrospraying modes, except the dripping one, are 

accompanied by gas ionization when conductive liquids in air at atmospheric pressure 

are sprayed. Optical emission spectroscopy analysis indicated that nitrogen lines 

(mainly N2 second positive system at 315.9, 337.2, 380.5 and 357.7 nm) are the most 

intense in the emission spectra and can mask the lines of other compounds. However, 

spectral lines characteristic of the elements and compounds dissolved in the 

electrosprayed liquid (Fe, Na, Cu, K, I), which were ionized or excited in corona 



56 

 

discharge, were also identified at other wavelengths of the spectrum. The emission lines 

of OH radicals were detected at 308.9, 306.4 and 282.9 nm. Also the Balmer series of 

emission lines from gaseous hydrogen at 486.1 and 434.1 nm, and the spectral lines for 

NOγ system at 237, 247.9, and 259.6 nm were present. 

(Shirai et al., 2008) investigated the emission spectrum from electrified meniscus of 

ethanol. For a short pulsed microdischarge of a current of 1000 A, during the time of 

about 0.5 microseconds, the atomic hydrogen line of Hα at 656.28 nm and ionic nitrogen 

line of NII at 500 nm were observed. From the spectroscopic measurements of various 

discharges at liquid electrode, by low discharge currents, it was concluded that mainly 

the surrounding gas molecules and atoms emit the light. With increasing discharge 

current, the electrolyte vaporized, and the emission of metal ions dissolved in the 

electrolyte was observed (Shirai et al., 2012). One of possible explanations of this 

phenomenon proposed by the authors may be an effect of increased temperature of the 

liquid surface in the discharge region. In another experiment, (Shirai et al., 2007) 

investigated the explosion of a single ethanol drop falling between two horizontal sharp 

electrodes spaced at 0.1 - 0.9 mm. The authors found a hydrogen spectral line Hα at 

656.28 nm as an effect of ethanol vaporization and dissociation. 

(Shirai et al., 2014) used sodium dodecyl sulfate (SDS) and polyvinyl alcohol (PVA) 

water solutions with sodium chloride (NaCl) to form a Taylor cone as a liquid cathode 

for generation of stable DC negative polarity corona discharge. SDS decreased the 

surface tension of water, whereas PVA increased its viscosity. Moreover, sodium 

chloride (NaCl) was used to control the conductivity of the solutions. His results 

showed, that in both cases only nitrogen second positive system bands at a wavelength 

of ~337 nm were present, indicating that nitrogen in air mainly contributed to the 

emission. Although the PVA solution contained NaCl to control conductivity and the 

SDS solution originally contained Na, Na ions did not contribute to the emission. 

(Jaworek et al., 2014) presents the review of spectroscopic studies of electrical 

discharges, which occur during electrospraying where they also contributed to this field 

by measuring the emission spectra for electrospray of 4 types of liquids (water, ethanol, 

methanol and ethylene glycol) in positive polarity. They observed that the emission 

intensity depends on the spraying mode, discharge current, and of the liquid. As was 

observed in previous works too, excited and/or ionized N2 molecules in the discharge 

were present, as evidenced by the N2 second positive system in their spectra. They have 

not found lines of the second negative system of   
  typical for stronger discharges in 
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air, probably due to oxidation reactions caused by the presence of O2 molecules in the 

gas. The expected NO bands below 300 nm were also not observed probably due to 

their low amplitude. The emission of other gaseous species, for example, OH radicals, 

which could be the product of H2O molecules decomposition or dissociation has not 

been recorded in the investigated voltage range, i.e., for glow and onset streamer 

discharges. This result indicates that OH radicals can be produced only during streamer 

discharge as suggested by earlier results for discharges in water, but are negligible for 

glow discharge in electrospraying. The amplitude of OH peaks can be also much lower 

than that for N2 second positive system, and, if at all, can only be at a background-noise 

level. Emission intensity of NOγ usually observed at 237, 247 and 259 nm in corona 

discharge in air; as mentioned in their previous work (Jaworek et al., 2005), was not 

recorded during their recent measurements, probably because the energy of this 

discharge was too low (Jaworek et al., 2014). 

The above mentioned results can be helpful in answering the question about using a 

corona discharge for bio-decontamination and other biological applications, where the 

biological samples are hard to be degraded or damaged during electrospraying at fairly 

low voltages with the presence of glow and onset streamer discharges. The desired 

effects can be more significant in streamer discharges (Jaworek et al., 2014) or higher 

current discharges; which however disrupt the regularity of the electrospraying process. 
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5 Experimental set-up and methods 

Owing to the diversity of parameters involved in electrospraying of liquids, it is 

necessary to limit the field of investigations. We shall consider here only the case of a 

vertical metallic electrode (capillary), brought to a positive voltage and supplied with 

liquid at a constant flow rate. Capillaries of different geometries were used during the 

experiments. As the electrosprayed liquid, we used only water with various electrical 

conductivities. 

The experiments were conducted in ambient air at room temperatures of about 20-25 °C. 

We used a complex experimental set-up consisting of various experimental devices and 

methods. The complex schematic of this set-up is shown in Fig. 7. 

 

 

Fig. 7 Experimental set-up for investigations of electrospray of water, with a high-

voltage hollow needle (nozzle) electrode enabling water flow into the inter-

electrode space. 
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 Electrodes geometry and configuration 5.1

The electrodes were in point-to-plane geometry for enhancement of the electric field 

near the high voltage (HV) capillary electrode with a small radius of curvature. We used 

3 types of stressed electrodes with different geometries, all stainless steel. The first type 

was a cylindrical blunt hollow needle (nozzle, Fig. 8a), the second type was an electrode 

with sharp tip (syringe needle, Fig. 8b), and the third type was a modified needle 

electrode with 2 relatively sharp tips (modified needle, Fig. 8c). 

 

 

Fig. 8 Various types of HV stressed electrodes used during the experiments. 

 

The water was flowing to the inter-electrode space directly through the stressed 

electrode. Since the incoming water could accumulate on the ground electrode and 

disturb the inter-electrode gap distance, we used a mesh electrode with small holes as a 

ground electrode to prevent this accumulation. The inter-electrode gap distance was 

adjustable. The inner and outer diameters (i.d. and o.d.) of the HV stressed electrodes 

were 0.5-0.6 mm and 0.7-0.8 mm, respectively. The water was continuously supplied to 

the stressed electrode by a syringe pump NE-300 with an adjustable flow rate.  

 



61 

 

 Characteristic of the liquid 5.2

As liquid media we used either deionized water with low conductivity, tap water, or 

NaCl water solution with higher conductivities. The conductivities of water solutions 

were measured using a conductivity meter (Mettler Toledo). The typical parameters of 

water used during the experiment can be seen in Tab. 1. The electrical relaxation and 

hydrodynamic times were calculated using the equation (8). The Debye length λD is 

purely a property of the electrolyte solution and falls with increasing ionic strength 

(conductivity, i.e. with the molar concentration Mi and valency zi) of the ions in solution 

(Bhushan, 2007): 

 

   √(
      

    ∑   
    
) ,    (24) 

 

where e is the elementary electronic charge, NA is the Avogadro’s number, kB is the 

Boltzmann’s constant and T is the temperature of the solution. For example, for 1:1 

electrolytes (as NaCl) at 25 °C, the Debye length can be calculated as (Bhushan, 2007): 
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Tab. 1 Parameters of water solution used during the experiment. K is electrical 

conductivity, te is electrical relaxation time, λ is Debye length, Q is water flow rate, 

and th is hydrodynamic time of the water motion. 

Water K (µS/cm) te (s) λ (nm) 

 

Q (ml/min) th (s) 

De-ion 2 3.56E-06 9.61E+02 0.04 3.00E-02 

De-ion 4 1.78E-06 9.61E+02 0.05 2.40E-02 

De-ion 10 7.12E-07 9.61E+02 0.4 3.00E-03 

Tap 500 1.42E-08  0.5 2.40E-03 

NaCl solution 100 7.12E-08 1.07E+01 1.5 8.00E-04 

NaCl solution 290 2.45E-08 6.33E+00 4 3.00E-04 

NaCl solution 400 1.78E-08 5.33E+00   

NaCl solution 1000 7.12E-09 3.30E+00   

NaCl solution 2900 2.45E-09 1.91E+00   

NaCl solution 4000 1.78E-09 1.62E+00   

NaCl solution 4500 1.58E-09 1.51E+00   

NaCl solution 10000 7.12E-10 1.00E+00   

NaCl solution 29000 2.45E-10 5.85E-01   

 

 Experimental methods and techniques 5.3

5.3.1 Electrical discharge characteristics measurement 

A DC discharge was generated by applying a positive high voltage from a DC power 

supply through a ballast resistor R (20 MΩ) on the stressed electrode. The discharge 

voltage was measured by a high-voltage probe Tektronix P6015A. One of the main 

experimental methods was the measurement and processing of the discharge current. 

The amplitudes of discharge current pulses were measured on a 50 Ω resistor shunt as a 

voltage drop. The current and voltage signals were processed by a digitizing 

oscilloscope Tektronix TDS 2024 (200 MHz). The total average current was measured 

by an ammeter connected in series between the mesh electrode and ground. 
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5.3.2 Optical emission spectroscopy 

Optical emission spectroscopy (OES) in UV–VIS regions is widely used for plasma 

diagnostics as non-invasive and in situ method. 

A two-channel emission spectrometer Ocean Optics SD2000 with CCD detector, 

capable of scanning entire UV-VIS-NIR area (Master 200–500 nm, spectral resolution 

0.6 nm; and Slave 500–1100 nm, resolution 1.2 nm) was used for the optical emission 

diagnostics. The minimum time gate of the CCD array on the spectrometer was 3 ms 

but in most cases we integrated spectra over 1 s or more depending on the discharge 

intensity. Subsequently, the spectra were normalized on the 5 ms integration time for 

inter-comparisons. From the measurements of rotational and vibrational temperatures of 

plasma it was possible to determine the degree of non-equilibrium of plasma. The 

rotational and vibrational temperatures of plasma were determined by fitting the 

experimental spectra of the discharge with model emission spectra by using a software 

package SPECAIR. 

 

5.3.3 Fast optical visualization methods 

Fast optical visualization was used as the main method for the investigations of the 

electrospray and discharge phenomena. This method is very useful to show the true 

nature of the fast electrospraying phenomena which is hard to observe by conventional 

digital cameras with low fps (frames per second) or by naked eye. The visual 

impression can be different than high speed camera visualization as can be seen in Fig. 

9.  We used a high-speed camera (HS) Photron FASTCAM SA KH5 with the following 

settings kept for all HS measurements: the shutter exposure time 1 µs, resolution of 384 

x 1024 pixels with 10 000 fps.  

For studying the dynamic processes with a discharge, a time-resolved imaging in 

combination with oscilloscopic measurements of current pulses was employed. For this 

purpose we used an iCCD camera Andor iStar with minimum exposure time 2 ns, and 

maximum resolution of 1024 x 1024 pixels. As a focusing and zooming optical system, 

a zoom lens Nikon (105 mm f/2.8D Micro-Nikkor) and Nikon (105 mm f/2.8G VR 

Micro-Nikkor) were attached to the iCCD camera and high-speed camera, respectively. 

A digital camera Casio EX-F1 was used for the recording the discharge images. 

The main difference between the high-speed and the iCCD camera is that the high-

speed camera can record the sequence of one unique droplet propagation (event) in a 
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relatively short exposure time (µs), while the iCCD camera can detect this single event 

in even shorter time (ns), but the sequence of the droplet propagation is constructed 

from the different repetitive events. 

 

 

Fig. 9 Comparison of digital camera vs. high-speed camera visualization of the 

same electrospraying phenomena (Kim et al., 2011). 

   

In order to link the current pulses with the propagation of the discharge, we used 

oscilloscopic measurements of current pulses in combination with fast (2 ns rise time) 

and highly sensitive photomultiplier tube Hamamatsu R955 able to detect very weak 

optical emission of plasma (such as corona discharge). The entire plasma emission was 

measured either spectrally unresolved, or by using a narrow bandpass interference filter 

(Melles Griot 03 FIU127) transparent around 337 nm to filter the emission of the N2 (C-

B, 0-0) transition only. 

 

5.3.4 iCCD triggering method 

The iCCD camera used for fast imaging was externally triggered by a pulse generator 

that was triggered by the discharge current pulses with the peak current set above 6 mA 

(Fig. 10), due to its technical limitation. This method of triggering was suitable since the 

Digital camera 

(naked eye) 
High-speed 

camera 
texp. 

2.5 ms 
texp. 

1 µs 
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corona discharge pulse and every single electrospray event occurred spontaneously and 

were not synchronized from external pulsed power supply. The triggering circuit 

processing the streamer current pulse and providing a 5 V TTL voltage pulse to the 

camera imposed some delay of some tens of ns with respect to the triggering streamer 

current pulse, depending on the slope of the leading edge of the triggering current pulse. 

In addition, there was an insertion delay of the iCCD camera itself (~40-50 ns). In this 

configuration these delays could not be avoided. 

Nevertheless, a characteristic time of the electrospray event (~3 ms) is much longer than 

the streamer propagation (~ns), so these delays of ~100 ns are negligible for the spray 

visualization. Visualization of the same streamer that triggered the camera was of 

course impossible but thanks to the periodicity of electrospraying process and 

possibility of controlled delaying of the camera capturing with respect to the trigger 

signal we were able to visualize the next streamer event, as shown in iCCD images in 

section 10.2. The iCCD camera was also able to intensify the light emission from the 

discharge which was relatively faint due to the short exposure time (100 µs). The gain 

function (related to light intensification) of the iCCD camera was used for this purpose. 

 

 

Fig. 10 Oscilloscopic records of the discharge voltage and current pulse, and the 

pulse triggering the iCCD camera during the electrospraying of water. 
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6 Optical Emission spectroscopy (OES) of corona discharge 

with electrospraying  

Since the electrospraying of water in atmospheric air is usually accompanied by 

electrical discharges, the optical emission spectroscopy (OES) can be applied to 

investigate the light emission spectra generated by various excited gaseous species in 

the plasma. In the case of electrospraying, the atomized water can evaporate from the 

meniscus, jet or electrosprayed droplets, and also the molecules of the water can be 

ionized or raised to excited states due to collisions with free electrons in the vicinity of 

an electrospray electrode (Jaworek et al., 2005, 2014). 

The main difference between the discharge in water electrospraying in air and other 

types of electrical discharges in gases is that the former is usually very faint (glow type), 

not so visible and can be photographically recorded by long time of exposure only, at 

least of the order of seconds. Another difference results from the fact that in 

electrospraying, one of the electrodes can be the surface of a liquid (jet). Electrospray 

can be sensitive on small variations in conditions (e.g., gas composition, temperature or 

pressure, etc.) which can lead to poor reproducibility. These variations can cause 

significant destabilization of electrospray and cause changes in the discharge parameters, 

for example, a steep increase in the discharge current or quenching the discharge, even 

at other constant electrospray conditions, like flow rate or voltage (Jaworek et al., 2014). 

