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Abstract 

The research is focused on water sprays electrified by induction charging through an external electric field. 

The aim of this work is to verify and understand how the breakup mechanism of a liquid jet and the 

droplets’ size population are influenced by the electric field. 

Two experimental rigs were tested, and they will be named in the text as high-flow rate electrified spray 

(≈  L/min) and low-flow rate electrified spray (≈ mL/h). The choice to carry experiments on different scaled 

setup is due to the geometrical simplicity that the low-flow rate water spray system displays, which helped to 

better understand the physics beyond the electrification of a liquid jet. 

In both systems, the liquid was water pumped in a grounded nozzle. The liquid jet crossed an electric field 

generated by a toroidal ring connected to the HV power supply and placed around the jet itself. The 

experiments were conducted to estimate: i) the electric current (or the specific charge) acquired by the droplets, 

ii) the droplets’ size population at different electric potentials. 

For what concerns the high-flow rate electrified spray, hollow cone hydraulic nozzles were used. We found 

that the droplets current had a non-monotonic trend with the applied electric voltage: it increased linearly until 

to reach the optimum value and, after that point, it started to decrease fast. At same time, the breakup 

mechanism was influenced by the electric field. Indeed, for the primary breakup parameters, we observed that 

the breakup length reduced with the potential of about  20 %compared with the uncharged value until to reach 

an asymptotic value, while the spray angle enlarged due to the repulsion between equally charged droplets. In 

the secondary atomization, the droplets’ size distribution shifted toward smaller diameters as the electric 

potential increased. The percentile diameter, d70, chosen to represent the distribution, was quite constant for 

all the potentials from 0 kV until the potential at which the electric current was maximum. As soon as the 

current overcome the optimum point, the d70 started to reduce swiftly. In these conditions, the dimensionless 

ratio between the electrical stress and the surface tension stress, R, rise and become larger than 1, as 

confirmation of the effective influence of the electric field on liquid jet dynamics. We envisage that the 

insurgence of corona discharge on liquid jet surface could explain these phenomena. 

This hypothesis was confirmed by the experiments made on the low-flow rate electrified sprays or electrospray. 

In fact, this experimental rig was used to carry studied on the simple jet mode with whipping breakup, where 

the whipping is an off-axe instability that generates droplets much smaller that the nozzle inner diameter. The 

tests revealed that as soon as the electric current increased with the potential and the whipping instability took 

place on the liquid jet surface, the droplets’ size population were composed by droplets of size smaller than 

0.5 mm. When it happens, the electrical stress overcomes the surface tension, as observed for the high-flow 

rate spray, and the corona discharge glow took place. It was confirmed by ad-hoc experiments made in a black-

room. 

The results confirmed that the presence of the electric field modifies significantly the liquid jet atomization 

dynamic. It could be used to manipulate the droplets’ distribution accordingly to the require application.   
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Chapter 1. Introduction 

pic by L. Manna 

1.1 Aim of the work 

Electrified sprays are adopted in a large number of industrial and medical applications and are present in 

several natural processes, as, for example, in waterfalls [1]. Water electrification is not so common, but the 

large use water in chemical engineering processes trigger our attention on this special application. It was 

proved, for example, the electrified water can be proficiently used to improve the efficiency of gas absorption 

and submicron particle capture [2], [3] and that electrification can be used to promote water treatments or 

desalinization processes [4]. 

All of these processes require treatment of high-water flow rates, which can be achieved either by using 

conventional spray nozzles, with typical flow rates of several L/min, or arrays of small nozzles. In the first 

case, the atomization technology is already available at commercial level, but the electrification process was 

scarcely analysed. In the second case, the electrification of a single nozzle is well known, but the use of multiple 

sprays has several limitations and is still the subject of explorative studies so far. 

The main aim of this research is to better understand the fundamental processes involved in the generation of 

electrically charged sprays from large flow rate conventional hydraulic nozzles as well as to investigate the 

mechanisms involved in the transition of varicose and whipping atomization mode in low flow rate EHDA. 

In this study, we explored the electrified water sprays for conventional hydraulic nozzles (flow rates between 

3 and 10 L/min) and single nozzles operated at high flow rates (up to 1000 mL/h). The main objectives of this 

work were 1) to evaluate how the presence of an electric field influences the atomization mechanism and 2) to 

investigate how the morphology and parameters of sprayed droplets change with electric voltage. 

For hydraulic sprays, at the best of our knowledge, some authors carried experiments on electrified water 

sprays observing a reduction of the breakup length and an enlargement of the spray angle with the electric field 

[5], while another paper indicated a reduction of about 4% of droplets’ diameter [6]. However, the most of 

studies conducted on high flow rate electrified water sprays assumed that the atomization mechanism is not 

influenced by the electric field [7].  
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On the contrary, the electrified sprays at low-flow rate have been widely described over the years and semi-

empirical correlations that connect electrification and atomization have been developed. However, some 

phenomena as the whipping breakup establishment are still partially unknow. 

The research investigated the primary and secondary atomization mechanisms as a function of electrification, 

coupling dedicated electrical measures to determine the spray electric charge and optical analyses to investigate 

the morphology of the liquid lamina and of the sprayed droplets.  

Tests with hydraulic sprays were carried out with different kinds of swirl hollow cone nozzles. Tests with 

nozzles were focused on high flow rates applications, which can be obtained by operating in the so-called 

whipping mode. This mode is scarcely studied in the literature and, but we envisage that, for its many analogies 

with the large sprays, its study may provide valuable information to improve our understanding of the 

underpinning physics of water electrification of hydraulic sprays. 

The thesis is organized in six chapters. In this chapter, the basic physics of both spray technology and induction 

charging mechanism is described, while the models at which the study referred to and a critical literature 

review are discussed in Chapter 2. 

The experimental results are showed and described in Chapter 3-6, which are based on publications or paper 

on submission, listed at the end of the work. In particular, Chapter 3 is focused on the induction charging and 

on the primary atomization of electrified water spray at high flow rates of nozzles produced by different 

companies. Chapter 4 and 6 are based on exploring the effect of electric field on both primary and secondary 

atomization of hydraulic nozzles made by a single manufacturer, respectively, while chapter 5 shows the results 

of experimental campaign carried on low-flow rate electrified spray. The choice to interpose Chapter 5 in 

between the results on atomization process of high-flow rate electrified sprays (e.g. Chapters 4 and 6) is due 

to the fact that the observations made in Chapter 6 on secondary atomization of hydraulic nozzles are 

consequence of experimental evidences found and showed in Chapter 5. 

Each Chapter from 3 to 6 is organized in i) an introduction section to the specific issue faced in the chapter 

itself, ii) the description of experimental campaign, iii) discussion of experimental results, iv) summary of the 

chapter. At last, the conclusion of the research is discussed. 

1.2 General physics 

A spray is a two phases system of liquid droplets in a gaseous stream and the droplets can be accelerated, 

decelerated, deformed or broken by interactions with the gaseous phase. The spray is characterized by a wide 

spectrum of droplets’ size that represent the quality of an atomization process. The process of atomization is 

the disintegration of a liquid jet or a cone in a wide spectrum of droplets. It can be induced by the kinetic 

energy of the liquid itself, or by a fast air stream or by a mechanical energy applied externally through a rotating 

or vibrating device. It is a keystone of many chemical and mechanical engineering applications that involve a 

two phase system of liquids as dispersed phase in a gaseous stream: surface coating, fuel injections, water 
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scrubbing, drug delivery in medical therapy, synthesis of nanoparticles are some of the possible field of 

application [7], [8]. 

Generally, the liquids atomization process has been widely studied over the years and the droplets’ distribution, 

ψ(dD), depends on the way the liquid cone generates, and it means that it is related to the liquid flow rate and 

surrounding air pressure and to nozzle geometrical parameters. Indeed, the spraying performances turn upon 

orifice diameter d0, length of orifice Lo and half spray angle θ/2, specially for pressure-swirl atomizers, which 

have been tested in this work [8]–[11]. 