From photographic and naked eye observation of discharge light emission patterns, it 

was concluded that the discharge is mainly of the glow corona type (sometimes in 

combination with streamer corona), and is localized mostly near the liquid or HV 

electrode surface (in dependence of the stressed electrode geometry, voltage and 

conductivity). For the HV nozzle, the discharge emission patterns are determined 

mainly by the mode of spraying, since it propagates mostly from the water surface. The 

intense streamer corona discharge was rarely generated and if, only for very high 

voltage where the electrospray started to be unstable. For the HV needle electrode, the 

discharge emission patterns are not influenced so much by the mode of spraying since it 

propagates mostly from the metal electrode tip. The electrospraying was not as regular 

for the needle electrode as for the nozzle electrode. 

The emission spectra were measured from the small focal point localized near the liquid 

cone or HV electrode tip. 
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 Identification of species in the emission spectra 6.1

During the measurements of light emission, the time of integration of the spectra in the 

spectral range tested varied, depending on the discharge intensity: 3 to 15 s for UV 

range, and 20 to 50 s for VIS-NIR range (not shown here). All results were, however, 

normalized to the same time of integration of 5 ms. 

The typical UV emission spectra for the nozzle electrode with (black curve) or without 

water (red curve) in maximum pre-breakdown voltages are shown in Fig. 11. As usual 

with atmospheric air non-equilibrium discharges, N2 spectra (Second positive system, 

C
3
Πu → B

3
Πg) were dominant in the UV range (Machala et al., 2007; Bayram and 

Freamat, 2012). As can be seen from Fig. 11, the differences between the emission 

spectra (with or without water) are negligible. The corresponding emission spectra for 

the needle electrode (not shown here) were also similar with no additional lines and 

bands. In all cases, the discharge was identified mainly as glow corona discharge in 

combination with low frequency streamers. 

The emission spectrum consisted of the following transitions with characteristic 

emission lines in UV range, summarized in Table 2.  

We have not detected lines of the first negative system of N2
+   
, which are observed in 

stronger discharges in air (Czech et al., 2011). NO bands below 300 nm were not 

observed probably due to their low amplitude. The expected emission spectrum of OH 

(A
2
Σ

+
 → X

2
Π, (0−0), 306−310 nm) was not detected despite water electrospray. At one 

atmosphere, the lifetimes of the OH (A
2
Σ

+
) states are very short (ns orders of 

magnitude), the concentrations of these species are very low and the collisional 

quenching is very fast with other molecules. Thus, it is difficult to detect the emission 

spectra of OH emitted from the positive DC corona discharge (Zheng et al., 2007) 

which indicates that OH radicals are negligible for glow discharge or low intensity 

streamer corona in electrospraying. However, it is important to note that the OH spectra 

can also interfere with the vibrational Δν = +1 transition band of N2 (313−315 nm), thus 

can be overlapped by the higher populated N2 states (Machala et al., 2007; Zheng et al., 

2007; Czech et al., 2011). As was stated by (Jaworek et al., 2005), nitrogen lines can 

eventually mask the lines of other compounds, too.   



68 

 

Tab. 2 Most intense lines and bands of excited N2 molecules in the UV optical 

emission spectrum (OH not detected). 

Molecule Transition ν' ν'' Measured  

spectral lines (nm) 

N2 Second positive 

system C
3
Πu → B

3
Πg 

 

3 

2 

2 

 

1 

0 

1 

 

296 

297.35 

313.25 

  1 0 315.58 

  0 0 336.69 

  1 2 353.27 

  0 1 357.3 

  2 4 370.6 

  1 3 375.05 

  0 2 379.96 

  1 4 399.24 

  0 3 405.44 

OH A
2
Σ

+
 → X

2
Π 0 0 306−310  

(not detected) 

 

Spectrum of N2 second positive system in UV range was typically accompanied by the 

N2 first positive system (B
3
Πg → A

3
Σu

+ 
) in VIS range (not shown here) (Machala et al., 

2007). 
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Fig. 11 Emission spectra of DC corona discharges in the UV region for the nozzle 

with water (black curve) and without water (red curve). Ublack +12 kV, Ured +16 kV, 

gap 1.5 cm, nozzle 0.6 mm i.d., 0.8 mm o.d., conductivity 500 µS/cm, water flow 

rate 0.4 ml/min. 

 

It can be concluded from the analysis of these spectra that the energy of glow and onset 

streamers discharges in electrospraying is too low for dissociations and subsequent 

excitation of radicals, and therefore, the emission intensity of OH and NO radicals 

remains, if at all, at a level below the sensitivity of spectrometer. Similar results were 

observed and concluded also by (Jaworek et al., 2014). 

 

 Evaluation of rotational temperature from the emission spectra 6.2

From the Spectra of the N2 second positive system are the most convenient for plasma 

diagnostics, since they enable to determine rotational (Tr) and vibrational (Tv) 

temperatures by fitting the experimental spectra with the simulated ones. For this 

purpose we used SPECAIR software (Laux et al., 2003). Other radiative excited species 

can be used for temperature evaluation as well, most typically OH (Laux et al., 2003; 

Moon and Choe, 2003), but also NO. However, they typically overestimate the 
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temperatures due to the fact that these radicals are result of chemical reactions and 

residual chemical energy can manifest itself by elevating temperatures (Staack et al., 

2005; Fantz, 2006). In addition, the emission intensities of OH and NO were negligible 

in our measurements, thus the temperature evaluation from these species was not 

possible. Fitting the experimental spectra with the simulated ones is shown in Fig. 12.  

 

Fig. 12 Determination of rotational temperatures from N2 2nd positive system (0-0 

vibrational band), fitting the experimental spectra with the SPECAIR model. Ublack 

+12 kV, Ugreen +11.5 kV,gap 1.5 cm, nozzle 0.6 mm i.d., 0.8 mm o.d., conductivity 

500 µS/cm, water flow rate 0.4 ml/min. 

 

We compared 2 types of electrospraying electrodes (nozzle and syringe needle). The 

vibrational temperature was 3200 ± 100 K for both electrodes. The rotational 

temperature was slightly different for these two electrodes. For the needle (Fig. 12, 

green curve), the temperature was evaluated to almost 400 ± 50 K, and for the nozzle 

(Fig. 12, black curve) it was 300 ± 50 K. This difference could be caused by different 

discharge parameters (Nozzle: voltage (U) +12 kV, current pulses (Im) ~7 mA, Im 

frequency (f) ~800 Hz; Needle: voltage (U) +11.5 kV, current pulses (Im) ~12 mA, Im 

frequency (f) ~3.5 KHz). However, for the needle, the electrospray was irregular and 

the discharge was propagating mostly from the metal tip, out of the electrospray, 

whereas in case of the nozzle the discharge was propagating from the water cone tip. 
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Hypothetically, the temperatures could be lower for the nozzle with the presence of 

water probably due to the use of a part of the thermal energy for vaporization and 

dissociation of water. Similar effects were observed by (Bruggeman et al., 2008; 

Machala et al., 2008), for different experimental configuration with water electrode 

without electrospray. 

Owing to fast collisional relaxation at atmospheric pressure, the gas temperature Tg 

equals with Tr. Vibrational temperature Tv > Tr indicates the non-equilibrium in the 

plasma (Machala et al., 2007). 
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7 Identification of the observed electrospraying modes 

In our experimental set-up with using water as the electrosprayed liquid, we observed a 

typical behavior of droplet formation at the tip of the nozzle and its deformation with 

the applied electric field. Only limited number of modes of electrospraying described in 

section 3.3 and shown in Fig. 6 was observed and identified in our configuration. The 

corona discharge was present from the very beginning of the electrospray due to the 

high surface tension of water requiring relatively high electric field strength on the 

nozzle. Consequently, stable cone-jet modes were not established because the field 

required exceeded that for the electric breakdown in the gas surrounding the cone 

(Smith, 1986; Cloupeau and Prunet-Foch, 1994; Tang and Gomez, 1996). Additionally, 

for our range of water conductivities, the flow rates were probably out of the range for 

stable cone-jet electrospraying. According to (Cloupeau and Prunet-Foch, 1989) the 

maximum flow rates for liquids with conductivities 0.03 μS/cm and 0.36 μS/cm are 

approximately 0.06 ml/min and 0.018 ml/min, respectively. For conductivities used in 

this work the extrapolated flow rate values would lay significantly under our used flow 

rates. 

Microdripping mode was not observed either, probably due to the relatively high flow 

rates. 

For recording of the fast electrospraying phenomena we used the high-speed camera 

imaging. The summary of these observations can be seen in Tab. 3 for 3 different water 

conductivities (2, 400 and 4000 µS/cm) and flow rates (0.04, 0.4 and 4 ml/min). The 

characteristic gap distance in Tab. 2 was 5 cm where the number of the modes was 

slightly higher compared to 1 or 2 cm gap distances. However, all modes observed for 1 

or 2 cm gap distances were also observed for 5 cm gap distance. Only the range of 

voltages was different. 

We observed intermittent cone-jet, dripping, oscillating dripping, spindle and oscillating 

spindle modes which are referred as intermittent modes of electrospraying. In some 

cases it is hard to distinguish between these modes. We also observed simple jet, 

oscillating simple jet and rotating simple jet modes which are referred as continuous 

modes of electrospraying. 
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 Influence of the water flow rate on electrospraying behavior 7.1

7.1.1 Low flow rate range 

Independent of the conductivity, for lower flow rates (0.04 and 0.4 ml/min) no stable 

modes (e.g. cone-jet, simple jet modes) with water filament constantly connected to the 

nozzle were observed. Only intermittent modes (e.g. dripping, spindle modes) were 

present, with the water filament repetitively detaching from the nozzle. The theory and 

mechanism of intermittent electrospraying modes is described in section 3.3.1. In 

general, water is not a suitable liquid for stable electrospraying due to its high surface 

tension. Since the critical electric field at the meniscus surface required to form these 

continuous modes is proportional to the square root of the liquid surface tension, the 

necessary voltage can be higher than the electrical breakdown threshold of the 

surrounding gas. The presence of electrical discharge can reduce the electric field on the 

water surface and prevents the critical value of the electric field for a stable cone 

condition. 

With applying the voltage on the HV nozzle, the ejected droplets progressively 

decreased in size and the dripping mode was observed first. During this mode, the 

voltage was not sufficient to deform the surface of the water droplet into the conical 

shape and regular droplets with spherical shape were formed. With the increasing 

voltage, the dripping mode switched to different regimes in dependence of the flow rate 

and conductivity. Usually the spindle mode occurred, or some transition modes between 

the spindle and the dripping mode, which are hard to distinguish and properly identify. 

Fig. 13 shows the sequence of high-speed camera images and demonstrates the 

electrospraying in the spindle mode at voltage 6 kV using deionized water with the 

conductivity 2 µS/cm. These images represent different stages of one electrospraying 

event starting from the Taylor cone formation, through the elongation of the water 

filament, its detachment and eventual disintegration to small droplets, until the Taylor 

cone of the next electrospraying event starts to form. This process is repetitive and the 

period of the cone or droplet formation calculated from several cycles of the HS camera 

sequence is approximately 3.8 ms. It corresponds to the mode repetition frequency ~260 

Hz. 

At first, a cone is formed from the volume of the water meniscus and it is gradually 

elongated in a direction towards the plane electrode. After some time, it is detached as 

an elongated fragment of bulk water. This elongation was more significant for deionized 
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water if compared with the higher water conductivity. For higher conductivity, the 

detached water filament was significantly shorter and the mode was similar to the 

dripping mode. After the detachment of the fragment of water it disrupts into several 

small droplets of different sizes and the meniscus is contracted back to the nozzle. For 

higher conductivity, this fragment is significantly shorter and usually disrupts into two 

bigger droplets. Next, the formation of a new Taylor cone starts and the whole process 

repeats. For low conductivities, it was also possible to observe the combination of 

dripping with intermittent cone-jet, or spindling with intermittent cone-jet mode. In this 

case the cone-jet was periodically formed at the tip of the nozzle or at the tip of the 

small elongated water droplet or spindle. 

 

 

Fig. 13 High-speed camera sequence of intermittent electrospraying of water in 

spindle mode (+6 kV, conductivity 2 µS/cm, gap 1 cm, nozzle 0.5 mm i.d., 0.7 mm 

o.d., water flow rate 0.4 ml/min, time step 500 µs, repetition frequency ~260 Hz). 

 

With the further increase of voltage the character of the spraying changed for some 

parameters and oscillations of water meniscus were observed. As shown in Fig. 14, for 

higher water conductivity 400 µS/cm, the droplet generation was similar to the previous 

spindle or dripping modes, but the filament formation shifted from one side of the 

nozzle to another, and the elongated water fragments were no longer perpendicular to 

the plane electrode. Similar to the spindle mode, this elongation of water filament was 

more significant for deionized water with lower conductivity. After the filament 

detached from one side of the nozzle, it disintegrated into several droplets. Then a new 

cone started to form from the opposite side of the nozzle. When observed by naked eye, 
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this gives a visual impression of two well distinguished water streams. The average 

mode repetition frequency based on the high-speed camera imaging was about 315 Hz 

in the conditions shown in Fig. 14. This mode corresponds with the oscillating spindle 

or maybe oscillating dripping mode. 

Further increase of voltage usually led back to the spindle mode or eventually to 

unstable intermittent modes with variable repetition frequency until sparking occurred, 

which completely disrupted the electrospray process. 

 

 

Fig. 14 High-speed camera sequence of intermittent electrospraying of water in 

oscillating spindle mode (+6 kV, conductivity 400 µS/cm, gap 1 cm, nozzle 0.5 mm 

i.d., 0.7 mm o.d., water flow rate 0.4 ml/min, time step 800 µs, repetition frequency 

~315 Hz). 

 

7.1.2 High flow rate range 

For higher flow rates (4 ml/min), the situation was completely different and no 

intermittent modes were observed. In this case, the jet was permanent in terms that no 

water filament was periodically detached from the main meniscus but it was 

permanently connected with the high-voltage electrode. The theory and mechanism of 

continuous electrospraying modes including our observed modes is described in section 

3.3.2. 

In the absence of an electric field, the water formed a short permanent jet with droplets 

continuously created by varicose wave instabilities. The application of voltage has the 

stabilizing effect on the jet already established which gradually elongated. This 

elongation was also more significant for lower conductivities of water if compared with 

the higher conductivities. In 1 cm gap, the filament was able to reach the ground 

electrode without disintegration. For higher conductivities, the water filaments were 
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significantly shorter. This mode corresponds to the simple jet mode with varicose 

instabilities. 

In 5 cm gap, with further increase of voltage the character of the spraying changed and 

oscillations of water filament were observed. Although the jet was permanent, it started 

to oscillate in horizontal direction probably due to the repulsive action of higher surface 

charge on the jet due to the higher currents caused by high imposed flow rate (similar to 

kink instabilities in the cone-jet mode disintegration). This mode corresponds to the 

simple jet mode of electrospraying with kink instabilities, or to the oscillating simple jet 

mode. 

In some cases, the further increase of voltage led to the change of motion of water 

filament (jet) from oscillation to rotation. 

 

 

Fig. 15 High-speed camera images of continuous electrospraying of water in simple 

jet mode (a), oscillating simple jet mode (b), and rotating simple jet mode (c); 

conductivity 2 µS/cm, gap 5 cm, nozzle 0.5 mm i.d., 0.7 mm o.d., water flow rate 4 

ml/min. 
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 Conclusions 7.2

The fast high-speed camera was used to visualize the effect of electrospraying of water 

in 1 cm and 5 cm gap distances. Our objective was to identify the spraying modes 

typical for water of various conductivities under various flow rates. 

For low flow rates (0.04 and 0.4 ml/min), with the increasing voltage applied on the 

spraying nozzle, several intermittent modes of electrospraying mentioned in the 

literature were observed. The dripping mode at low voltages was followed by the 

spindle mode, which was more significant with elongated filaments for deionized water 

with low conductivity. At a short range of voltages, an oscillating spindle mode was 

also observed. In some cases the modes were combined with the intermittent cone-jet. 

For high flow rate and long gap (4 ml/ min, 5 cm), only continuous modes of 

electrospraying mentioned in the literature were observed. With the increasing voltage, 

the simple jet mode gradually transformed into oscillating simple jet. For deionized 

water at a short range of voltages, a rotating simple jet mode was also observed. The 

jets were more elongated for deionized water with low conductivity. 

Generally, for our observed electrospray modes, the jets (filaments) disintegrated into 

smaller droplets for deionized water with low conductivity. 

Microdripping mode was not present, probably due to the high water flow rates. Since 

the experiments were conducted in a relatively high flow rates range and with the 

presence of disruptive filamentary discharge phenomena, all kinds of cone-jet modes 

were not established. 
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8 Influence of the water electrospray on the corona 

discharge 

The water flow rate had a significant effect on the electrospray behavior as can be seen 

in section 7.1 and also in Tab. 3. However, the presence of the electrosprayed water 

with various flow rates can have a significant effect on the behavior of the discharge as 

well. During these investigations we used the tap water and various electrodes with 

different geometries (nozzle and syringe needle); some of them should be more suitable 

for the discharge generation due to the high curvature. The main applied experimental 

methods were the current-voltage characteristics and photo documentation.  

 

 Current-voltage characteristics 8.1

We measured the current-voltage (I-V) characteristics of electrospraying effect with 

corona to determine the effect of water with various flow rates on the total average 

current. Only intermittent electrospraying in dripping, spindle, and oscillating spindle 

modes was observed. During the electrospray with corona, the current flowed in the 

circuit between the HV and the ground electrode. The total current is most likely the 

composition of many components. Since the corona discharge was constantly present in 

the vicinity of the HV electrode, the main component should be the corona current. In 

all cases, the current I steadily increased with the increasing voltage, following the 

Townsend law (Townsend, 1914) characterizing corona discharge: 

 

    (    ),    (26) 

  

where U is the voltage between the electrodes, U0 is the corona onset voltage, and α is 

the first Townsend ionization coefficient. Movement of charged droplets or ions in the 

water filament can also weakly contribute to the total current. Unfortunately we were 

unable to quantitatively determine the ratio of these current components. 

The presence of electrosprayed water had definitely a substantial effect on the total 

current in the circuit. However, depending on the geometry of the HV electrode (with or 

without sharp tip) this effect was different. 
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8.1.1 Nozzle electrode I-V characteristics 

The first series of I-V characteristics for the nozzle without sharp tip as the HV 

electrode is shown in Fig. 16 and Fig. 17 for 1 cm and 2 cm gap distances, respectively. 

We used either dry conditions without electrosprayed water (black diamonds), or wet 

conditions for electrosprayed water with 3 different flow rates (green rectangles, red 

triangles and blue circles). For the nozzle, the presence of electrosprayed water had a 

positive effect in terms of the total current values. With the increasing voltage, the 

current growth rate was more rapid for the corona in wet conditions than for the corona 

in dry conditions. The differences were more significant for 1 cm gap than for 2 cm gap. 

The explanation can be qualitatively based on the different intensities of electric field on 

the nozzle in wet conditions in comparison with dry conditions. 

Generally, when applying a sufficient voltage on the nozzle, the water flowing through 

the orifice is deformed and creates a conical shape. The cone can have a relatively sharp 

tip with high curvature and can be thus considered as a HV liquid electrode that locally 

increases the intensity of the electric field. The places with high curvatures promote the 

corona discharge generation. In dry conditions, there is no water to be deformed. Thus 

the curvature is determined by the nozzle itself. The curvature of the nozzle is probably 

lower than of the created water cone. This can explain why the presence of water 

promotes the discharge current, which should be the main component of the total 

current. Moreover, the onset and breakdown voltages were lower for wet conditions. 

Additionally, the current was also increasing with the water flow rate. This can be 

related to the growth of the movement of ions through the water filament which is 

proportional to the water flow rate. 

From the potential application point of view, the intensity of the discharge was 

relatively low but the water spray was more stable and located in the discharge area.  
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Fig. 16 I-V curves of corona discharge with electrospraying of water with various 

flow rates and without water at the HV nozzle 0.6 mm i.d., 0.8 mm o.d., 1 cm gap. 

 

 

Fig. 17 I-V curves of corona discharge with  electrospraying of water with various 

flow rates and without water at the HV nozzle 0.6 mm i.d., 0.8 mm o.d., 2 cm gap. 

 

8.1.2 Syringe needle electrode I-V characteristics 

The second series of results for the syringe needle with sharp tip as a HV electrode can 

be seen in Fig. 18 and Fig. 19 for the 1 cm and 2 cm gap distances, respectively. Again, 

we used either dry conditions without electrosprayed water (black diamonds), or wet 

conditions for electrosprayed water with 3 different flow rates (green rectangles, red 

triangles and circles). For the syringe needle, the presence of electrosprayed water had a 

negative effect in terms of the total current values. With the increasing voltage, the 

current growth rate was more rapid for the corona in dry conditions than for the corona 
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in wet conditions. The syringe needle in dry conditions has a sharper tip than the water 

cone in wet conditions. In wet conditions, the water can partially cover the tip of the 

needle, thus decreasing the curvature of the tip and can disturb the propagation of the 

discharge with higher currents from the tip. Additionally, the onset and breakdown 

voltages were lower for dry conditions. 

Here again, the current was slightly increasing with the water flow rate which can be 

related to the movement of ions in the water filament as mentioned above. 

From the potential application point of view, the intensity of the discharge was 

relatively high but the water spray was spatially unstable and usually located out of the 

discharge area, which is undesired. 

 

 

Fig. 18 I-V curves of corona discharge with electrospraying of water with various 

flow rates and without water at the HV syringe needle, 1 cm gap. 
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Fig. 19 I-V curves of corona discharge with electrospraying of water with various 

flow rates and without water at the HV syringe needle, 2 cm gap. 

 

 Photo documentation of the electrospraying with corona 8.2

The effect of intermittent electrospraying of water similar to the spindle and oscillating 

spindle mode was studied in combination with DC streamer corona discharge under 

various voltages and water flow rates. We used a modified needle anode with 2 sharp 

tips (Fig. 8(c)) opposite to the mesh cathode with the gap distance 1 cm. This electrode 

has a positive effect on the intensity of the discharge due to the sharp tips and was 

typically used in bio-decontamination experiments in our laboratory (Machala et al., 

2010, 2013; Kovaľová et al., 2013, 2014). The flow rate had a significant effect on the 

water electrospray patterns but also on the discharge intensity (frequency of streamers) 

and geometry. 

We observed differences in the dependence of electrospraying on the applied voltage 

and water flow rates. Fig. 20 shows the comparison of three different flow rates (0.05, 

0.5 and 1.5 ml/min for rows 1, 2 and 3, respectively) at three different voltages (6, 7 and 

8 kV). For each voltage and flow rate, we present a pair of photographs showing the 

water stream (illuminated) and the discharge region (dark) under the same conditions, 

together with the average streamer current pulse and frequency of these pulses. 
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Fig. 20 Electrospraying effect with streamer corona discharge depending on the 

voltage and the water flow rate with the typical current amplitudes and 

frequencies (modified needle, 1 cm gap, f/2.7). Exposure time was 1/15 s for 

illuminated pictures showing water streams and 4 s for dark pictures showing 

discharge regions under the same conditions (Pongrác and Machala, 2011). 

 

Without water, the corona discharge is very stable. Therefore, we expected the best 

stable spraying conditions at low water flow rates. However, at low flow rate (0.05 

ml/min; upper row in Fig. 20), the streamer corona was relatively intense but not too 

stable and sometimes was altered from side to side by the flow. Spraying was also 

unstable; we observed erratic water streams from the electrode probably because of the 

insufficient water supply. This erratic behavior of the electrospraying could influence 

the behavior of the discharge, and caused some irregularities in the discharge geometry 

emission pattern. The discharge with high intensity was created only from the one side 

of the electrode. 

The best conditions with a good stability and intensity of the streamer corona with a 

relatively stable electrospraying in its active region were reached for medium flow rate 

(0.5 ml/min; middle row in Fig. 20). In this case the discharge with high intensity was 

generated from both side edges of the electrode, thus creating a regular discharge 

geometry emission pattern. With the increasing voltage, the dispersion of the spray 

increased because the water droplets with similar charges stronger repelled one another, 

and also due to the higher amplitudes of water filament oscillations. 
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At high flow rates (1.5 ml/min; bottom row in Fig. 20), the formation of streamer 

corona was too much disrupted and eventually quenched by the water flow. In addition, 

the electrical breakdown occurred at lower voltage than at lower flow rates. It looks like 

the streamer corona is prevented to occur from the sharp tips of the needle, but is more 

likely to occur from the water filament. 

This is an interesting and important conclusion for the next research and water 

decontamination applications. 

 

 Conclusions 8.3

The experimental methods including current-voltage characteristics measurements and 

photo documentation were used to investigate the influence of electrosprayed water 

with various flow rates on the corona discharge behavior. 

Results show that the influence of the water cannot be determined independently of the 

geometry of the stressed electrode. In case of a nozzle electrode without sharp tip, the 

water cone behaved as a supporting liquid electrode with sharp tip, causing the increase 

of corona total current compared to the nozzle without water. Water cone probably 

promoted the corona generation from its tip. In case of needle electrode with sharp tip, 

water induced the quenching effect of corona and the decrease of corona total current 

compared to the needle without water. Water probably covered the sharp metal tip, thus 

causing the reduction of an effective curvature. 

In case of the modified needle electrode with two sharp tips, the results were more 

complex. Here the water caused quenching effect only for high flow rates, and partially 

also for low flow rates. The reasons are probably the same as for the needle. For 

medium flow rates, the intense corona discharge was enhanced by the spray and 

occurred from the metal tips. This is an interesting and important conclusion for the 

water decontamination applications. These results were summarized and published in 

(Pongrác and Machala, 2011). 
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9 Influence of the water conductivity on electrospray with 

discharge 

In this section, the effect of water conductivity on the particular electrospray modes in 

combination with positive DC corona discharge is investigated. As was mentioned in 

the theoretical part of this work, the conductivity of the liquid is a very important 

parameter affecting the surface charge at the liquid surface and has a significant effect 

on electrospray behavior in the cone-jet mode (Gañán-Calvo et al., 1997). It is well 

known from many theoretical and experimental studies; e.g. (Smith, 1986; Cloupeau 

and Prunet-Foch, 1989; De La Mora et al., 1999) among others, that for a liquid of a 

given conductivity, the cone-jet mode appears only within a limited range of flow rates. 

As the conductivity increases, the boundaries of this range move towards lower flow 

rate, which is accompanied by a reduction of the jet diameter. 

However, for some other modes of electrospraying; especially with the presence of the 

discharge, the reduction of the jet diameter with increasing liquid conductivity may not 

be always valid. Such phenomena have been partially investigated or observed by 

previous authors (Kuroda and Horiuchi, 1984; Mutoh et al., 1979; Hayati et al., 1987a, 

1987b). Nowadays, their explanations can be verified or observed more precisely by 

modern visualization techniques. For this purpose we used high-speed camera 

visualization. The advantage of this method is a time-resolved visualization of fast 

phenomena that are normally very hard to detect by naked eye or standard digital 

camera with low frame rate. Our main objective was to investigate and explain the spray 

behavior and especially the water filament (water jet) formation in dependence on the 

water conductivity. The discharge generation and its behavior during this process of 

electrospraying were also investigated. To our best knowledge, the influence of the 

conductivity of the electrosprayed liquid on the discharge itself has not been 

investigated in detail and there is still lot of unknown in this area. 

 

 Influence of the water conductivity on the electrospray 9.1

Conductivity of the liquid is a significant parameter that influences the electrospray and 

its behavior. It is well known that the conductivity is a degree of concentration of free 

ions with specific charge in the liquid. Usually, when the concentration of ions is very 

small and so the conductivity is very low (< 10
-7

 µS/cm), no droplet deformation can be 

observed in electric fields. It is because the surface charge is too small and thus no 
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appreciable deforming force can build up at the liquid–air interface (Smith, 1986). With 

the increasing conductivity, the charge on the surface increases and the droplet 

deformation occurs. In this case, the droplet can be deformed into the conical shape. 

When the liquid has a relatively low conductivity, an electric potential difference 

between the base (end) of the capillary (nozzle) and the end of the liquid filament can 

exist. This potential drop ensures that the liquid–air interface is subjected to a tangential 

electric field Et and a tangential electrical shear stress in the direction of the flow 

(Kuroda and Horiuchi, 1984; Hayati et al., 1987a, 1987b; Barrero et al., 1999), as can 

be seen in the equation (21). From this formula one can calculate the tangential electric 

field on the liquid surface if the total current flowing through the cone-jet is known. 

However, in our case the electrospraying occurred together with an electrical discharge; 

thus the total current is the superposition of the dominant discharge current and the 

current of ions movement in the filament. In this situation it is hard to distinguish 

between these two components. For high conductivity liquids, such as regular tap water 

(400-500 µS/cm); the liquid surface can be almost equipotential. Although the surface is 

charged, it is not subjected to a significant tangential electric field and a tangential 

electric shear stress. Instead, it is subjected to a normal electric field and a normal stress 

which tends to destabilize the propagating water filament or a jet (Hayati et al., 1987a). 