The efficiency of a spray generated by a pressure swirl hollow cone nozzle is evaluated by the discharge 

coefficient CD. It defines the actual flow rate when a fluid crosses a nozzle or a generic constriction. In fact, it 

is the ratio between the actual flow rate to the theoretical one. Several relations have been written for the 

discharge coefficient and they differ for the nozzle. For a swirl nozzle, it is calculated as: 

𝐶𝐷 = [
(1−𝑋)3

1+𝑋
]

0.5

          (1.1) 

where X is the ratio of air core area Aa and the orifice area A0, which are strictly dependent on type of used 

nozzle. 

Generally, it is low because of the presence of air core. It was noted a dependence of discharge coefficient 

from Reynolds number [12]. For low Reynolds number, the liquid viscosity thickens the sheet and the 

discharge coefficient increases; for large Reynolds number (from 3000 on), the CD is independent of Reynolds 

number. It was evaluated a gap between the theoretical discharge coefficient and the experimental one [13]. 

To reduce this difference, a correcting factor was added at the Equation (1.1): 

𝐶𝐷 = 1.17 [
(1−𝑋)3

1+𝑋
]

0.5

          (1.2) 

For pressure swirl nozzles, the discharge coefficient can be expressed as dependent on both nozzle geometry 

and pressure gauge: 

𝐶𝐷 =
𝑄𝐿

𝐴0(∆𝑃
𝜌𝐿

⁄ )
0.5          (1.3) 

where QL is the liquid flow rate, ΔP is the difference between the injection pressure and the ambient pressure 

and ρL is the liquid density.  

The air core, Aa, develops only above a critical Reynolds inlet number, defined as  

𝑅𝑒𝑖 =
𝜌𝐿𝑄𝐿𝑑𝑝𝑜

𝜇𝐿𝐴𝑝
           (1.4) 

where Ap is the total port inlet area, entry port diameter dpo and μL is liquid viscosity. 

In fact, for Reynolds numbers lower than the critical one, a full jet exits from the nozzle and a solid cone spray 

is formed. The air core diameter and its turbulence characteristics influence the droplets size distribution in 

terms of mean diameter and number of droplets. The larger the air core diameter, the thinner the liquid sheet 
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thickness, the finer drops. For a given pressure drop, the air core reduces the effective flow area causing a 

reduction in discharge coefficient. For large Rei values, the discharge coefficient is not dependent on it [12]. 

Giffen and Muraszew [13] developed a correlation between the nozzle geometry (ds diameter of a swirl 

chamber when it is present) and the air core: 

(
𝐴𝑃

𝑑𝑆∙𝑑0
)

2
=

𝜋2

32
∙

(1−𝑋)3

𝑋2           (1.5) 

where ds is the diameter of swirl chamber in pressure swirl nozzles. 

Once the nozzle geometry was known, the relation (1.5) was used to evaluate the value of ratio X. The thickness 

of the liquid sheet, a0, was calculated from equation (1.6):  

𝑋 =
(𝑑0−2𝑎0)2

𝑑0
2            (1.6) 

As relation (1.6) indicates, the area of air core influences strictly the liquid sheet thickness a0. Rizk and 

Lefebvre [14] studied the influence of nozzle geometry (d0), liquid physical properties and operative conditions 

(P and QL) on liquid sheet thickness a0: 

𝑎0
2 =

1560∙𝑄𝐿∙𝜇𝐿

𝑑0∙∆𝑃𝐿
∙

1+𝑋

(1−𝑋)2          (1.7) 

Higher pressure provides thinner liquid sheets. Indeed, the atomization quality, in terms of droplets’ size 

distributions’ spread, improves by increasing the nozzle pressure or rather the liquid discharge velocity and so 

the liquid film thickness reduces. A thicker film is obtained by a larger orifice diameter due to lower discharge 

coefficients. At last, the smaller the nozzle diameter, the larger the film thickness, because the air core diameter 

is smaller, and the nozzle swirl action is reduced. Regarding the fluid physical properties, liquid viscosity 

influences the sheet thickness. Viscous forces resist the disruption and consequently the film thickness 

increases. The relation (1.7) was confirmed by experimental results [14]. When 
𝑎0

𝑑0
⁄ ≪ 1, the relation (1.7) 

can be simplified in  

𝑎0 = 3.66 (
𝑑𝑜𝑄𝐿𝜇𝐿

𝜌𝐿∆𝑃
)

0.25
          (1.8) 

The Equation (1.8) shows that the thickness a0 has not a linear dependence on these parameters, but it depends 

on them through a coefficient 0.25. 

The corresponding of discharge coefficient in terms of liquid velocity is the velocity coefficient Kv. It is defined 

as the ratio of actual discharge velocity to the theoretical one: 

𝐾𝑣 =
𝑈

(2∆𝑃
𝜌𝐿

⁄ )
0.5           (1.9) 

where U is the liquid velocity. 

The discharge and the velocity coefficients are correlated as:  
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𝐾𝑣 =
𝐶𝐷

(1−𝑋) cos 𝜃
            (1.10) 

A reduction of both discharge velocity and of velocity coefficient is achieved by a large orifice diameter and 

consequently a thinner sheet. On the contrary, an improvement of velocity coefficient at higher pressure levels 

leads to a reduction in liquid film thickness. 

Schmidt et al. [15] proposed different relations to evaluate the velocity coefficient. They assumed that the exit 

velocity profile was uniform, and the velocity U was given by Equation 1.9. The velocity coefficient ranged 

between two values: 

𝐾𝑣 = 𝑚𝑎𝑥 [0.7,
4𝑄𝐿

𝜋𝑑0
2∙cos 𝜃

√
𝜌𝐿

2∆𝑃
]         (1.11) 

The spray angle is influenced by nozzle geometry. According to Taylor’s theory [16], it is a function of ratio 

of inlet port area and the product between the nozzle chamber diameter and orifice diameter. Figure 1-1 reports 

the theoretical prediction of spray angle in comparison to the experimental one. It was obtained for a non-

viscous liquid, and indeed, the experimental data show a difference of 3° for cone angle of 60° due to liquid 

viscosity. 

 

Figure 1-1 Relationship between cone angle and nozzle geometry [16] 

Giffen e Muraszew [13] found a relation for a non-viscous liquid between the spray angle and the nozzle 

geometry: 

sin 𝜃 =
𝜋

2⁄ ∙𝐶𝐷

𝑐𝑜𝑛𝑠𝑡∙(1+√𝑋)
          (1.12) 

The relation (1.12) correlated the spray angle with the air core (X), and both the type of liquid and operative 

conditions (CD). 

The spray parameters here described for a hollow cone could be modified and improved by applying external 

forces to the spray, as an electrical force. When an electric field is applied, the electric charge acquired by 

liquid droplets is spread on external surface: the spray delivers inside positive and negative charge, but it is 

globally electrically neutral. The combination of aerodynamic and electrostatic forces improves the dispersion 
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of liquids in gas, generates smaller droplets and supports the exploitation of electrified sprays in many research 

fields as drug delivery, agricultural spray, industrial and food processes or air pollution control [17]. 

The charging efficiency is strictly related to droplets size: the smaller the droplets size, the higher the charge. 

Anyway, if the droplets are too small, they become fluid-dynamically uncontrollable and, in a hot system, they 

evaporate causing a loss of droplet charge. 