The liquid should not be equipotential when its conductivity is below the range of 10 

µS/cm (De La Mora, 1992). 

In dependence on the water conductivity we observed different filament shapes and 

behaviors. 

 

9.1.1 Influence on the intermittent electrospraying modes 

In the first set of measurements (Fig. 21 and Fig. 22) with the parameters (gap 5 cm, 

water flow rate 0.4 ml/min, voltage +11 kV), no permanent jet occurred. The jet was 

just periodically forming from the cone tip by its elongation and was subsequently 

tearing off from the water meniscus as a thin liquid filament. This is described in the 

literature as a spindle mode of electrospraying (Cloupeau and Prunet-Foch, 1994; 

Jaworek and Krupa, 1999a). 
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Fig. 21 High-speed camera sequence of the spindle mode electrospray with low 

conductivity 2 µS/cm water (10 000 fps, 1 µs gate time, time step 700 µs, flow rate 

0.4 ml/min, voltage +11 kV, nozzle 0.5 mm i.d., 0.7 mm o.d., 5 cm gap). 

 

 

Fig. 22 High-speed camera sequence of the spindle mode electrospray with high 

conductivity 400 µS/cm water (10 000 fps, 1 µs gate time, time step 700 µs, flow 

rate 0.4 ml/min, voltage +11 kV, nozzle 0.5 mm i.d., 0.7 mm o.d., 5 cm gap). 

 

After this detachment, the filament disintegrated into small droplets under the action of 

surface tension forces and the water meniscus shrank back to the nozzle. In Fig. 21, 

deionized water with conductivity 2 µS/cm was used, which is much lower than 400 

µS/cm shown in Fig. 22. Both image sequences were taken starting right after the cone 

creation at the end of the nozzle until the detachment of the water filament from the 
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main water meniscus and its following disintegration. In both Figs., the time step 

between single images was 700 µs. It can be seen that with 2 µS/cm conductivity (Fig. 

21), the water filament is of significantly different shape, more elongated and thinner at 

the filament head, in comparison with 400 µS/cm (Fig. 22), where the filament is 

shorter with the rounded thicker filament head. Because the size of droplets is directly 

proportional to the diameter of the filament, low conductivity water (2 µS/cm) produced 

smaller droplets than the high conductivity water (400 µS/cm). 

With a closer look at Fig. 21 and Fig. 22, the parts of the filaments under the nozzle (~2 

mm from the nozzle) are similar for both conductivities; however the bottom parts (i.e. 

the filament heads) are significantly different. This different shape can be due to the 

discharge presence in the proximity of water surface. This is discussed in more details 

in section 10.2.2. 

With a close examination of previous Figs. we can notice that the velocity of water 

filament head propagation strongly depends on the conductivity. Because both image 

sequences were recorded by the high-speed camera with the same time step, we were 

able to calculate the velocity of water filament propagation, as shown in Fig. 23. The 

velocity was calculated for a number of points as a difference of water filament lengths 

over exact times, until the water filament detached from the nozzle. The velocity-time 

curves are divided into two main areas: the slower area with lower propagation 

velocities (in Fig. 23 from 0 to  2 ms for blue curve, and from 0 to 3 ms for green curve, 

marked as cone forming period), where the cone is still forming and starts to transform 

into filament, and the faster area with higher propagation velocities (in Fig. 23 from 2 or 

3 ms higher, marked as filament propagation), where the filament is propagating 

towards the ground electrode until its disintegration. One can see that for the lower 

conductivity (blue triangles), the velocity-time curve is more exponential in comparison 

with higher conductivity (green circles). It means that the acceleration and probably the 

acting force are higher too, as can be seen from the calculated acceleration values in Fig. 

23. 
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Fig. 23 Comparison of water filament velocities during the cone formation and 

filament propagation of the spindle mode for 2 different conductivities (spindle 

mode, flow rate 0.4 ml/min, voltage +11 kV, nozzle 0.5 mm i.d., 0.7 mm o.d., 5 cm 

gap). 

 

This is very likely caused by the effect of different tangential electric fields and 

resultant tangential electric forces mentioned above. In addition, the rates of 

acceleration in the filament front during the filament propagation period were 3910 ± 

255 m/s
2
 and 490 ± 72 m/s

2
 for 2 µS/cm and 400 µS/cm, respectively, which are greatly 

far above the gravitational acceleration (9.8 m/s
2
).  This clearly indicates that the 

process is mainly governed by the electrostatic force and the gravitational force can be 

neglected. 

 

9.1.2 Influence on the continuous electrospraying modes 

The similar effect of different filament behavior for different conductivities can be also 

seen in the case (Fig. 24 and Fig. 25) with higher liquid flow rate of 4 ml/min (gap 5 cm, 

voltage +14 kV). In this case, the jet was permanent in terms that no water filament was 

periodically detached from the main meniscus as in the previous spindle modes but it 

was permanently connected with the high-voltage electrode. In the absence of an 

electric field, the liquid would also form a permanent jet if the kinetic energy of the 

liquid at the outlet of the capillary was greater than the surface energy required to create 
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the surface of the jet (Lindblad and Schneider, 1965). In our case, the application of 

high voltage has a stabilizing effect on the already established jet that gradually 

elongates. 

Although the jet was permanent like the simple jet mode, it started to oscillate in 

horizontal direction probably due to the repulsive action of higher surface charge on the 

jet due to the higher currents caused by the high imposed flow rate (similar to kink 

instabilities in the cone-jet mode disintegration) (Cloupeau and Prunet-Foch, 1989, 

1990; Hartman et al., 1999a). According to the literature it probably corresponds to an 

oscillating simple jet mode of electrospraying (Cloupeau and Prunet-Foch, 1994; 

Jaworek and Krupa, 1999a), and these whipping motions can be also caused by the 

deflection of the jet off the capillary axis due to the field generated by formerly emitted 

charged droplets or ions (Jaworek and Krupa, 1999a), and by additional mechanical 

forces due to the fast filament propagation velocity and resultant drag force of 

surrounding air (Hartman et al., 2000; Kim et al., 2011). The initial lateral oscillations 

with low amplitude can be seen already a few millimeters under the nozzle. The 

increase of lateral whipping amplitude with the jet diameter reduction (mass of the 

filament fragment is lower) can be explained by the law of momentum conservation. 

The simple jet and cone-jet exhibit similar structures. Both consist of a single jet drawn 

from the meniscus by the electrical forces. The simple jet differs from the cone-jet in 

the sharpness of the conical meniscus (there is no significant transition between the 

cone and the jet in the simple jet mode). 

The effect of conductivity on the jet shape is still visible, as can be seen in Fig. 24 and 

Fig. 25 for the two tested conductivities: 2 and 400 µS/cm, respectively. At lower 

conductivity, the oscillating jet disintegrated at greater length than at higher 

conductivity and had a thin head. For higher conductivity, the head of the jet was again 

thicker and more rounded. 
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Fig. 24 High-speed camera sequence of the oscillating simple jet electrospray with 

low conductivity 2 µS/cm water (10 000 fps, 1 µs gate time, time step 800 µs, flow 

rate 4 ml/min, voltage +14 kV, nozzle 0.5 mm i.d., 0.7 mm o.d., 5 cm gap). 

 

 

Fig. 25 High-speed camera sequence of the oscillating simple jet electrospray with 

high conductivity 400 µS/cm water (10 000 fps, 1 µs gate time, time step 800 µs, 

flow rate 4 ml/min, voltage +14 kV, nozzle 0.5 mm i.d., 0.7 mm o.d., 5 cm gap). 
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The length of the jet was measured from the base (end) of the capillary to the beginning 

of the jet disintegration. These results are summarized in the left section of Fig. 26. We 

can see that for the lower conductivity, the jet is almost 2 times longer than for the 

higher conductivity. Interesting phenomena can be also seen in the right section of Fig. 

26. Since the filament performs relatively regular lateral oscillation movements, we 

calculated the time period and so the frequency of these vigorous movements. We 

measured the time period of filament oscillation from the high-speed camera sequence 

and subsequently converted it to the frequency. At the lower conductivity, the frequency 

was more than 2 times higher compared with the higher conductivity due to the faster 

water flow in the narrower filament. 

 

 

Fig. 26 Comparison of water filament lengths (left filled section) and filament 

oscillation frequencies (right lined section) for 2 different conductivities (oscillating 

simple jet mode, flow rate 4 ml/min, voltage +14 kV, nozzle 0.5 mm i.d., 0.7 mm 

o.d., 5 cm gap). 

 

These experimental results are in a good qualitative agreement with the theory and 

previous published results mentioned at the beginning of this section and in the 

theoretical part of this work. Generally, low water conductivity results in elongation of 

the water filament due to the presence of tangential electric field and tangential electric 

shear stress on the filament surface. Higher conductivity results in shorter water 

filaments due to the negligible effect of tangential electric field on the filament surface. 
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 Influence of the water conductivity on the discharge properties 9.2

In this section, another effect of the water conductivity will be demonstrated from the 

perspective of corona discharge generation during the electrospray. According to the 

literature, various conductivities of the sprayed water can affect the space charge 

distribution in the discharge zone and intensities of the electric field at the liquid surface 

(Borra et al., 2004). Also, in more conductive liquids the water filament can act more as 

a relatively good conductor and the discharge can more easily take place from the liquid 

surface, which has almost the same potential as the electrode. In more insulating liquids, 

the water filament can act more as an insulator and the discharge can be prevented to 

take place from the liquid surface, but can more easily to occur at the metal tip (Hayati 

et al., 1987b). These effects can cause some differences in the discharge behavior for 

various conductivities of the sprayed water. 

 

9.2.1 Breakdown voltage reduction 

In the first set of measurements we used the nozzle HV electrode. We detected the 

corona discharge starting from about 4.5 kV and 6 kV in 1 cm and 2 cm gaps, 

respectively. 

Interesting results are demonstrated in Fig. 27 and Fig. 28 for 1 and 2 cm gap distances, 

respectively. With the increasing voltage, the total average current values were 

measured for 3 different water conductivities: 290; 2900; and 29,000 µS/cm. 

Measurements were carried out from the lowest current values until the sparking 

occurred. Subsequently, I-V characteristics were plotted. As can be seen in Fig. 27 for 1 

cm gap, when the conductivity is increasing, the breakdown voltage for corona-to-spark 

transition is decreasing. The breakdown voltage corresponds to the maximum possible 

corona voltage before the sparking occurs. The same behavior can be seen in Fig. 28 for 

2 cm gap, but with different current and breakdown voltage values. 
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Fig. 27 I-V curves for electrospraying of water with corona discharge (spindle 

modes, 1 cm gap, nozzle 0.6 mm i.d., 0.8 mm o.d., flow rate 0.4 ml/min). Different 

breakdown voltages for corona-to-spark transition are due to different 

conductivity effect. 

 

 

Fig. 28 I-V curves for electrospraying of water with corona discharge (spindle 

modes, 2 cm gap, nozzle 0.6 mm i.d., 0.8 mm o.d., flow rate 0.4 ml/min). Different 

breakdown voltages for corona-to-spark transition are due to different 

conductivity effect. 

 

Considering the spray behavior shown in Fig. 21 and Fig. 22, this phenomenon can be 

explained as follows: since the highly conductive liquid acts as a relatively good 

conductor, the voltage drop on the filament is negligible and the electric field should be 

stronger on the highly conductive water meniscus. The discharge is thus permitted to 
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occur at the liquid surface and the discharge activity on the water filament tip is then 

enhanced as the filament proceeds toward the ground electrode and reduces the effective 

gap distance. For better understanding, this process is similar to the reduction of gap 

distance by shifting the position of the HV needle electrode towards the ground 

electrode. During this process, the filamentary streamer discharge can occur from the tip 

through the entire gap space which can eventually facilitate the spark generation at a 

relatively low voltage. On the other hand, for poorly conductive liquids, the liquid acts 

more as an insulator and the voltage drop on the filament is more significant as in the 

case of conductive liquid. Additionally, the electrical resistance of the growing water 

filament increases with the filament length and suppresses the corona activity on its 

surface. Therefore, the corona space charge is prevented from accumulating on the 

propagated filament surface and so the discharge can be also forced to occur more 

easily on the metal electrode. Subsequently, the spark does not occur until the higher 

voltage (Kuroda and Horiuchi, 1984; Borra et al., 1999). 

In addition, these explanations can be supported by the measurements of light emission 

spectra which correspond to the I-V curves in Fig. 28. Fig. 29 shows the comparison of 

light emission intensities of the most intense N2 (C-B, 0-0) band in dependence of the 

water conductivity for 11 kV in 2 cm gap. As was expected, for the higher conductivity 

(29,000 µS/cm), where the discharge activity should be enhanced on the water filament 

tip, the intensity was slightly higher. For the lower conductivity (290 µS/cm), where the 

discharge activity should be suppressed on the water filament tip, the intensity was 

slightly lower. Similar results were observed by (Shirai et al., 2014) where the 

increasing conductivity of liquid resulted in the higher light intensity of the corona 

issuing from the Taylor cone tip. 

Since the increasing conductivity caused the decrease of the breakdown voltage for 

corona-to-spark transition, we were able to compare the light emission spectra also for 

the maximum breakdown voltage. In Fig. 30 we can see the comparison of light 

emission intensities of the most intense N2 (C-B, 0-0) band in dependence of the water 

conductivity for breakdown voltages in 2 cm gap. Naturally, the intensity was higher for 

the highest voltage which corresponds to the lowest conductivity, and vice versa. 
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Fig. 29 Relative intensity of N2 (C-B, 0-0) band emitted from corona dischare with  

electrospraying of water for 3 different water conductivities under the same 

voltage 11 kV (spindle modes, 2 cm gap, nozzle 0.6 mm i.d., 0.8 mm o.d., flow rate 

0.4 ml/min). Different emission intensities are due to different conductivities. 

 

 

Fig. 30 Relative intensity of N2 (C-B, 0-0) band emitted from corona dischare with  

electrospraying of water for 3 different water conductivities under the 

corresponding breakdown voltages (spindle modes, 2 cm gap, nozzle 0.6 mm i.d., 

0.8 mm o.d., flow rate 0.4 ml/min). Different emission intensities are due to 

different breakdown voltages caused by the conductivity effect. 
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9.2.2 Streamer frequency reduction 

The above mentioned breakdown voltage reduction causes another effect. During this 

observation we used the modified needle with sharper edges promoting the discharge 

generation from the electrodes edges. We observed that due to the previously mentioned 

decreasing breakdown voltage with increasing conductivity, the evolution of an intense 

streamer corona was prevented with the increasing water conductivity, as can be seen in 

Fig. 31. It means that for the high liquid conductivities (in our case more than 1000 

µS/cm), the frequency of streamer generation cannot be reached too high because the 

streamer regime transits to spark at relatively low voltage when the frequency of 

streamers is still too low. This is caused by the above mentioned effect of enhanced 

corona discharge activity on the tip of the elongating water filament which eventually 

facilitates the spark from this tip at lower voltages (Kuroda and Horiuchi, 1984). On the 

other hand, the streamer-to-spark transition at lower voltage is prevented for low liquid 

conductivities (in our case less than 100 µS/cm). Since the liquid acts more as an 

insulator and tends to suppress the corona activity on the tip of the elongating water 

filament and prevents the sparking in the low voltage; with the increasing voltage the 

intense discharge is forced to occur on the metal electrode (Kuroda and Horiuchi, 1984; 

Hayati et al., 1987b). It is then possible to reach higher voltages without any sparks 

from the water filament tip and the intense streamer corona discharge tends to occur 

more likely from the sharp edges of the HV electrode. Thus, with the increasing voltage 

of low conductivity liquid, the frequency of the streamers can reach relatively high 

value before the spark breakdown, since the streamer frequency commonly increases 

with the applied voltage. 

These results are important to consider in applications of the electrospray with the 

discharge for water decontamination. 
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Fig. 31 Conductivity effect on the corona discharge with intermittent electrospray 

of water in maximum pre-breakdown voltages (the streamer current frequency of 

image a is 5.6 kHz, b is 4.4 kHz, c is 0.32 kHz, and d is 0.65 kHz), modified needle, 

1 cm gap, flow rate 0.5 ml/min. 

 

 Conclusions 9.3

The methods of high-speed camera visualization combined with the total average 

current measurements and optical emission spectroscopy were used to investigate the 

effect of water conductivity on some particular modes of electrospraying in combination 

with positive corona discharge. Our objective was to identify the behavior of the spray 

and the discharge for different conductivities of water. 

The visible differences in the shape of water filaments (jets) and their formation were 

observed for various water conductivities. For low conductivity (~2 μS/cm), the jet 

shape was more elongated and thinner at the filament head, with higher velocity of 

propagation, when compared with higher conductivity (~400 μS/cm). Generally, the 

droplets with smaller sizes were formed only for low conductivity, which is contrary to 

the well-established theory of cone-jet modes mentioned in many studies dealing with 
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the electrospray. However, the cone-jet modes were not observed in this work with 

water with relatively high flow rates (>0.4 ml/min) and with the presence of the electric 

discharge. The large acceleration values for both conductivities (~3910 ± 255 m/s
2
 and 

~490 ± 72 m/s
2
 for 2 μS/cm and 400 μS/cm, respectively) indicate that the process is 

governed by the electrostatic force. 

The discharge characteristics were also influenced by the conductivity. Especially the 

breakdown voltage for corona-to-spark transition decreased with the increasing 

conductivity. Due to this phenomenon, the evolution of an intense streamer corona 

discharge was inhibited for higher conductivities. These results were summarized and 

published in (Pongrác et al., 2014b). 
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10 Investigation of corona discharge during the 

electrospraying in spindle mode 

Here we aim to investigate the effect of intermittent electrospraying of water in spindle 

mode, in combination with positive direct current (DC) corona discharge. These 

measurements were executed for the nozzle HV electrode in 1 cm gap between the 

nozzle and mesh electrode. Generally, the discharge has a significant effect on the 

electrospray behavior, as was partially explored previously. Additionally, the 

electrospray can affect the discharge generation and propagation, too. The water 

meniscus can be also considered as a HV liquid electrode with some defined curvature. 

Since the shape of the meniscus and the curvature vary during the filament propagation, 

the electric field near the water meniscus tip changes locally, too. Generally, with the 

increasing curvature of the meniscus tip, the intensity of the electric field should 

increase. This effect can have the influence on the streamer generation. Furthermore, 

these phenomena are partially influenced by the water conductivity.  

Recently, with the technological advance in the optical and electrical measurement 

techniques and devices, there are new possibilities for investigation of such complex 

and fast phenomena. The advantage of these methods is the capability of time-resolved 

visualization of fast phenomena, such as electrospray and discharge dynamics. Our 

objective was to investigate the discharge generation and propagation during the 

electrospray process by iCCD camera imaging, photomultiplier tube responses, and 

oscilloscopic current measurements. 

 

 Identification of current pulses during the electrospray 10.1

10.1.1 Relation between the current pulses and the mode repetition 

During the investigation of electrospraying with the discharge we usually observed the 

presence of current pulses with a relatively stable frequency. The frequency varied with 

the voltage or electrospraying mode. We therefore tried to identify the sources of 

various current pulses in our electrospraying measurements, which should be generated 

mainly by discharge phenomena. The oscilloscopic waveform showing the repetitive 

pulses can be seen in Fig. 32. These repetitive phenomena correspond to the spindle 

mode of electrospraying shown in Fig. 13. Fig. 32(b) shows the current pulses in low 

time resolution 2 ms/div. Fig. 32(a) shows one current pulse in high time resolution 100 

ns/div. From these records we calculated the average repetition frequency of current 
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pulses (~260 Hz) which corresponds to the average time period 3.8 ms. It is in a very 

good agreement with the mode repetition frequency simultaneously measured by the 

high-speed camera (~260 Hz; Fig. 13). Relatively good agreement between the mode 

repetition frequency (315 Hz) and the average repetition frequency of current pulses 

(335 Hz) was also in case of Fig. 14. 

 

 

Fig. 32 Oscilloscopic waveform of the discharge current pulses during the 

electrospraying of water in spindle mode. Image (a) corresponds to one current 

pulse in high time resolution 100 ns/div, image (b) corresponds to the many 

current pulses in low time resolution 2 ms/div (6 kV, conductivity 2 µS/cm, gap 1 

cm, nozzle 0.7 mm o.d., 0.5 mm i.d., water flow rate 0.4 ml/min). 

 

Hypothetically, the observed pulses could be related to the individual charged droplets 

accelerated by the electric field. However, the number of observed droplets greatly 

exceeded the number of measured current pulses. As can be seen e.g. in Fig. 13 and Fig. 

14, for every cycle of the Taylor cone formation (corresponds to the mode repetition 

frequency), two or more droplets are created (so the hypothetical frequency of current 

pulses originating from every droplet should be at least two times higher than that of the 

measured current pulses). Since the mode repetition frequency was in a relatively good 

agreement with the frequency of current pulses, this hypothesis seems to be unlikely.  

Moreover, the measured current pulses had relatively high amplitudes (a few mA) 

typical for streamers (Morrow and Lowke, 1997) and the frequency of current pulses 

was in a good agreement with the mode repetition frequency, as demonstrated in Fig. 33 

and Fig. 34. In these figures, the combination of iCCD and high-speed camera 

measurements, taken simultaneously with oscilloscopic measurements for various water 

conductivities are shown. Only intermittent electrospray modes are included therein, 

with relatively stable periodicity for many cycles of Taylor cone formation. The filled 
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red circles and black triangles represent the mode repetition frequencies measured by 

high-speed camera and iCCD camera. The open markers (circles and triangles) are data 

from the corresponding oscilloscopic measurements and represent frequencies of the 

current pulses measured during the imaging. It is possible to see a relatively good 

correlation between both of these frequencies (filled vs. open markers). The current 

pulses are therefore more likely related to the pulsed character of the discharge itself. 

However, the visual impression of the discharge by naked eye resembles the presence of 

a positive glow corona (sometimes also called Hermstein’s glow) that is apparently 

pulseless for our current measurement sensitivity (Giao and Jordan, 1968). 

The discharge observed by naked eye started at voltage 4.5 kV together with current 

pulses with amplitudes of a few mA. At higher voltages (depending on water 

conductivity) it eventually transformed to spark. Phenomena of different breakdown 

voltages in dependence of water conductivity are investigated in more details in section 

9.2.1. 

As can be seen from Fig. 33 and Fig. 34, for the given conductivity, the frequencies 

varied with the voltage with transition from one electrospray mode to another: from the 

spindle mode to the oscillating spindle mode where the frequency was usually higher, 

and then back into the spindle mode. Since the data shown were obtained by many 

measurements; some differences could be also caused by different conditions. However, 

the main purpose of these graphs is to show the good correlation between mode 

repetition frequencies measured by the HS and iCCD cameras and the frequencies of 

current pulses measured oscilloscopically. 

 



104 

 

 

Fig. 33 Comparison of mode repetition (filled markers) frequencies measured by 

high-speed (HS) or iCCD camera and the frequencies of current pulses (open 

markers) for various voltages and low water conductivities. 

 

 

Fig. 34 Comparison of mode repetition (filled markers) frequencies measured by 

high-speed (HS) or iCCD camera and the frequencies of current pulses (open 

markers) for various voltages and water solutions of high conductivities. 
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10.1.2 Relation between the current pulses and the discharge light emission 

The results in the preceding section show that the current pulses are most likely 

generated by pulsed discharge phenomena rather than by the charges transported by the 

droplets. In order to prove the correlation between the measured current pulses and the 

discharge, we used the synchronized measurements of the current and the light emitted 

by the discharge detected by a photomultiplier tube (PMT). The light signal was 

collected from the focal point located a few millimeters below the nozzle. The 

parameters of electrospraying during this measurement were almost the same as in Fig. 

32 but water conductivity was 500 µS/cm. Fig. 35 shows oscilloscopic records of both 

current and PMT signals. The current pulse is followed by the emitted light pulse with a 

delay of about 25 ns. After the subtraction of the PMT charge build-up time and signal 

transmission delay due to the BNC cables, the time difference between these two 

signals shortens to only 4 ns. Fig. 35 was obtained by triggering on the PMT signal. 

However, we obtain the same result if we trigger on the current signal. The two signals 

always occurred together and the frequencies of both pulses were equal, which proves 

the correlation between the emission and current signals. This observation supported 

our assumption that the current pulses are generated by a discharge with pulsed 

character. 

 

 

Fig. 35 Oscilloscopic record of the discharge voltage, current pulse, and the PMT 

pulse during the electrospraying of water in spindle mode (6 kV, conductivity 500 

µS/cm, gap 1 cm, nozzle 0.8 mm o.d., 0.6 mm i.d.). 
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 Visualization of corona discharge during the electrospray 10.2

10.2.1 iCCD imaging procedure 

Considering that the pulse is generated by a discharge, it should be possible to detect the 

light emission of the discharge by iCCD camera. For this purpose we used the iCCD 

camera that was triggered by the discharge current pulse itself (Fig. 10). Thanks to the 

good regularity and repetitiveness of the droplet formation, it was possible to construct 

the sequence of images similar to the high-speed camera sequence shown in Fig. 13. Let 

us note, however, that in iCCD camera imaging, every single image is related to the 

formation process of a different droplet.  

Fig. 36, Fig. 37 and Fig. 38 show the iCCD images of spindle modes at voltage 6 kV 

using 3 different conductivities (4 µS/cm, 500 µS/cm, and 4500 µS/cm), respectively. 

For each illuminated image with droplets, the corresponding dark image of the 

discharge emission without illumination is shown. During these measurements, the gain 

function (related to light intensification) of the iCCD camera was adjusted differently 

for illuminated and dark images to reach a proper visualization. The exposure time was 

10 µs for the illuminated (no light intensification) and 100 µs for the dark images 

(maximum light intensification), respectively. The only exception is the left column 0 

with dark images where the exposure time was 5 s (no light intensification), 

representing an integrated emission over the long period with many droplet formation 

cycles. 

The camera delay was gradually increased to the point when the image was 

approximately the same as the first one in the sequence (the droplet was at the same 

position). At this point, the next electrospraying event starts (column 4). These images 

represent different stages of the electrospraying event and the discharge propagation 

from 0 to 3, 3.5, and 4 ms (columns 1-4). The characteristic frequencies of these modes 

can be also seen in Fig. 33 and Fig. 34.  
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Fig. 36 iCCD time sequence images of electrospraying of water (illuminated, 

columns 1-4 with exposure time 10 µs) with corona discharge (dark, columns 1-4 

with exposure time 100 µs) in spindle mode for water conductivity 4 µS/cm, + 6 kV, 

gap 1 cm, nozzle 0.8 mm o.d. and 0.6 mm i.d. iCCD dark image in column 0 with 

exposure time 5 s represents an integrated emission over the long period with 

many droplet formation cycles. 

 

 

Fig. 37 iCCD time sequence images of electrospraying of water (illuminated, 

columns 1-4 with exposure time 10 µs) with corona discharge (dark, columns 1-4 

with exposure time 100 µs) in spindle mode for water conductivity 500 µS/cm, + 6 

kV, gap 1 cm, nozzle 0.8 mm o.d. and 0.6 mm i.d. iCCD dark image in column 0 

with exposure time 5 s represents an integrated emission over the long period with 

many droplet formation cycles. 
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Fig. 38 iCCD time sequence images of electrospraying of water (illuminated, 

columns 1-4 with exposure time 10 µs) with corona discharge (dark, columns 1-4 

with exposure time 100 µs) in spindle mode for water conductivity 4500 µS/cm, + 6 

kV, gap 1 cm, nozzle 0.8 mm o.d. and 0.6 mm i.d. iCCD dark image in column 0 

with exposure time 5 s represents an integrated emission over the long period with 

many droplet formation cycles. 

 

10.2.2 Propagation of corona discharge during the electrospray and their mutual 

influence 

Thanks to the combined sequences in previous figures it is possible to see the 

propagation of the discharge in relation with the water cone formation and propagation. 

For all three conductivities shown, the glow corona is first visible at the tip of the water 

cone (column 1). The water cone gradually elongates and creates the filament (also 

visible in Fig. 13). As the water filament propagates axially towards the grounded 

electrode, the bright spot of the glow corona remains present at the tip of this filament 

and propagates with it (column 2). 

Although intuitively expected, we did not observe any corona discharge originating 

directly from the nozzle in the range of the studied (pre-breakdown) voltages (4.5-7 kV) 

in 1 cm gap. This is demonstrated in Fig. 36, Fig. 37 and Fig. 38, too, where the edges 

of the nozzle are shown with no light emission. Unlike in some other bio-

decontamination studies of our group (Machala et al., 2010, 2013), the nozzle used here 

was a blunt hollow needle (shown in Fig. 8(a)) and so higher voltages would be needed 

to initiate the corona discharge on its edges. On the contrary, sequences of dark images 

in Fig. 36, Fig. 37 and Fig. 38, as well as the integrated emission in column 0 clearly 

demonstrate light emission of the glow corona discharge at the tip of the Taylor cone 



109 

 

and the propagating water filament, eventually terminated with a filamentary discharge 

occurring in each cycle of the droplet formation. 