A liquid droplet in an electric field exerts an electric force, which is opposite to cohesive forces in the liquid 

as the surface tension force. When the electric force overcomes the surface force, the droplet goes off. The 

ratio between the two main forces acting on a liquid jet is expressed as [18]–[20]:  

𝑅 =
𝜎2

4𝜀0
⁄

𝛾
𝐿⁄

           (1.13) 

Where σ is the surface density charge, γ is the surface tension, ε0 is the vacuum permittivity and L is the 

characteristic length on which the stresses are applied, and it can be the liquid jet diameter or the mean droplet 

diameter. This relation has been developed for low-flow rate liquid jets (≈μL/min) and for dielectric liquids 

but it could be generalized by specified the liquid physical properties and the characteristic length, L. 

Once an electrical field is applied, a droplet cannot acquire a number of charges indefinitely, but it exists a 

limit charge level called Rayleigh limit, QR. For a droplet of a diameter dD, it is expressed as: 

𝑄𝑅 = √8𝜋2𝛾𝜀0𝑑𝐷
3           (1.14) 

Actually, the liquid charge on sprays is complicated to measure and this is the reason why the charging level 

on droplets is expressed as ratio of spray current, Idrop, and liquid flow rate, QL. This ratio is the droplets specific 

charge or Droplet Charge to Mass ratio (D-CMR): 

𝐷 − 𝐶𝑀𝑅 =  
𝐼𝑑𝑟𝑜𝑝

𝑄𝐿
          (1.15) 

The D-CMR is dependent on electric field strength (applied potential), liquid flow rate, liquid physical 

properties and droplets diameter. The D-CMR can be increased by changing one of former parameters. Ha et 

al. [21] employed sea water as liquid spraying in induction charging atomization to capture particles emitted 

by marine engines. The measured droplets specific charge was higher than the same calculated with tap water. 

The result was explained by the greater seawater conductivity due to salts presence (3.21 S/m instead of 

0.75 S/m): in water, the salts released ions, and these enhanced the charging phenomenon. Indeed, the liquid 

conductivity, which represents the property of a liquid to transport charges when an electric field or a potential 

difference is applied, increases in presence of aqueous impurities. Some experimental tests that we are carrying 

by changing the liquid conductivity confirm that the droplets current increases proportionally to liquid 

conductivity. The same trend is observed if the electric field is more intense or if the liquid flow rate is 

increased due to the larger number of droplets that carry an electric charge 
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1.3 Charging Mechanism  

There are three main technological approaches to spray charging, as shown in Figure 1-2: exposure to corona 

ions (A), contact charging (B) and induction charging (C). 

 

Figure 1-2- Schematic representation of charging mechanisms. A) corona charging; B) contact charging and C) 

induction charging 

In corona charging (A), the liquid droplets are charged by bombardment of fast moving ions, generated from 

a nozzle connected to high potentials, on the surface of the droplets and it is also denoted as ion attachment. 

Via corona charging, the charge acquired by the droplets has the same polarity of the applied voltage. The 

level of charge is dependent on the dielectric constant of the medium, its surface area, the electrical 

characteristics of the corona discharge and the residence time within the ionized field. In corona charging, the 

Rayleigh percentage is about 5% and it is usually used at very low liquid flow rate (≈ mL/min). In contact 

charging (B), the liquid is emitted from a nozzle and it is exposed to a strong electric field. In this type of 

mechanism, the liquid flow rate is relatively low (≈ μL/min), charging of liquid droplets is strictly correlated 

to atomization process or electrospray modes [22]. Therefore, the electric charge is directly transferred to the 

liquid surface and it is trapped into droplets while these are forming. In the induction charging (C), a positively 

or negatively charged HV electrode is held near a grounded spray nozzle. The liquid cone is polarized: the 

liquid exiting from the nozzle breaks up due to natural surface instability phenomena and the formed droplets 

trap a charge opposite to electrode one, while the free charges with same polarity of electrode move towards 

the ground via the nozzle [23]. Highest charging level is reached by means contact charging: the ratio between 

the droplet charge, QD, and the Rayleigh charge limit, QR, is about 30- 40%. If the liquid flow rate is about 

L/min, the induction charging is the reasonable mechanism, but the Rayleigh percentage is low and about the 

10%. 

Generally, the contact charge mechanism used for low-flow rate sprays and it is denoted as electrospray [24]. 

Actually, the electrospray refers to any electrified spray at liquid flow rates about few μL/h or mL/h in nozzles 

with inner diameters of hundreds of micrometers. It means that an electrospray can be performed even with a 

nozzle grounded and a counter-electrode connected to a HV power supply [25]. 
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In this work, two different experimental rigs of electrified sprays were tested, and both were charged by 

induction charging. In the first one, pressure swirl atomizers were used, and the liquid flow rate was about 

L/min, while in the second one smooth nozzle were tested at liquid flow rate of few mL/h. The two 

experimental rigs will be referred in this work as high-flowrate and low-flowrate spray from here on. 

1.3.1 High flow rate electrified spray 

As discussed, the induction charging is the best compromise between water flow rate and charging level. When 

the induction charging is applied on a high flow rate water spray, the induction charging is effective if the fluid 

is sufficiently conductive to allow an efficient charge transfer to droplets during spray formation [23], [26]. It 

means that the charge relaxation time, τ, has to be much smaller that droplets formation time, τb. The former 

time indicates how fast the charges are transferred to a liquid, while the latter one describes how fast the liquid 

disrupts in droplets. 

If the liquid is tap water with electrical conductivity K of 0.0715 S/m, the relaxation time can be evaluated: 

𝜏 =  
𝜀0∙𝜀𝑟

𝐾
 =

8.85∙10−12∙78.5

0.0715
= 9.71 ∙ 10−8𝑠       (1.16) 

where εr is the relative permittivity. The droplets formation time is expressed as: 

𝜏𝑏 =  
𝐿𝑏

𝑈
            (1.17) 

where Lb is the breakup length and U is the liquid jet velocity. It means that the induction charging depends 

on liquid physical properties. It is indicated that the minimum liquid conductivity required for induction 

charging is 10-10 S/m [27]. Thanks to its high conductivity, water is an appropriate candidate to electrified 

spray, but electrification of water sprays is more unstable than that of dielectric and/or organic liquids [28] 

because of ionic composition and because its physical properties are subject to substantial change in presence 

of electric field [29]. 

Considering that the liquid cone surface and the electrode are held at different electric potentials, the system 

can be schematized as a condenser. The driving force is the Coulombian interaction between negative and 

positive charges: 

𝐹𝐸 =
𝑄𝐷𝑄𝐸

4𝜋𝜀0𝑟𝑝
2                                                                                                                       (1.18) 

where rp is the Euclidian distance between the electrode and the nozzle, QE is the electrode charge. It is a 

function of the potential V and the condenser capacitor C: 

𝑄𝐸 = 𝐶𝑉                                                                                                                                      (1.19) 

The system electrode-sprayed liquid surface as a condenser is represented in Figure 1-3: 
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Figure 1-3  Electric circuit as schematization of induction charging system 

Where V is the potential difference, T is the switch, C represents the condenser and R is the whole system 

resistance. The negative side of condenser represents the electrode, and the positive one is the liquid surface. 

Once the switch is on, the electric current starts flowing from the electrode to the spray. The condenser 

capacitor changes with electrode geometry. The electrode can be formed by two parallel and flat plates, or by 

a toroidal ring. For a toroidal ring, the electric circuit is schematized as in Figure 1.4 where the electrode has 

a negative polarity and the liquid cone is positively charged. 

 

Figure 1-4- Electrical circuit with a toroidal electrode and a pressure hollow cone nozzle [I] 

For this system, the condenser capacity is defined as: 

𝐶 =
2𝜋𝜀0𝜀𝑟𝐿𝑏

ln(
𝑥

𝑟𝑐
)

                                                                                                                      (1.20) 

where rc is the cone radius and it can be easily estimated once the breakup length, Lb, and the spray angle, θ, 

are known. It is assumed to be constant, but it should be expressed as a function of liquid jet height r=r(Hj). 