We observed the glow corona originating from the pointed filament tip even for the 

lowest water conductivities, despite the filament of water of such low conductivity 

represents a significant electrical resistance (as much as 5 MΩ for ~1 mm long Taylor 

cone of 4 µS/cm water seen in Fig. 36, column 1, and as much as 55 MΩ for ~2.8 mm 

elongated thin filament seen in Fig. 36, column 2). The electrical resistances of water 

filaments R were estimated by using the Pouillet's law: 

 

   
 

 
 ,     (27) 

 

where ρ is the resistivity of the water filament which is defined as the inverse of water 

conductivity K  measured by the conductivity meter, L is the length of the water 

filament, and A is the average cross-sectional area of the water filament. However, the 

currents in the glow corona regime are low (~µA), so the voltage drop across the 

filament remains too low to completely suppress the enhancement of the electric field 

around the tip and formation of the corona (~10 V in Fig. 36, column 1; up to max 150 

V in the most extreme case in Fig. 36, column 2). The voltage drops across water 

filaments U were estimated by using the Ohms's law: 

 

    ,     (28) 

 

where R is the estimated electrical resistance of the water filament and I is the total 

current measured by ammeter. The complete values of R and U with additional 

variables for water filaments calculated from Fig. 36, Fig. 37 and Fig. 38 can be seen in 

Tab. 4. 
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Tab. 4 Characteristic variables calculated for water filaments observed by iCCD 

camera. 

K (S/m) tdelay (ms) A (m
2
) L (m) R (Ohm) Itotal (A) Udrop (V) 

4.0E-04 0 5.0E-07 1.0E-03 5.0E+06 2.5E-06 1.2E+01 

4.0E-04 2 1.3E-07 2.8E-03 5.5E+07 2.5E-06 1.4E+02 

5.0E-02 0 5.0E-07 1.0E-03 4.0E+04 3.3E-06 1.3E-01 

5.0E-02 1.5 1.3E-07 2.0E-03 3.2E+05 3.3E-06 1.1E+00 

4.5E-01 0 5.0E-07 1.0E-03 4.4E+03 3.8E-06 1.7E-02 

4.5E-01 1.5 1.3E-07 1.8E-03 3.1E+04 3.8E-06 1.2E-01 

 

The appearance of corona on the water filament tip is primarily the electric field effect. 

However, a closer look at this tip indicates how the ionic space charge resulting from 

the corona seems to affect the surface electric field at the filament and the shape of its 

tip (Fig. 36, Fig. 37 and Fig. 38 illuminated images in column 2). The similar effect was 

observed and described by (Kuroda and Horiuchi, 1984; Borra et al., 2004). In highly 

conductive liquids, the liquid acts as a conductor and does not impose a significant 

voltage drop. The discharge activity on the filament tip and its resultant space charge 

around the tip are therefore enhanced as the liquid filament proceeds along the gap. 

Since the filament head with active corona is surrounded by a strong space charge of 

ions of the same polarity, the electric field and so the electric pressure PE on the 

filament head become more reduced. Under such conditions, the capillary pressure Pc 

also decreases to equilibrate the reduced electric pressure as is described in equation 

(15) and the tip thus becomes more spherical with a surface of larger radius of curvature 

(Kuroda and Horiuchi, 1984). Please note that despite this process of propagating water 

filament head surrounded by space charge can be intuitively compared to the streamer 

head propagation, the streamer head propagation is several orders of magnitude faster 

(~10
6
 m/s) than the water filament head propagation in our experimental conditions (~1 

m/s, for our typical water flow rates, based on the iCCD images in Fig. 36, Fig. 37 and 

Fig. 38). So unlike in streamer head that propagates extremely fast thanks to 

photoionization and leaves the cloud of positive space charge behind, which enhances 

the electric field on the streamer head, our water filament propagates very slowly; its 

head cannot escape the space charge from positive ions forming around it. Consequently, 

the positive space charge around the filament head reduces the electric field, thus the 
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electric pressure, and the compensating capillary pressure gets reduced, too, resulting in 

more spherical head with a surface of larger radius of curvature. 

On the other hand, in poorly conductive liquids, the liquid acts more as insulator and so 

the electrical resistance of the growing water filament partially suppresses the corona 

activity. Therefore, the corona ionic space charge is prevented from accumulating near 

the filament surface, and subsequently the surface electric field of the filament tip is not 

reduced as much as in the conductive liquids. Therefore, the tip is more pointed with a 

surface of smaller radius of curvature (Kuroda and Horiuchi, 1984).  

After the detachment of the elongated water fragment and the contraction of the water 

meniscus back towards the nozzle, the glow corona disappeared (column 3, the dark 

image is without any bright spots). This may be simply caused by the reduction of the 

electric field near the nozzle due to the decrease in the water meniscus curvature simply 

due to insufficient water volume to form the cone. Additionally, the presence of the 

droplets under the nozzle could also reduce the field, since they carry charges of the 

same polarity as the nozzle and weaken the field on it (Jaworek and Krupa, 1999a; 

Hartman et al., 2000). It was found that the influence of droplets space charge was 

almost the same as neglecting the space charge, and reducing the applied potential by 

7%. Simulations showed that the most important reduction in the field occurs due to the 

droplets less than 10 mm from the cone apex (Hartman et al., 1999b). With the 

disappearance of corona activity on the meniscus surface, the surface electric field is no 

longer reduced by the corona space charge and so the enhanced electric field on the 

water surface of the newly accumulated water droplet starts to deform its surface again, 

thus reforming a cone. 

Finally, after a few ms, a new cone is formed (decreasing the radius of curvature and so 

increasing the intensity of the electric field), and the filamentary discharge occurs from 

the cone tip to the ground electrode (column 4). This discharge is similar to the onset 

streamer in short gaps and is responsible for the generation of the measured current 

pulses that trigger the iCCD camera (Fig. 10, Fig. 32 and Fig. 35) in our measurements. 

In highly conductive water, filamentary discharge sometimes also occurred from the 

spherical tip of the elongated water filament right before its detachment from the nozzle 

(Fig. 38, column 2.1). This was not observed in the low conductivity water. The 

measured current amplitudes of several mA in the filamentary streamer discharge 

definitely cause a large voltage drop in low conductivity water where the filament 

represents a resistance of a few MΩ. This resistance in series with the ballast resistor of 
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20 MΩ enables a very short duration of the streamer pulse as the voltage is dropped 

immediately after the streamer current pulse, and prevents the evolution of the spark 

breakdown. With higher conductivities, the voltage drop along the filament becomes 

negligible with respect to the one across the ballast resistor. 

The electrospraying event with discharge propagation did not change very much with 

increasing the voltage within the studied range. However, with higher voltage, the glow 

corona was always present on the water meniscus even after the detachment of 

elongated water fragment from the nozzle (Fig. 39, column 3). This led to the formation 

of the water cone that was not as sharp as with the lower voltage shown in columns 1 

and 4 of Fig. 36, Fig. 37 and Fig. 38, but was more rounded (Fig. 39, columns 1 and 5). 

A filamentary discharge eventually occurred from this rounded cone, too (Fig. 39, 

column 5). 

 

 

Fig. 39 iCCD time sequence images of electrospraying of water (illuminated, 

columns 1-5 with exposure time 10 µs) with corona discharge (dark, columns 1-5 

with exposure time 100 µs) in spindle mode for water conductivity 500 µS/cm, + 8 

kV, gap 1 cm, nozzle 0.8 mm o.d. and 0.6 mm i.d. iCCD dark image in column 0 

with exposure time 5 s represents an integrated emission over the long period with 

many droplet formation cycles. 

 

According to the theory of the streamer and glow corona generation from metal surfaces 

extensively elaborated and described elsewhere, e.g. in (Morrow and Lowke, 1997; 

Morrow, 1997), the onset streamer is always present before the start of a positive glow 

corona. Obviously, the same phenomenon can be observed in the experiment with 

electrospray. The difference in our case is that the surface is a liquid and it oscillates. 

Thus, this corona discharge is unstable and depends on the water meniscus propagation. 
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On the other hand, the presence of a discharge generating a space charge in the vicinity 

of water meniscus causes the reduction of the electric field in this area. This can disrupt 

the balance between the electric and the capillary forces determining the water filament 

shape, propagation, and stability (Kuroda and Horiuchi, 1984; Cloupeau and Prunet-

Foch, 1989).  

These results show the reciprocal character of intermittent electrospraying of water with 

the presence of corona discharge, where both phenomena affect each other. 

Another interesting phenomenon can be seen from Fig. 36, Fig. 37, Fig. 38 and Fig. 39 

when comparing the dark images with long exposure time 5 s (column 0) and short 

exposure time 100 µs (columns 1-5). One can notice that the small bright streak under 

the nozzle in column 0 (few mm long) is in fact created by the periodical down-up 

movement of the water filament with the glow corona discharge on its tip (integrated 

over long time). The light emission of the onset streamer is negligible in these long-

exposure images due to the short streamer duration and its relatively low repetition 

frequency. 

 

 Conclusions 10.3

The fast high-speed camera and iCCD camera imaging combined with oscilloscopic 

current pulse measurements were used to investigate the effect of electrospraying of 

water in combination with positive corona discharge in a relatively short gap (1 cm). 

Our objective was to investigate the discharge propagation with the presence of the 

electrospray. 

The observed spindle modes of electrospraying had intermittent character with a 

characteristic mode repetition frequency of few hundreds of Hz, as measured from the 

fast image sequences. In most cases, especially for lower voltages, the repetition 

frequency was relatively stable. Under these conditions, this frequency agreed well with 

the frequency of measured current pulses. 

Parallel measurements by iCCD camera and oscilloscope provided evidence that there 

was a clear correlation between the intermittent electrospray and corona discharge. The 

current pulses were generated by a streamer corona discharge occurring from the sharp 

Taylor cone tip. The generation of this discharge from the water cone depended on the 

repetitive process of the cone formation, as supported by the measurements of mode 

repetition frequency matching with the frequency of current pulses. After the streamer, 
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a positive glow corona discharge was established on the water filament tip. The glow 

corona discharge generation and its propagation from the stressed electrode depended 

on the water meniscus propagation and its elongation. On the other hand, the presence 

of the discharge and its resultant space charge influenced the electrospray phenomenon 

and water filament tip curvature by disrupting the balance between the electric and the 

capillary forces. These phenomena were also influenced by the water conductivity; the 

water filament tip became more pointed with greater curvature for lower conductivity 

and more rounded with smaller curvature for higher conductivity. The results showed 

the reciprocal influence of the intermittent electrospray of water and the corona 

discharge and were summarized and published in (Pongrác et al., 2014a). 
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11 Summary 

In this PhD thesis entitled „Study of the Electrospraying Effect of Water in Combination 

with Atmospheric Pressure Corona Discharge” we aimed to investigate the combined 

effect of corona discharge with electrospray to provide research results related to the 

possibilities of using this method as a potential application for bio-decontamination of 

water. However, it is important to note that this work was not directly focused on the 

application, thus no results dealing with the applications are presented. 

Additionally, we aimed to contribute to the fundamental understanding of electrical 

discharges in electrospraying process. Although our results cannot be considered as 

conclusive ones, they certainly provide interesting data dealing with electrical 

discharges in electrospraying process. 

 

 The key conclusions of this thesis 11.1

In accordance with the objectives of the work we summarize the main conclusions here.  

 

(i) Types of electrospraying modes of water observed during our investigations 

of electrospraying in combination with corona discharge. 

 

Only a limited number of electrospraying modes described in the literature was 

observed. For low flow rates (0.04 and 0.4 ml/min), with the increasing voltage applied 

on the spraying nozzle, the dripping mode at low voltages was followed by the spindle 

mode. At a short range of voltages, an oscillating spindle mode was also observed. In 

some cases the modes were combined with the intermittent cone-jet. 

For high flow rate and long gap (4 ml/ min, 5 cm), with the increasing voltage the 

simple jet mode was gradually transformed into oscillating simple jet. For deionized 

water at a short range of voltages, a rotating simple jet mode was also observed.  

Generally, for our observed modes, the jets (filaments) were more elongated and 

disintegrated into smaller droplets for deionized water with low conductivity. 
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(ii) Effect of water with various flow rates on the electrospray with corona 

discharge. 

 

The influence of the water cannot be determined independently of the geometry of 

stressed electrode. For the nozzle electrode without sharp tip, the water cone probably 

behaved as a supporting liquid electrode with sharp tip promoting the corona generation, 

thus causing the increase of corona total current compared to the nozzle without water.  

For the needle electrode with sharp tip, the water probably covered the sharp metal tip, 

thus causing the reduction of effective curvature and the decrease of corona total current 

compared to the needle without water. 

When using the modified needle electrode with two sharp tips, the water caused 

quenching effect similar to the needle only for high flow rates, and partially also for low 

flow rates. For medium flow rates, the intense corona discharge was able to occur from 

the metal tips. This is an interesting and important finding for the water 

decontamination applications. 

 

(iii) Effect of water conductivity on the electrospray with corona discharge. 

 

We observed the visible differences in the shape of water filaments (jets) and their 

formation in dependence of water conductivities. This effect is related to the tangential 

electric field stress on the water filament surface. For low conductivity (~2 μS/cm), the 

jet shape was more elongated and thinner at the filament head, with higher velocity of 

propagation, when compared with higher conductivity (~400 μS/cm). Generally, the 

droplets with smaller sizes were formed only for low conductivity, which is contrary to 

the well-established theory of cone-jet modes mentioned in many studies dealing with 

the electrospray. However, the cone-jet modes were not observed in this work with 

water with relatively high flow rates (>0.4 ml/min) and with the presence of the electric 

discharge. The large acceleration values for both conductivities (~3910 ± 255 m/s
2
 and 

~490 ± 72 m/s
2
 for 2 μS/cm and 400 μS/cm, respectively) indicate that the process is 

governed by the electrostatic force. 

Moreover, with the increasing conductivity, we observed the breakdown voltage 

reduction for corona-to-spark transition. Due to this phenomenon, the evolution of an 

intense streamer corona discharge was inhibited for higher conductivities. 
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(iv) The mutual influence of the discharge and the electrospray. 

 

The observed spindle modes of electrospraying had intermittent character with a 

characteristic mode repetition frequency of few hundreds of Hz. In most cases, 

especially for lower voltages, the repetition frequency was relatively stable. Under these 

conditions, this frequency agreed well with the frequency of measured current pulses, 

thus proving a clear correlation between the intermittent electrospray and corona 

discharge. The current pulses were generated by a streamer corona discharge occurring 

from the sharp Taylor cone tip. The generation of this discharge from the water cone 

depended on the repetitive process of the cone formation. After the streamer, a positive 

glow corona discharge was established on the water filament tip. The glow corona 

discharge generation and its propagation from the stressed electrode depended on the 

water meniscus propagation and its elongation.  