The electrode surface charge density is given by: 

𝜎 =
𝑄𝐸

4𝜋(𝑥−𝑟𝑐)2                                                                                                                         (1.21) 

The spray current is: 

𝑖 = 2𝜋𝑟𝑐𝑈𝜎                                                                                                                         (1.22) 

The atomization mechanism of this type of spray is described in paragraph 2.1, even though atomization 

models that gather the electrification of the liquid cone are missing. 
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1.3.2 Low flow rate electrified spray 

The electrification of sprays at low flow rate is denoted as ElectroHydroDynamic Atomization (EHDA) or 

electro-spraying. It is the deformation of liquid meniscus by the presence of electric field that overcomes the 

surface tension and disrupts the liquid in droplets [30]. If it is charged by contact, the liquid flows from a 

nozzle connected to a high voltage supply and it is collected on a grounded counter-electrode. Otherwise, the 

nozzle is grounded, and the counter-electrode is connected to high voltage power supply (induction charging). 

The EHD atomization can be performed with liquids whose surface tension and conductivity are at least higher 

than 50 mN/m and 10-11 S/m, respectively [24]. The surface tension and conductivity with the dielectric 

permittivity are the liquid properties that mostly influence the atomization process because they denote the 

tendency of liquid to be influenced from the electric field. The electro-sprayed droplets acquire a level charge 

about 50-70% of Rayleigh limit [24]. 

The interest in this atomization and charging mechanism has swiftly rose in recent years, encouraged mainly 

by its new applications [31], [32]. The scientific and industrial applications of electrospraying can be roughly 

categorized into small-output and large-output processes [33]. The first category comprises ink-jet printing, 

micro- or nanopatterning in electronics (non-contact alternative to photolithography), fuel injection, 

microparticle manufacturing for drug delivery [34], [35], thin film deposition[36], micromachining, 

nanoparticle sprays (e.g. in electrospray ionization for mass spectrometry of highly charged biological 

macromolecules [37]–[39]), ingredients dosage in the cosmetic and food industries. The second category 

gathers fire extinguishing, wet scrubbers (precipitation of dust or smoke)[40], [41], agriculture sprays crop 

protection (pesticides), spray coating [42] and painting, or ceramic films fabrication[43]. Moreover, the 

development of new detecting technologies (as high-speed camera or lasers) improved significantly the study 

of EHD atomization and the description of the phenomenology. 

The behaviour and properties of the EHD spray depend on many different parameters, i.e. the liquid properties, 

nozzle geometry, wetting properties etc. Regarding the nozzle geometry, different nozzles designs can be 

employed, but the conventional cylindrical nozzle is the most common nozzle design [44] with inner diameters 

ranging from few micrometres to 1 mm [44]. The tip of the nozzle could be smooth or sharped but the second 

one is the less used to avoid electric discharges because of a too intense electric field nearby. 

Two different wetting modes has been observed. They depend mainly on both type of nozzle geometry and 

material and on liquid physical properties [44]. In the first wetting mode, called inner wetting mode, the liquid 

generates a meniscus at the base of the nozzle equal to the inner diameter of the capillary. The second type is 

denoted outer wetting, and, in this case, the liquid meniscus covers the outer edge of the capillary. The two 

wetting types are shown in Figure 1-5. 
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Figure 1-5- Inner Wetting (left) and outer wetting (right) of the nozzle [44] 

The setup used for electrospray is normally composed of a nozzle where a liquid is pumped through and a 

metallic counter-electrode (ring or plate) placed at a certain distance from it. Between them, a potential 

difference is applied to generate a strong electric field. In case of a ring-nozzle electrospray unit, two types of 

configurations are available: nozzle-ring up or nozzle-ring down. The difference between them is the direction 

and the strength of the electric field exerted on the liquid jet and consequently the atomization mechanisms. 

For a defined set-up geometry, liquid type and operating conditions (flow rate and electric potential), different 

“spraying modes” can be created [31]. Those modes are based on the shape of liquid meniscus at nozzle outlet 

and on type of liquid behaviour in its disintegration into droplets [30], [31]. They are generally classified on 

Weber number, which is the the ratio between the aerodynamic force and the surface tension force: 

𝑊𝑒 =  
𝜌𝐺𝑑𝐷𝑈2

𝛾
                                                                                                                      (1.23) 

The modes are divided into “low- flow rate” modes (at Weber number lower than 1) in which the liquid is 

atomized directly at nozzle exit producing droplets (enhanced dripping mode, cone-jet mode) and into “high-

flow rate” modes (We>4) that gathers the regimes in which the liquid elongates from the nozzle forming a 

continuous jet that breaks intro droplets (simple-jet mode) [19], [45], [46]. In between, the spray is in transition 

regime, which has not been deeply investigated. 

In the enhanced dripping mode, as showed in Figure 1-6-A, a train of droplets with equal size and 

reproducibility is produced. In this mode, the droplet size distribution is monodispersed, the droplet diameter 

is bigger than nozzle outer diameter. 

Compared with the uncharged spray or dripping regime, the frequency of droplet emission in the enhanced 

dripping mode is increased. It is still valid the Rayleigh relation that the droplet diameter is about six times the 

nozzle inner diameter [47]. 
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Figure 1-6- Electrospray modes. A) enhanced dripping mode. B) microdripping. C) spindle mode [33] 

For distilled water, the droplet diameter decreases from 1000 µm (uncharged spray) to 300 µm (charged spray) 

with potential increase for a nozzle with inner diameter of 0.65 mm [30] . For liquids with conductivity lower 

than 10-6 S/m [22], as the electric potential increases, the droplets become smaller than those emitted in 

dripping mode and their diameters are much smaller than nozzle inner diameter [31]: this mode is the micro-

dripping mode (Figure 1-6-B). The micro-dripping and the dripping mode establish in a narrow window of 

flow rates and voltages. As the flow rate and/or the potential are increased a bit, the liquid emerges as spindles 

in the direction of electric field and the mode turns into the spindle mode (Figure 1-6-C). The spindles disrupt 

in main and sibling droplets whose diameters range from 300 µm to 500 µm for the former and from 100 µm 

to 80 µm for the latter. For distilled water, this mode is observed at voltage about 9-11 kV [31]. As the electric 

potential increases, the number of points of spindles emission on nozzle surface becomes higher. In multi-

spindle mode, the droplets are produced in the same way of spindle mode, but the multi-spindles are not 

observed simultaneously but they are emitted periodically from the nozzle surface and in opposite directions 

because of electrical repulsion [31].  

At same potentials of spindle-mode but at higher flow rates, the cone-jet mode is observed. Generally, the 

electrostatic force opposes the surface tension force acting on liquid meniscus that is deformed generating the 

several spraying modes. When the electric stress and surface tension stress acting on the liquid surface are 
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balanced to form a conical-like surface, called Taylor cone, with a semi- vertical angle of 49.3° sprays out from 

the nozzle tip, as represented in Figure 1-7 [48]–[50].  

From the cone tip, a filament elongates that breaks into the droplet distribution. Once the cone-jet mode is 

established, it is stable and let producing a continuous droplet flow. Different authors noted that the operating 

window in which it can be found is quite narrow [31], [34], [46], [51]. As observed by Cloupeau and Prunet-

Foch [22], for liquids with low conductivity it is quite impossible to produce spontaneously fine jets in the 

cone-jet mode.  

The cone-jet mode appears when a minimum liquid flow rate is pumped through the nozzle. It is a function of 

liquid physical properties as dielectric permittivity, surface tension, density and conductivity [51]. The 

advantage of this mechanism is related to droplets size that are smaller than 1 mm in some case even though 

the liquid flow rate is order of µL/min. This is the reason why it has been the most electrospray mode studied 

and used in industrial applications. Indeed, the droplet size and the current emitted in this mode could be 

predicted by scaling laws developed by studies conducted on dielectric liquids as ethanol, ethylene glycol and 

ethyl alcohol [30], [46], [51]. 