Moreover, the presence of the discharge and its resultant space charge influenced the 

electrospray phenomenon and water filament tip curvature by disrupting the balance 

between the electric and the capillary forces. These phenomena were also influenced by 

the water conductivity; the water filament tip became more pointed with greater 

curvature for lower conductivity and more rounded with smaller curvature for higher 

conductivity. These results showed the reciprocal character of the intermittent 

electrospray of water and the corona discharge. 

 

(v) Potential effects of the investigated phenomena in bio-decontamination. 

 

From the bio-decontamination point of view we considered the intensity of the corona 

discharge (related to the concentrations of produced charged and reactive species) and 

the size of the droplets (related to the efficiency of the mass transfer of the active 

species into water) as important parameters. Owing to this consideration, we can 

evaluate some of the presented results. 

Nozzle appears as a suitable electrode for fundamental study of electrospray with 

corona discharge due to the relatively stable and regular electrospray generation. 

However, in this configuration it is probably not that suitable for bio-decontamination. 

Although for the low conductivity we observed relatively small droplets, the intense 

discharge generation was not presented during this process. A syringe needle is not 

suitable for both processes since the electrospray is irregular and unstable, and the 
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discharge is quenched by the presence of water. A modified needle appears as a 

relatively suitable electrode for bio-decontamination. Although the electrospray was not 

always so regular and stable with small size of droplets as in the case of the nozzle, the 

intense discharge generation was able to occur during this process. 

For electrospraying modes observed in this study, the conductivity of water appears as 

important parameter determining the size of droplets. Moreover, the conductivity can 

influence the generation of intense discharge. Generally, for our range of conductivities, 

the lower conductivity appears more suitable for bio-decontamination, due to the 

reduction of the size of droplets, and due to the promotion of the generation of intense 

discharge. 

The corona discharge (especially glow mode and low frequency streamers) is not very 

effective for bio-decontamination; we were unable to detect any biocidal reactive 

species such as OH radicals by OES. However, we did not measure the spectra of high 

intensity streamer corona discharges which certainly lead to generation of such reactive 

species and induce biocidal effects (Kovaľová et al., 2014). This was concluded also by 

other works in this field. 

 

 Suggestions for future work 11.2

 

(i) Influence of negative polarity of the stressed electrode on the 

electrospraying with corona discharge. 

 

During our investigation of electrospraying effect with corona discharge, we mainly 

used the positive polarity of the stressed electrode. Although we have some results 

dealing with the negative polarity they are not shown here because they did not match to 

the concept of this thesis. From our observation with using the nozzle electrode, the 

electrospray in the negative polarity was usually more unstable in comparison with the 

positive polarity. 

Moreover, from the high-speed camera observation it was concluded that the 

electrosprayed water filaments have slightly different structures than in the case of 

positive polarity filaments. They had inverted shape; thick in the filament head and 

tapering towards the nozzle. Some authors explain this effect due to the different ion 

mobility in the liquid, or by reversal tangential electric field on the filament surface. 

However there is still no consensus and very little known about this phenomenon. 
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Since the negative corona is a more efficient ozone producer in air than the positive 

corona, it should be interesting to investigate its potential effects for bio-

decontamination as well. 

 

(ii) iCCD imaging of corona discharge with electrospray for higher voltages. 

 

In this thesis we investigated the propagation of corona discharge during the spindle 

mode electrospraying in a relatively low range of voltages. This limitation was caused 

mainly by the triggering method, when the iCCD camera was triggered by the discharge 

pulse of some limited intensity. 

When the intensity of pulses was low or irregular, it was hard to record this 

phenomenon by fast visualization. Thus we did not know how corona discharge with 

electrospray behaves in the range out of our observation. 

Another problem is the fast imaging of discharge propagation during the continuous 

electrospray modes. 

It would be convenient to find another method of iCCD triggering (e.g. by using a laser 

beam with detector, located under the nozzle), or to find another method of discharge 

fast imaging. 

 

(iii) Investigation of corona discharge during the continuous electrospray. 

 

It should be interesting to investigate the corona generation and propagation during the 

continuous electrospray modes which were observed for high flow rates in long gaps 

(e.g. 4 ml/min and 5 cm gap distance in our case) during our high-speed camera 

measurements described in section 7.1.2. However, the above mentioned iCCD 

triggering would be probably not convenient. 

 

(iv) Optical emission spectroscopy of intense corona discharge generated by the 

modified needle. 

 

Although we measured some parameters of the intense streamer corona discharge 

occurring from the modified needle electrode in medium flow rates (0.4 ml/min), we did 

not provide the exact qualitative results about excited or ionized species by OES. These 
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results could be helpful and more conclusive for potential effects in bio-

decontamination. 

 

(v) The search for the cone-jet mode in water. 

 

We did not observe the cone-jet mode of electrospraying during our measurements with 

water, probably due to the disruptive effects of discharge and relatively high flow rates. 

However, some works claim it should be possible to generate this mode for water as 

well.  

The key factors may be as follows: 

 

 Adding surfactants to reduce the surface tension of the water.  

 Significantly lower flow rates.  

 Fine nozzles with smaller diameter for increasing the divergence of the field 

around the water to reduce the length of ionization around the cone. 

 Non-metalic tubes (e.g. silica tubes) to prevent the discharge generation from the 

nozzle. 

 Increasing the dielectric strength of the gas (by increasing the pressure or by 

using more insulating gases like SF6, CO2). 

 

(vi) New configuration of electrospraying with discharge for bio-

decontamination. 

 

Since the electrospraying process is mostly disrupted by electrical discharge phenomena 

and vice versa, it could be interesting to divide these phenomena into two separate 

phases and make them independent on each other. If these phenomena will not 

influence each other, it can eventually lead to new investigation possibilities. 

In the electrospray phase, it could be possible to focus on the electrospray parameters 

resulting in very small droplet size (typical for cone-jet mode). In the discharge phase, it 

could be possible to focus on the discharge parameters resulting in a suitable intense 

discharge type. 

However the main challenge is to figure out how to combine these two separate phases 

into one effective device. 



121 

 

References 

Amin, M.R., 1954. J. Appl. Phys. 25, 210–216. 

Ausman, E.L., Brook, M., 1967. J. Geophys. Res. 72, 6131–6135. 

Bailey, A.G., 1986. At. Spray Technol. 2, 95–134. 

Bailey, A.G., 1988. Electrostatic Spraying of Liquids, Electrostatics & Electrostatic 

Applications. Research Studies Press ; John Wiley & Sons, Taunton, Somerset, 

England; New York. 

Barrero, A., Gañán-Calvo, A.M., Dávila, J., Palacios, A., Gómez-González, E., 1999. J. 

Electrost. 47, 13–26. 

Barrero, A., Gañán-Calvo, A.M., Fernandez-Feria, R., 1996. J. Aerosol Sci. 27, 175–

176. 

Barreto, E., 1969. J. Geophys. Res. 74, 6911–6925. 

Barry, C.R., Gu, J., Jacobs, H.O., 2005. Nano Lett. 5, 2078–2084. 

Barry, C.R., Steward, M.G., Lwin, N.Z., Jacobs, H.O., 2003. Nanotechnology 14, 1057–

1063. 

Bayram, S.B., Freamat, M.V., 2012. Am. J. Phys. 80, 664–669. 

Beattie, J., 1975. The Positive Glow Discharge. University of Waterloo, Canada. 

Bhushan, B., 2007. Springer Handbook of Nanotechnology. Springer. 

Borra, J.-P., Ehouarn, P., Boulaud, D., 2004. J. Aerosol Sci. 35, 1313–1332. 

Borra, J.-P., Hartmann, R., Marijnissen, J., Scarlett, B., 1996. J. Aerosol Sci., Abstracts 

of the 1996 European Aerosol Conference 27, S203–S204. 

Borra, J.P., Tombette, Y., Ehouarn, P., 1999. J. Aerosol Sci. 30, 913–925. 

Bose, G.M., 1745. Recherches sur la cause et sur la veritable theorie de l’Electricite. 

Wittenberg. 

Braithwaite, N.S.J., 2000. Plasma Sources Sci. Technol. 9, 517–527. 

Bruggeman, P., Liu, J., Degroote, J., Kong, M.G., Vierendeels, J., Leys, C., 2008. J. 

Phys. D: Appl. Phys. 41, 215201. 

Chang, J., Lawless, P.A., Yamamoto, T., 1991. IEEE Trans. Plasma Sci. 19, 1152–1166. 

Chen, D.-R., Pui, D.Y.H., 1997. Aerosol Sci. Technol. 27, 367–380. 

Chen, D.-R., Pui, D.Y.H., Kaufman, S.L., 1995. J. Aerosol Sci. 26, 963–977. 

Chen, D.-R., Wendt, C.H., Pui, D.Y.H., 2000. J. Nanoparticle Res. 2, 133–139. 

Cloupeau, M., 1994. J. Aerosol Sci. 25, 1143–1157. 

Cloupeau, M., Prunet-Foch, B., 1989. J. Electrost. 22, 135–159. 

Cloupeau, M., Prunet-Foch, B., 1990. J. Electrost. 25, 165–184. 

Cloupeau, M., Prunet-Foch, B., 1994. J. Aerosol Sci. 25, 1021–1036. 

Cobine, J.D., 1958. Gaseous conductors : theory and engineering applications. Dover 

Publications, New York. 

Conrads, H., Schmidt, M., 2000. Plasma Sources Sci. Technol. 9, 441–454. 

Crowley, J.M., 1977. J. Appl. Phys. 48, 145–147. 

Czech, T., Sobczyk, A.T., Jaworek, A., 2011. Eur. Phys. J. D 65, 459–474. 

Dawson, G.A., 1970. J. Geophys. Res. 75, 2153–2158. 

Drozin, V.G., 1955. J. Colloid Sci. 10, 158–164. 

Duby, M.-H., Deng, W., Kim, K., Gomez, T., Gomez, A., 2006. J. Aerosol Sci. 37, 

306–322. 

English, W.N., 1948. Phys. Rev. 74, 179–189. 

Fantz, U., 2006. Plasma Sources Sci. Technol. 15, S137–S147. 

Fenn, J.B., Mann, M., Meng, C.K., Wong, S.F., Whitehouse, C.M., 1989. Science 246, 

64–71. 

Friedlander, S.K., Pui, D.Y.H., 2004. J. Nanoparticle Res. 6, 313–320. 



122 

 

Gañán-Calvo, A.M., 1997. Phys. Rev. Lett. 79, 217–220. 

Gañán-Calvo, A.M., 1999. J. Aerosol Sci. 30, 863–872. 

Gañán-Calvo, A.M., Dávila, J., Barrero, A., 1997. J. Aerosol Sci. 28, 249–275. 

Gañán-Calvo, A.M., Lasheras, J.C., Dávila, J., Barrero, A., 1994. J. Aerosol Sci. 25, 

1121–1142. 

Gañán-Calvo, A.M., Rebollo-Muñoz, N., Montanero, J.M., 2013. New J. Phys. 15, 

033035. 

Giao, T.N., Jordan, J.B., 1968. IEEE Trans. Power Appar. Syst. PAS-87, 1207–1215. 

Goldman, M., Goldman, A., 1978. Chapter 4 - Corona Discharges, in: Hirsh, M.N., 

Oskam, H.J. (Eds.), Gaseous Electronics. Academic Press, pp. 219–290. 

Gomez, A., Tang, K., 1994. Phys. Fluids 6, 404–414. 

Grace, J.M., Marijnissen, J.C.M., 1994. J. Aerosol Sci. 25, 1005–1019. 

Graves, D.B., 2012. J. Phys. D: Appl. Phys. 45, 263001. 

Hartman, R.P.A., Borra, J.-P., Brunner, D.J., Marijnissen, J.C.M., Scarlett, B., 1999a. J. 

Electrost. 47, 143–170. 

Hartman, R.P.A., Brunner, D.J., Camelot, D.M.A., Marijnissen, J.C.M., Scarlett, B., 

1999b. J. Aerosol Sci. 30, 823–849. 

Hartman, R.P.A., Brunner, D.J., Camelot, D.M.A., Marijnissen, J.C.M., Scarlett, B., 

2000. J. Aerosol Sci. 31, 65–95. 

Hayati, I., Bailey, A., Tadros, T.F., 1987a. J. Colloid Interface Sci. 117, 222–230. 

Hayati, I., Bailey, A.I., Tadros, T.F., 1986. Nature 319, 41–43. 

Hayati, I., Bailey, A.I., Tadros, T.F., 1987b. J. Colloid Interface Sci. 117, 205–221. 

Hermstein, W., 1960a. Arch. Für Elektrotechnik 45, 209–224. 

Hermstein, W., 1960b. Arch. Für Elektrotechnik 45, 279–288. 

Higuera, F.J., 2003. J. Fluid Mech. 484, 303–327. 

Jaworek, A., 2007a. Powder Technol. 176, 18–35. 

Jaworek, A., 2007b. J. Mater. Sci. 42, 266–297. 

Jaworek, A., Czech, T., Rajch, E., Lackowski, M., 2005. J. Electrost. 63, 635–641. 

Jaworek, A., Krupa, A., 1996a. J. Aerosol Sci. 27, 75–82. 

Jaworek, A., Krupa, A., 1996b. J. Aerosol Sci. 27, 979–986. 

Jaworek, A., Krupa, A., 1997. J. Electrost. 40–41, 173–178. 

Jaworek, A., Krupa, A., 1999a. J. Aerosol Sci. 30, 873–893. 

Jaworek, A., Krupa, A., 1999b. Exp. Fluids 27, 43–52. 

Jaworek, A., Sobczyk, A.T., Czech, T., Krupa, A., 2014. J. Electrost. 72, 166–178. 

Jayasinghe, S.N., Qureshi, A.N., Eagles, P.A.M., 2006. Small Weinh. Bergstr. Ger. 2, 

216–219. 

Joffre, G.-H., Cloupeau, M., 1986. J. Electrost. 18, 147–161. 

Kim, H.-H., Kim, J.-H., Ogata, A., 2011. J. Aerosol Sci. 42, 249–263. 

Kim, H.-H., Teramoto, Y., Negishi, N., Ogata, A., Kim, J.H., Pongrác, B., Machala, Z., 

Gañán-Calvo, A.M., 2014. J. Aerosol Sci. In Press. 

Kim, O.V., Dunn, P.F., 2010. Langmuir 26, 15807–15813. 

Kip, A.F., 1939. Phys. Rev. 55, 549–556. 

Kovaľová, Z., Tarabová, K., Hensel, K., Machala, Z., 2013. Eur. Phys. J. - Appl. Phys. 

61, 24306. 

Kovaľová, Z., Zahoran, M., Zahoranová, A., Machala, Z., 2014. J. Phys. D: Appl. Phys. 

47, 224014. 

Ku, B.K., Kim, S.S., 2002. J. Aerosol Sci. 33, 1361–1378. 