The droplet diameter, dD, is related to the liquid flow rate QL and physical properties as surface tension γ and 

conductivity K in a generic form as [24], [44], [52]: 

 

𝑑𝐷 = 𝑐𝑜𝑛𝑠𝑡 ∙ (𝑄𝐿)𝑎 ∙ (𝛾 ∙ 𝐾)−𝑏         (1.24) 

 

Hartman et al. [53] investigated the cone-jet mode breakup mechanism for different liquids. It was observed 

that the liquid jet elongated by the tip of the Taylor cone could assume two different breakup mechanisms: the 

varicose breakup and the whipping breakup. The dependence of droplet diameter on liquid flow rate depended 

on breakup mechanism and two correlations were found for the varicose breakup, dv, and whipping breakup, 

dw, which are respectively: 

𝑑𝑣 ≈  (
𝜌𝜀0𝑄𝐿

3

𝛾𝐾
)

1/6

          (1.25) 

𝑑𝑤 ≈  (
𝜀0𝑄𝐿

𝛾𝐾
)

1/3
          (1.26) 

Figure 1-7- Cone jet mode with varicose breakup (left) and whipping breakup (right) [47] 
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When the liquid inertia (e.g. the flow rate) is high enough to produce a stable jet and the electric potential is 

the same of the cone-jet mode, the mode is called simple-jet mode. The main difference between the cone-jet 

mode and the simple-jet mode is the production of droplets. In the former, the jet emerges from the cone formed 

at nozzle exit, in the latter the jet is emitted directly from the nozzle [45]. Agostinho et al. [45] observed that 

the simple-jet mode has three main breakup mechanisms: varicose breakup, whipping breakup and ramified 

breakup, showed in Figure 1-8.  

 

Figure 1-8 Simple jet mode with varicose breakup (A), whipping breakup (B) and ramified breakup (C). The picture C) 

was taken from [49] 

The former is comparable with the breakup mechanism of an uncharged jet in the jetting regime, but the 

presence of the electrical stresses can reduce the liquid jet radius, thus the droplet size as well [45]. The 

whipping breakup takes place when the electric stresses are high enough to create off-axis instabilities of the 

jet. The droplets size produced in the simple-jet mode is lower than nozzle diameter, but the high liquid flow 

rates make this electrospray mode suitable for application that need high flow rates, as observed by Agostinho 

et al. [45]. 

The liquid jet established at We>4 for an uncharged spray has a diameter dj almost equal to the nozzle inner 

diameter or outer diameter if the nozzle wetting is inner or outer, respectively. The diameter of droplets 

detached from the liquid jet is 1.8 time the jet diameter [25], [45], [54], [55]. When the electric field is applied, 

the liquid jet diameter keeps preserving the same correlation with nozzle dimension, but the droplet diameter 

is deeply influenced by the electrification process. Indeed, in the simple jet mode with whipping breakup multi-

modal distributions of droplets’ size were observed, as reported in Chapter 5. 

Agostinho [25] resumed in a regime map how the liquid flow rate and the electric potential could influence 

the electrospray mode. The map is showed in Figure 1-9 and it is divided in three zone. The dripping regime 

zone at Weber lower than 4, the jetting regime at Weber larger than 4 and the transition regime zone in between. 

The dripping and jetting regimes include the electrospray modes that take place at low-flow rate and high flow 

rate, already described. 
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Figure 1-9- Electrospray mode map as function of electric potential and liquid flow rate [25] 

The same author [19] suggested to correlate the electric potential with the nozzle geometry by a dimensionless 

number, the electric Bond number, express as: 

𝐵𝑒 =
𝜀∙𝑉2

𝛾∙𝑑𝑖
           (1.27) 

Where di is the nozzle inner diameter. It is a comparison between the electric force and the surface tension 

and, most of all, it allows to compare experimental results made with the same liquid but different nozzles. 

. 
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Chapter 2. Critical Literature Review 
 

pic by L. Manna 

In this chapter, the models supporting the research are discussed. Firstly, the atomization models for 

conventional large flow rate nozzles are reported, followed by the EHDA theory applied on low flow rate 

atomization mechanisms. At last, the charging of electrified sprays is descried by means of both the theory of 

electrohydrodynamic atomization and the induction charging models. 

2.1 Atomization models 

One of the main issues of spray dynamics is predicting the properties of the sprayed droplets starting from the 

geometric parameters and the overall fluid dynamic features of the spray nozzle. In fact, in every application 

the spray efficiency depends on drop-size distribution, drop-velocity distribution, density (defined as number 

of droplets per unit volume), spatial distribution (defined as local volume fraction) and drop temperature [2]. 

The pertinent literature presented several diagnostic or theoretical models to describe the spray properties. 

Models for conventional sprays are good enough to predict the average properties of hydraulic sprays and 

clarify the importance of the jet breakup mechanisms in determining the droplet size and velocity [3]. The 

breakup of liquid sheet into droplets is a complex process and two factors mainly influence the mechanism: i) 

the initial disturbance on liquid-gas interface and ii) its growth rate, which leads to liquid breakup [2]. Three 

modes of disintegration can be considered [57]: rim mode, perforated-sheet mode, wavy mode. In the first one, 

the surface tension causes a contraction on liquid sheet until to a thick rim is formed and then it breaks into 

droplets. In the second mechanism, some holes form in the sheet. These grow and coalesce producing liquid 

ligaments of irregular shape. The ligaments, then, break into droplets. The last mode is the wavy one and it is 

the one occurring in this research. In literature, many studies have been conducted on these mechanisms and 

the main parameter that they consider is the breakup length that is the distance between the orifice and the 

position where the jet breaks. 

For a given flow rate and nozzle geometry, the break up length determines the properties of the ligaments and 

the primary droplets and defines the secondary atomization pattern. The models that have been extrapolated to 
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estimate the breakup length were based on studies with fuels or hydrocarbons. Dombrowski and Clark [4] 

conducted a one-dimensional and linear analysis on viscous liquids. In their studies, the authors considered an 

asymmetric disturbance acting on liquid sheets as a long sinuous wave. Senecal [5] extended the Dombrowski 

and Clark investigation in a two-dimensional analysis and pointed out that the perturbation was dependent on 

wave type (long or short). Han [58] applied the breakup length relations of previous studies at a pressure swirl 

fuel injector and simulated the atomization process to obtain details hard to estimate experimentally. It is 

worthy to say that all these models are based on a linear stability theory: the wavy disturbance acting in liquid 

grows only in time until to reach the critical value at breakup. Recent studies have started to consider a space-

temporal stability: the perturbation grow in time as well as in space [2], [59]. For pressure swirl atomizer, the 

wavy mechanism is well described by Linearized Instability Sheet Atomization (LISA) model. 

2.2 LISA model 

The LISA model or Linearized Instability Sheet Atomization model takes into account the breakup mechanism 

of a liquid sheet. Firstly, the equations of disturbance that acts on liquid sheet are presented and then, the 

breakup parameters are discussed. 

2.2.1 Mathematical analysis 

The LISA model was developed from an accurate study about the liquid dynamic. The bulk liquid is 

transformed into a liquid sheet before the atomization process. The sheet is subjected to a spatial and temporal 

instability due to the aerodynamic interaction with the surrounding gas. When a liquid/gas interface is 

perturbed, the surface tension forces tend to bring it back to its unperturbed form. The instability has the form 

of a wave disturbance. The model takes into account two modes of oscillations: symmetric and antisymmetric. 

In the first case, the sheet middle plane is undisturbed by the wave, the waves at upper and lower interfaces 

are in phase; in the second mode, instead, the free surfaces move with the same velocity of liquid jet, the waves 

are π radians out of phase. The two modes are caused by dilatational or varicose waves for the antisymmetric 

instability and by sinuous waves for the symmetric one. Figure 2-1 is a one-dimensional scheme. It does not 

regard a variation of sheet thickness in y-direction. 
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Figure 2-1 One dimensional representation of symmetric(a) and antisymmetric instabilities (b) 

A two-dimensional, viscous, incompressible liquid sheet of thickness 2a, moving with velocity U in a gaseous 

medium with velocity UG is considered. The surrounding gas is modelled as inviscid and incompressible. 

The schematized liquid sheet is shown in the Figures 2-2. 

 

Figure 2-2- Varicose wave (left) and sinusoidal wave (right) [3] 

The coordinate system is set up so that the x-axis is parallel to the direction of the sheet relative velocity U0, 

the y-axis is perpendicular to the x one and the origin of the system is located at the mid-plane of the sheet. 

A spectrum of infinitesimal disturbances is imposed on the initially steady motion of the sheet [5]. The 

disturbance is written as: 

 𝜂 =  𝕽[η0 ∗ e(𝒊∗𝒌∗𝒙+ 𝝎∗𝒕)]                                                                                                              (2.1) 

where η0 is the initial wave amplitude, ω is the complex wave growth rate, and k is the wave number. This is 

the sum of a real component and an imaginary one: 

𝜔 =  𝜔𝑟 +  𝑖𝜔𝑖                                                                                                                     (2.2) 

The real part represents the growth rate of wave perturbation while the imaginary part denotes the wave 

velocity.  
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The most unstable disturbance, responsible of the breakup, occurs when the growth rate reaches its highest 

value, ΩS, at the corresponding wave number KS. The mathematical dissertation finds a dispersion relation 

ω=ω (k), necessary to evaluate the maximum growth rate at the breakup time. The linearized liquid continuity 

and momentum equations have to be resolved. In order to simplify them, cylindrical coordinates are used. 

According to capillary instability of free liquid jets theory, small perturbation in velocity, pressure and radius 

of jet can be considered.  

Therefore, these quantities are written as: 

𝑢 =  �̅� + 𝑢′                                                                                                                      (2.3) 

𝑣 =  �̅� + 𝑣′                                                                                                                      (2.4) 

𝑝 =  �̅� + 𝑝𝐿′                                                                                                                     (2.5) 

𝑅𝑗 =  𝑅𝑢𝑛 +  𝜉                                                                                                                  (2.6) 

where, u̅,v ̅, and p̅  are the mean axial velocity, radial velocity and pressure; Run is the unperturbed radius and 

ξ is the small surface perturbation; u’, v’ and p’ are the fluctuating components of respective quantities. All of 

them are referred to the liquid, assuming the gas effects can be neglected. For this system, the linearized liquid 

continuity and momentum equations are: 

∇  ∙ u′ = 0                                                                                                                         (2.7) 

∂u′

∂t
=  −

1

ρ

∂p′

∂x
                                                                                                                     (2.8) 

𝜕𝑣′

𝜕𝑡
=  −

1

𝜌

𝜕𝑝′

𝜕𝑟
                                                                                                                   (2.9) 

1

r

∂rv′

∂r
+  

∂u′

∂x
= 0                                                                                                               (2.10) 

The boundary conditions are imposed at the interface between the liquid and the gas. They are the kinematic 

free surface condition, continuity of shear stress and continuity of normal stress, and are respectively written 

as: 

𝑣′𝐿 =  
𝜕𝜂

𝜕𝑡
                                                                                                                           (2.11) 

𝜕𝑣′𝐿

𝜕𝑥
=  − 

𝜕𝑢′𝐿

𝜕𝑟
                                                                                                                   (2.12) 

− 𝑝′
𝐿 + 2𝜇𝐿

𝜕𝑣′
𝐿

𝜕𝑟
+  𝑝′

𝐺 =  𝜎
𝜕2𝜂

𝜕𝑥2                                                                                     (2.13) 

where σL is liquid surface tension, p’G is the fluctuating pressure for gas.  

In order to resolve these Equations, the velocities are written as sum of two components, according to the 

Helmholtz decomposition. It is also known as the fundamental theorem of vector calculus and states that a 
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three-dimensional vector field can be resolved as an irrotational vector field plus a solenoidal one. Therefore, 

the velocity components became: 

𝑢′𝐿 =  𝑢′𝐼 + 𝑢′𝑅 =
𝜕𝜙𝐿

𝜕𝑥
− 

𝜕𝜓𝐿

𝜕𝑦
                                                                                         (2.14) 

𝑣′𝐿 =  𝑣′𝐼 + 𝑣′𝑅 =
𝜕𝜙𝐿

𝜕𝑦
+  

𝜕𝜓𝐿

𝜕𝑥
                                                                                            (2.15) 

The subscript I indicates the irrotational components; at the same way, R indicates the solenoidal parts which 

include the effect of viscosity. ΦL and ψL are the velocity potential and the stream functions, respectively. Both 

depend on wave number and disturbance growth rate. 

𝜙𝐿 = 𝜑(𝑦) exp(𝑖𝑘𝑥 +  𝜔𝑡)                                                                                             (2.16) 

𝜓𝐿 = 𝜒(𝑦)exp (𝑖𝑘𝑥 + 𝜔𝑡)                                                                                              (2.17) 

2.2.2 Inviscid liquid sheet 

The solution of Navier Stokes equations for an inviscid sheet and sinuous mode the solution is: 

𝜔2(tanh(𝑘𝑎) +  𝜉) + 𝜔2𝑖𝑘𝑈 −  𝜉𝑈2𝑘2 + 
𝜎𝐿𝑘3

𝜌𝐿
= 0                                                      (2.18) 

And for the varicose mode is: 

𝜔2(coth(𝑘𝑎) + 𝜉) + 𝜔2𝑖𝑘𝑈 −  𝜉𝑈2𝑘2 + 
𝜎𝐿𝑘3

𝜌𝐿
= 0                                                           (2.19) 

Where 𝜉 =  𝜌𝑔 𝜌𝐿⁄ . 

Therefore, the wave growth rate for both modes are, respectively: 

𝜔𝑟 =
√tanh(𝑘𝑎)𝜉𝑈2𝑘2−

𝜎𝐿𝑘3

𝜌𝐿
⁄ (tanh(𝑘𝑎)+𝜉)

tanh(𝑘𝑎)+𝜉
                                                                             (2.20) 

𝜔𝑟 =
√coth(𝑘𝑎)𝜉𝑈2𝑘2−

𝜎𝐿𝑘3

𝜌𝐿
⁄ (coth (ka)+𝜉)

coth(𝑘𝑎)+𝜉
                                                                           (2.21) 

It is recognized that for 𝜉 values significantly less than one, the sinuous mode is dominant [5], [60].  

A critical Weber number is derived from observation of wave growth rate. It represents the transition from 

long to short waves. The long waves are dominant at low sheet velocity, differently from the short ones. The 

critical Weber is estimated equal to 27/16. For lower Weber values, long waves have to be regarded, for higher 

values short waves are dominant. This differentiation is used to simply the wave growth rate Equation. This is 

shown in the diagram in Figure 2-3. 
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Figure 2-3-Critical Weber number for sinuous long and short waves 

On the ordinate axis there is a dimensionless length evaluated by the ratio of breakup length, Lb, to sheet 

thickness, a. It is plotted against the Weber number for sinuous long and short waves. The point at which the 

breakup length is the same for short and long waves represents the critical or cut-off Weber number. For Weber 

numbers above this value, the short waves approximation is in good agreement with the sinuous general 

Equation. This agreement is respected by the long waves for weber values lower than the critical one. Indeed, 

if the maximum dimensionless wave growth rate for long waves, calculated as: 

(
𝛺𝑠𝑎

𝑈
)

𝑙𝑜𝑛𝑔
=  

1

2
√𝜉𝑊𝑒                                                                                                    (2.22) 

It is matched with the same value calculated for short waves 

(
𝛺𝑠𝑎

𝑈
)

𝑠ℎ𝑜𝑟𝑡
=  

2

3
𝑊𝑒√

𝜉

3
                                                                                                    (2.23) 

the critical value of Weber number is found to be 27/16 [5]. 