Kudu, K., Lågstad, I.H., Sigmond, R.S., 1998. Czechoslov. J. Phys. 48, 1180–1192. 

Kuroda, S., Horiuchi, T., 1984. Jpn. J. Appl. Phys. 23, 1598–1607. 

De La Mora, J.F., 1992. J. Fluid Mech. 243, 561–574. 



123 

 

De La Mora, J.F., Gomez, A., Tang, K., 1999. Electrospray employing corona-assisted 

cone-jet mode. 5,873,523. 

De La Mora, J.F., Loscertales, I.G., 1994. J. Fluid Mech. 260, 155–184. 

Langmuir, I., 1929. Phys. Rev. 33, 954–989. 

Laux, C.O., Spence, T.G., Kruger, C.H., Zare, R.N., 2003. Plasma Sources Sci. Technol. 

12, 125. 

Lawless, P.A., McLean, K.J., Sparks, L.E., Ramsey, G.H., 1986. J. Electrost. 18, 199–

217. 

Li, K.-Y., Tu, H., Ray, A.K., 2005. Langmuir 21, 3786–3794. 

Li, S.W., Jayasinghe, S.N., Edirisinghe, M.J., 2006. Chem. Eng. Sci. 61, 3091–3097. 

Lim, L.K., Hua, J., Wang, C.-H., Smith, K.A., 2011. AIChE J. 57, 57–78. 

Lindblad, N.R., Schneider, J.M., 1965. J. Sci. Instrum. 42, 635. 

Loeb, L.B., 1965. Electrical coronas, their basic physical mechanisms. University of 

California Press, Berkeley. 

López-Herrera, J.M., Barrero, A., Boucard, A., Loscertales, I.G., Márquez, M., 2004. J. 

Am. Soc. Mass Spectrom. 15, 253–259. 

Lucas, J.R., 2001. Open Univ. Sri Lanka. 

Machala, Z., Chládeková, L., Pelach, M., 2010. J. Phys. D: Appl. Phys. 43, 222001. 

Machala, Z., Janda, M., Hensel, K., Jedlovský, I., Leštinská, L., Foltin, V., Martišovitš, 

V., Morvová, M., 2007. J. Mol. Spectrosc. 243, 194–201. 

Machala, Z., Jedlovský, I., Chládeková, L., Pongrác, B., Giertl, D., Janda, M., Šikurová, 

L., Polčic, P., 2009. Eur. Phys. J. D 54, 195–204. 

Machala, Z., Jedlovsky, I., Martisovits, V., 2008. IEEE Trans. Plasma Sci. 36, 918–919. 

Machala, Z., Tarabova, B., Hensel, K., Spetlikova, E., Sikurova, L., Lukes, P., 2013. 

Plasma Process. Polym. 10, 649–659. 

Macky, W.A., 1931. Proc. R. Soc. Lond. Ser. A 133, 565–587. 

Martišovitš, V., 2006. Základy fyziky plazmy: učebný text pre magisterské štúdium. 

Univerzita Komenského, Bratislava. 

Mclean, K.J., Lawless, P.A., Sparks, L.E., Ramsey, G.H., 1986. J. Electrost. 18, 219–

231. 

Meesters, G.M.H., Vercoulen, P.H.W., Marijnissen, J.C.M., Scarlett, B., 1991. J. 

Aerosol Sci. 22, Supplement 1, S11–S14. 

Meesters, G.M.H., Vercoulen, P.H.W., Marijnissen, J.C.M., Scarlett, B., 1992. J. 

Aerosol Sci. 23, 37–49. 

Melcher, J.R., 1963. Field-Coupled Surface Waves: A Comparative Study of Surface-

Coupled EHD and MHD Systems. MIT Press, Cambridge. 

Melcher, J.R., Taylor, G.I., 1969. Annu. Rev. Fluid Mech. 1, 111–146. 

Melcher, J.R., Warren, E.P., 1971. J. Fluid Mech. 47, 127–143. 

Mestel, A.J., 1994. J. Fluid Mech. 274, 93 – 113. 

Michelson, D., 1990. Electrostatic Atomization, illustrated edition. ed. IOP Publishing. 

Moon, S.Y., Choe, W., 2003. Spectrochim. Acta Part B At. Spectrosc. 58, 249–257. 

Morrow, R., 1997. J. Phys. D: Appl. Phys. 30, 3099–3114. 

Morrow, R., Blackburn, T.R., 1999. IEEE Trans. Plasma Sci. 27, 26–27. 

Morrow, R., Blackburn, T.R., 2002. J. Phys. D: Appl. Phys. 35, 3199–3206. 

Morrow, R., Lowke, J.J., 1997. J. Phys. D: Appl. Phys. 30, 614–627. 

Mutoh, M., Kaieda, S., Kamimura, K., 1979. J. Appl. Phys. 50, 3174–3179. 

Neukermans, A., 1973. J. Appl. Phys. 44, 4769–4770. 

Nolan, J.J., 1926. Proc. R. Ir. Acad. Sect. Math. Phys. Sci. 37, 28–39. 

Peek, F.W., 1929. Dielectric phenomena in high-voltage engineering. McGraw-Hill 

Book Company, inc., New York. 



124 

 

Pongrác, B., Kim, H.-H., Janda,  M., Martišovitš, V., Machala, Z., 2014a. J. Phys. D: 

Appl. Phys. In Press. 

Pongrác, B., Kim, H.-H., Negishi, N., Machala, Z., 2014b. Eur. Phys. J. D In Press. 

Pongrác, B., Machala, Z., 2011. IEEE Trans. Plasma Sci. 39, 2664–2665. 

Rayleigh, Lord, 1878. Proc. Lond. Math. Soc. 10, 4–13. 

Rayleigh, Lord, 1882. Philos. Mag., 5 14, 184–186. 

Rousse, J., 1947. Emission par effet couronne aux hautes températures et hautes 

pressions. Une généralisation de la loi de Paschen. Faculté des sciences, Paris. 

Schneider, J.M., Lindblad, N.R., Jr, C.D.H., Crowley, J.M., 1967. J. Appl. Phys. 38, 

2599–2605. 

Shirai, N., Matsui, K., Ibuka, S., Ishii, S., 2011. IEEE Trans. Plasma Sci. 39, 2210–2211. 

Shirai, N., Nakazawa, M., Ibuka, S., Ishii, S., 2012. Electr. Eng. Jpn. 178, 8–15. 

Shirai, N., Onaka, Y., Ibuka, S., Ishii, S., 2008. Jpn. J. Appl. Phys. 47, 2244–2249. 

Shirai, N., Onaka, Y., Ibuka, S., Yasuoka, K., Ishii, S., 2007. Jpn. J. Appl. Phys. 46, 370. 

Shirai, N., Sekine, R., Uchida, S., Tochikubo, F., 2014. Jpn. J. Appl. Phys. 53, 026001. 

Shiryaeva, S.O., Grigor’ev, A.I., 1995. J. Electrost. 34, 51–59. 

Shtern, V., Barrero, A., 1994. J. Aerosol Sci. 25, 1049–1063. 

Shtern, V., Barrero, A., 1995a. J. Fluid Mech. 300, 169–205. 

Shtern, V., Barrero, A., 1995b. Phys. Rev. E Stat. Phys. Plasmas Fluids Relat. 

Interdiscip. Top. 52, 627–635. 

Sigmond, R.S., 1978. Corona Discharges, in: Meek, J.M., Craggs, J.D. (Eds.), Electrical 

Breakdown in Gases. Wiley, Chichester [usw.], pp. 319–384. 

Sigmond, R.S., 1997. J. Phys. IV 07, C4–383 – C4–395. 

Smith, D.P.H., 1986. IEEE Trans. Ind. Appl. IA-22, 527–535. 

Smith, J.N., Flagan, R.C., Beauchamp, J.L., 2002. J. Phys. Chem. A 106, 9957–9967. 

Staack, D., Farouk, B., Gutsol, A., Fridman, A., 2005. Plasma Sources Sci. Technol. 14, 

700–711. 

Sung, K., Lee, C.S., 2004. J. Appl. Phys. 96, 3956–3961. 

Taflin, D.C., Ward, T.L., Davis, E.J., 1989. Langmuir 5, 376–384. 

Tang, K., Gomez, A., 1994. J. Aerosol Sci. 25, 1237–1249. 

Tang, K., Gomez, A., 1995. J. Colloid Interface Sci. 175, 326–332. 

Tang, K., Gomez, A., 1996. J. Colloid Interface Sci. 184, 500–511. 

Tardiveau, P., Marode, E., 2003. J. Phys. D: Appl. Phys. 36, 1204. 

Taylor, G., 1964. Proc. R. Soc. Lond. Ser. Math. Phys. Sci. 280, 383–397. 

Taylor, G., 1969. Proc. R. Soc. Lond. Math. Phys. Sci. 313, 453–475. 

Tendero, C., Tixier, C., Tristant, P., Desmaison, J., Leprince, P., 2006. Spectrochim. 

Acta Part B At. Spectrosc. 61, 2–30. 

Townsend, J.S., 1914. Philos. Mag., 6 28, 83–90. 

Trichel, G.W., 1939. Phys. Rev. 55, 382–390. 

Vonnegut, B., Neubauer, R.L., 1952. J. Colloid Sci. 7, 616–622. 

Watanabe, A., 1968. Oyobuturi 37, 314–321. 

Weber, V.C., 1931. Z. Für Angew. Math. Mech. 11, 136–154. 

Yamashita, M., Fenn, J.B., 1984. J. Phys. Chem. 88, 4451–4459. 

Zeleny, J., 1914. Phys. Rev. 3, 69–91. 

Zeleny, J., 1915. Proc. Camb. Philos. Soc. Math. Phys. Sci. 18, 71–83. 

Zeleny, J., 1917. Phys. Rev. 10, 1–6. 

Zeleny, J., 1920. Phys. Rev. 16, 102–125. 

Zheng, W., Liu, F., Wang, W., Wang, D., 2007. Eur. Phys. J. - Appl. Phys. 38, 153–159. 

 

 



A 

 

APPENDIX: Publication activities during PhD 

 
(i) List of peer-reviewed articles 

 

1. B. Pongrác, H-H. Kim, M. Janda, V. Martišovitš, and Z. Machala 2014, 

Fast imaging of intermittent electrospraying of water with a positive 

corona discharge, J. Phys. D: Appl. Phys. – In Press  

(Impact Factor: 2.53) 

 

2. B. Pongrác, H-H. Kim, N. Negishi, and Z. Machala 2014, Influence of 

water conductivity on particular electrospray modes with dc corona 

discharge – optical visualization approach, Eur. Phys. J. D – In Press 

(Impact Factor: 1.51) 

 

3. H-H. Kim, Y. Teramoto, N. Negishi, A. Ogata, J-H. Kim, B. Pongrác, Z. 

Machala, and A. M. Gañán-Calvo 2014, Polarity Effect on the 

Electrohydrodynamic (EHD) Spray of Water, J. Aerosol Sci. – In Press 

(Impact Factor: 2.69) 

 

4. B. Pongrác, Z. Machala 2011, Electro-Spraying of Water with Streamer 

Corona Discharge, IEEE Trans. Plasma Sci. 39, 2664-5 

(Impact Factor: 0.87) 

 

5. Z. Machala, I. Jedlovský, L. Chládeková, B. Pongrác, D. Giertl, M. 

Janda, L. Šikurová, P. Polčic 2009, DC discharges in atmospheric air for 

bio-decontamination – spectroscopic methods for mechanism 

identification, Eur. Phys. J. D 54, 195-204 

(Impact Factor: 1.51) 

 

(ii) List of conference contributions 

 

1. Z. Machala, K. Hensel, M. Janda, B. Pongrác, Z. Kovaľová, B. 

Tarabová, K. Tarabová, V. Martišovitš, Air discharges with water, water 

electrospray, diagnostics and modeling, bio-medical, and environmental 

applications, COST TD1208: Electrical discharges with liquids for future 

applications - WG4 Workshop, Bratislava (Slovakia), October 26-31 

(2013), poster 

 

2. B. Pongrác, H-H. Kim, N. Negishi, and Z. Machala, Effect of 

Conductivity on Electrospray of Water, AIST internal poster conference, 

Tsukuba (Japan), June 24 (2013), poster 

 



B 

 

3. B. Pongrác, H-H. Kim, N. Negishi, and Z. Machala, Influence of Water 

Conductivity on the Electrospray with DC discharge – Optical 

Visualization Approach, Joint Symposium on Plasma and Electrostatics 

Technologies for Environmental Applications, Gifu (Japan), May 19-21 

(2013), M20-06 p. 1-4, USB abstracts + oral presentation 

 

4. B. Pongrác, V. Martišovitš, M. Janda, Z. Machala, ICCD imaging of 

electro-spraying of water with positive corona discharge, IsEHD 2012: 

International Symposium on Electrohydrodynamics, Gdańsk (Poland), 

September 23-26 (2012), p. 202-206, ISBN 978-83-934712-3-2, 

proceedings of IsEHD + poster 

 

5. B. Pongrác, Z. Machala, Electro-spraying effect of water with corona 

discharge, WDS 2011: Week of Doctoral Students: Annual Conference of 

Doctoral Students, Prague (Czech Republic), May 31-June 3 (2011), 

poster + oral presentation 

 

6. B. Pongrác, Z. Machala, V. Martišovitš, DC Discharges with Water and 

Their Applications, WDS 2009: Week of Doctoral Students: Annual 

Conference of Doctoral Students, Prague (Czech Republic), June 2-5 

(2009), p. 101-105, ISBN 978-80-7378-102-6, proceedings of 

contributed papers + poster + oral presentation 

 

7. Z. Machala, L. Chládeková, B. Pongrác, I. Jedlovský, L. Šikurová, Bio-

Decontamination by Transient Spark and Corona Discharges with 

Electro-Spray, SAPP 2009: 17th Symposium on Application of Plasma 

Processes, Liptovský Ján (Slovakia), January 17-22 (2009), p. 123-124, 

ISBN 978-80-89186-45-7, book of contributed papers 

 

8. Z. Machala, I. Jedlovský, B. Pongrác, L. Chládeková, D. Giertl, L. 

Šikurová, Various DC discharges for sterilization at atmospheric 

pressure, HAKONE XI: 11th International Symposium on High Pressure, 

Low Temperature Plasma Chemistry, Oleron (France), September 7-12 

(2008), p. 530-534, contributed papers vol.2 

 

9. Z. Machala, I. Jedlovský, D. Giertl, L. Chládeková, B. Pongrác, M. 

Zvarík, L. Šikurová, Sterilization by DC discharges at atmospheric 

pressure, SPPT 2008: 23rd Symposium on Plasma Physics and 

Technology, Praha (Czech Republic), June 16-19 (2008), p. 130, ISBN 

978-80-01-04030-0, book of abstracts 

 