If long waves are assumed, then the quantity tanh(ka) is approximately equal to the product ka and the Equation 

(2.21) becomes: 

𝜔𝑟 =
√a𝜉𝑈2𝑘3−

𝜎𝐿𝑘3

𝜌𝐿
⁄ (ka+𝜉)

ka+𝜉
                                                                                            (2.24) 

A further simplification is available, if 𝜉<<kh. In that case, it is allowed to write: 

𝜔𝑟 = √𝜉𝑈2𝑘2−
𝜉𝜎𝐿𝑘3

𝜌𝐿
⁄

ka
                                                                                                          (2.25) 

If short waves are assumed, then tanh(ka)=coth(ka)=1, both Equations (2.23) and (2.24) can be written as: 
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𝜔𝑟 =
√𝜉𝑈2𝑘2−

𝜎𝐿𝑘3

𝜌𝐿
⁄ (1+𝜉)

1+𝜀
                                                                                                     (2.26) 

If 𝜉<<1: 

𝜔𝑟 = √𝜉𝑈2𝑘2 −
𝜎𝐿𝑘3

𝜌𝐿
⁄                                                                                                    (2.27) 

By comparison of Equations (2.26) and (2.27), it can be deduced that a relation exits among the maximum 

wave growth rate of long and short waves. Indeed,  𝜔𝑟,𝑠ℎ𝑜𝑟𝑡 = √𝑘𝑎𝜔𝑟,𝑙𝑜𝑛𝑔: short waves dominate only if the 

product ka is less than 1. It coincides with the ratio λ/a < 2π, where λ is the wavelength. In Figures 2-4 and 

2- 5, this proportion is evident. On the y-axis is plotted the ratio between the product of wave growth rate and 

sheet thickness to relative velocity: on x-axis is reported the product between wave number and sheet thickness.  

 

Figure 2-4- Sinuous and varicose waves for inviscid liquid sheet at Weber number = 0.5 
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Figure 2-5-- Sinuous and varicose waves for inviscid liquid sheet s at Weber number = 5 

For higher Weber numbers, the gap between the maximum wave rate for sinuous mode and the equivalent for 

varicose mode becomes larger. 

2.2.3 Viscous liquid sheet 

In the previous dispersion relation, the effect of viscosity is not considered. It is assumed the stress is one-

dimensional, in other words there is no variation in y-direction [5].The shear stress is given by: 

𝜏𝑥𝑦 = 𝜇𝐿 (
𝜕𝑣

𝜕𝑥
)                                                                                                                  (2.28) 

The assumption of an inviscid system implies that the shear stress is zero at gas/liquid interfaces. Thus, the 

Equations (2.23) and (2.24) are inconsistent when viscosity effect is included.  

For the sinuous mode, the dispersion relation found is: 

𝜔𝑟 = −
2𝑣𝐿𝑘2 tanh(𝑘𝑎)

tanh(𝑘𝑎)+𝜉
+

√4v𝐿
2𝑘2tanh2(𝑘𝑎)−𝜉2𝑈2𝑘2−[tanh(𝑘𝑎)+𝜉](−𝜉𝑈2𝑘2+

𝜎𝐿𝑘3

𝜌𝐿
⁄ )

tanh(𝑘𝑎)+𝜉
                  (2.29) 

where vL is the axial component of the velocity U: 

𝑣𝐿 = 𝑈 cos 𝜃                                                                                                                     (2.30) 

For long waves and assuming that 𝜉 <<ka, the Equation (2.28) becomes: 

𝜔𝑟 = −2𝑣𝐿𝑘2 + √4v𝐿
2𝑘2 + 

𝜉𝑈2𝑘

𝑎
−

𝜎𝐿𝑘2

𝜌𝐿𝑎
)                                                                          (2.31) 

For short waves, the Equation (2.55) is simplified: 

𝜔𝑟 = −2𝑣𝐿𝑘2 + √4v𝐿
2𝑘4 + 𝜉𝑈2𝑘2 −

𝜎𝐿𝑘2

𝜌𝐿
)                                                                           (2.32) 
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The same Equations can be written for the varicose mode by substituting tanh(ka) with coth(ka). It is evident 

from the Figures 2-6 and 2-7 that the inclusion of viscosity in the dispersion model reduced both the maximum 

value of wave growth rate and the corresponding wave number.  

 

Figure 2-6--Sinuous long and short waves for viscous liquid sheet at We= 5 

 

Figure 2-7- Sinuous long and short waves for viscous liquid sheet at We= 0.5 

2.2.4 Primary atomization 

The wave growth rate Equation (2.19) or (2.20) or (2.29) represents the initial instability. The wave grows 

until to reach a critical wavelength at which the sheet breaks at half wavelength intervals into ligaments; these 

break in large droplets, according to Weber ‘s theory of cylindrical liquid column. This first phase is called 
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primary atomization. The relations employed to evaluate the diameter of primary droplets are obtained starting 

from a force balance on an element of wavy sheet. The element is given by: 

dV=2a(x)∙z∙dx                                                                                                                   (2.33) 

The schematic sheet which these balances are based on is in Figure 2-8. 

 

 

Figure 2-8- Wavy sheet scheme and coordinate system 

The forces acting on wavy sheet are the total air pressure force, the one caused by the surface tension, the 

inertial force and the viscous force [61]. They are written as: 

𝐹𝑝 = 2𝜌𝐿𝑘𝑈0
2𝑦𝑧𝑑𝑥                                                                                                            (2.34) 

𝐹𝑠 = 2𝜎𝐿𝑧
𝜕2𝑦

𝜕𝑥2                                                                                                                  (2.35) 

𝐹𝐼 =  −
𝜕

𝜕𝑧
(𝜌𝐿𝑧(2𝑎)𝑑𝑥

𝜕𝑦

𝜕𝑡
) = −𝜌𝐿 (2𝑎

𝜕2𝑦

𝜕𝑡2 +
𝜕(2𝑎)

𝜕𝑡

𝜕𝑦

𝜕𝑡
) 𝑧𝑑𝑥                                          (2.36) 

𝐹𝜇 = 𝜇𝐿(2𝑎)𝑘2 𝜕ℎ

𝜕𝑡
sin(𝑘𝑥 + 𝛽) −

𝜇𝐿𝑘

𝑈

𝜕(2𝑎)

𝜕𝑡

𝜕ℎ

𝜕𝑡
cos(𝑘𝑥 + 𝛽)                                           (2.37) 

where β is the phase angle, U0 is the relative velocity between the sheet and the gas and it is assumed to be 

equal to the liquid velocity near the injection exit U; h is the wave amplitude and it is given by: 

h= a+ υ                                                                                                                            (2.38) 

For a constant velocity thinning sheet, the product 2a can be written as: 

2𝑎 =  𝐶𝑡 ∗ 𝑡−1                                                                                                   (2.39) 

where Ct is a constant 
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The force Fp is regarded as the sum of the pressure forces acting on the upper and the lower surfaces of the 

sheet. The same criterion is applied for the surface force. The ratio of the maximum value of the first term in 

viscosity force Equation (2.36) to the maximum value of the second term in the same Equation is the wave 

number k. For high enough k values, the second term may be neglected. 

The total force operating on dx is: 

𝐹𝑝 + 𝐹𝑠 + 𝐹𝐼 + 𝐹𝜇 = 2𝜌𝐿𝑘𝑈0
2𝑦𝑧𝑑𝑥 + 2𝜎𝐿𝑧

𝜕2𝑦

𝜕𝑥2 − 𝜌𝐿 (2𝑎
𝜕2𝑦

𝜕𝑡2 +
𝜕(2𝑎)

𝜕𝑡

𝜕𝑦

𝜕𝑡
) 𝑧𝑑𝑥 + 𝜇𝐿(2𝑎)

𝜕3𝑦

𝜕𝑥2𝜕𝑡
𝑧𝑑𝑥 = 0   (2.40) 

It can be rewritten as: 

2𝜌𝐺𝑘𝑈2𝑦 + 2𝜎𝐿
𝜕2𝑦

𝜕𝑥2 − 𝜌𝐿 (2𝑎
𝜕2𝑦

𝜕𝑡2 +
𝜕2𝑎

𝜕𝑡

𝜕𝑦

𝜕𝑡
) 𝑧𝑑𝑥 +

𝜇𝐿2𝑎𝜕3𝑦

𝜕𝑡𝜕2𝑥
𝑥𝑑𝑧 = 0                                  (2.41) 

Or in terms of h: 

2𝜌𝐺𝑘𝑈2ℎ + 2𝜎𝐿𝑘2ℎ − 𝜌𝐿 (2𝑎
𝜕2ℎ

𝜕𝑡2 +
𝜕2𝑎

𝜕𝑡

𝜕ℎ

𝜕𝑡
) − 𝜇𝐿2𝑎𝑘2 𝜕ℎ

𝜕𝑡
= 0                                             (2.42) 

A further substitution is undertaken. In fact, h is expressed as a function of a parameter f, defined as the breakup 

parameter, since it determines when it occurs. 

ℎ =  ℎ0exp (𝑓)                                                                                                                (2.43) 

or, in the same way: 

𝑓 = ln (
ℎ

ℎ0
)                                                                                                                         (2.44) 

where h0 is the initial value of h. 

A deep investigation made by Weber in 1931, has revealed that in the greatest majority of investigation, the 

mean value of f is 12 [3], [62]. It may be estimated by a correlation based on Reynolds and Weber number, 

expressed as function of injection velocity from the nozzle, nozzle diameter and liquid properties 

𝑓 =  𝑅𝑒
0.07𝑊𝑒

0.37                                                                                             (2.45) 

Once the wave growth rate reaches its critical amplitude, the sheet breaks into cylindrical ligaments of liquid, 

the surface tension forces them to become unstable and then to breaks into droplets, as its showed in the 

Figure 2-9. It has long been recognized that the thickness of the annular liquid film has a strong influence on 

the mean drop size of the spray. Therefore, it is possible to consider this parameter to analyse sprays 

performances. 
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Figure 2-9-Lisa model of sheet primary atomization [61] 

The breakup time is evaluated as:  

𝑇𝑑 =  
1

𝜔𝑚𝑎𝑥
∗ 𝑓                                                                                                                            (2.46) 

And the breakup length is expressed as: 

𝐿𝑏 = 𝑈 ∗ 𝑇𝑑                                                                                                                            (2.47) 

The sheet half-thickness at the breakup length is: 

𝑎𝑏 =
2𝑎0(𝑑0−𝑎0)/ cos 𝜃

2𝐿𝑏+𝑑0−ℎ0
                                                                                                       (2.48) 

where θ is the half-angle of spray [3]. The initial sheet thickness a0 is estimated through the Lefebvre’s theory 

[8], applied on pressure-swirl atomizers. These have a circular outlet orifice preceded by a swirl chamber into 

which liquid flows through a number of tangential holes. The swirling liquid creates a core of air or gas that 

extends from the discharge orifice to the rear of swirl chamber. The liquid emerges from the discharge orifice 

as an annular sheet, which spreads radially outward to form a hollow conical spray. The thickness is directly 

related to the area of the air core. The relationship between atomizer dimensions and the size of air core is: 

(
𝐴𝑝

𝐷𝑠𝑑0
)

2
=

𝜋2

32

(1−𝑋)3

𝑋2                                                                                                                (2.49) 

where Ap is the total inlet area, Ds is the swirl chamber diameter. From this relation, X is evaluated. The 

corresponding value of liquid film thickness a0 can be derived from geometric considerations: 

𝑋 =
(𝑑0−2𝑎0)2

𝑑0
2                                                                                                                        (2.50) 

The ligaments diameter is given by the relation: 
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𝑑𝐿 = √
16𝑎𝑏

𝑘𝑚𝑎𝑥
                                                                                                                         (2.51) 

where kmax is the wave number corresponding to the maximum wave growth rate (KS). The ligaments break 

when the unstable waves reach an amplitude equal to their radius. The droplet diameter is calculated as:  

𝑑𝐷 = 1.88𝑑𝐿(1 + 3𝑂ℎ)1 6⁄                                                                                                                  (2.52)  

where Oh is the Ohnesorge number which represents the ratio of drop viscous forces to the surface tension 

ones: 

𝑂ℎ =
√𝑊𝑒

𝑅𝑒
=

𝜇𝐿

√𝜌𝐿𝜎𝐿𝑑𝐿
          (2.53) 

It has to be specified that this value is the mean diameter of a Rosin-Rammler distribution. 

2.2.5 Secondary atomization 

The formed droplets break into smallest fragments due to disruptive aerodynamic forces. This process is 

termed secondary atomization. The ratio between the aerodynamic force and the stabilizing surface tension 

force is the dimensionless Weber number: 

𝑊𝑒 =  
𝜌𝐺𝑑𝐷𝑈2

𝜎𝐿
                                                                                                                      (2.54) 

The larger the Weber number, the higher tendency to breakup. Drop viscosity obstructs the deformation, just 

like the surface tension force. These two factors are enclosed in the dimensionless Ohnesorge number. 

The physical properties refer to the drops’ ones. For Oh< 0.1, experimental tests determined that the secondary 

breakup process is independent of Oh number. In this case, the different breaking modes are studied as function 

of Weber number [63], as listed in Figure 2-10. 
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Figure 2-10- Different secondary atomization breakup modes at different Weber numbers [63] 

The value of We that demarks each breakup mode is referred to a transitional Weber number. The diagram in 

Figure 2-11 shows the different breaking modes depending on both dimensionless numbers and for different 

liquids. 

 

Figure 2-11- Secondary atomization modes as function of Weber and Ohnesorge numbers [63] 

After the primary breakup, at low Weber number, a vibrational breakup mode takes place and a spherical drop 

is subjected to a shape deformation due to an unequal static pressure distribution over its surface. This leads 
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to drop oscillations similar to the disturbances described for the liquid sheet. These oscillations may cause the 

breakup into a few large drop fragments. This mode occurs more slowly than the other ones and it does not 

produce small and fine droplets. Therefore, it is often ignored, and the bag mode is regarded as the first mode 

of the [64] secondary atomization. 

In the bag breakup mode, around the deformed drop, there is a positive pressure difference between the leading 

stagnation point and a wave zone due to the separation of the flow. This blows the centre of the drop 

downstream and forms a toroidal ring to which a bag is attached [65]. The bag blows up into fine fragments 

and in the same way acts the ring forming larger fragments. It has experimentally noted that the diameter of 

droplets formed by the ring fragmentation was 30 % of the original droplets dimension. On the contrary, for 

the fragments formed by the bag disruption, the diameter was 4% of the starting one. 

The sheet thinning breakup mode occurs at high velocities. A sheet, formed around the drop surface because 

of ambient phase inertia, is perturbed and breaks into ligaments and these into a multitude of small droplets 

[66]. This secondary atomization can be deliberated finished when the velocity of drops is high enough to 

consider the aerodynamic force negligible. In this case, a core drops remains at the end of the atomization. 

The multimode breakup mode appears at We numbers between those typical of bag mode and those of sheet 

thinning breakup; it may be studied as a combination of the two modes. Among various structure observed for 

this breaking mode, one of them is mostly frequent: there is a bag formation and the presence of a core drop, 

which leads to the formation of a long ligament in the centre of the bag similar to a plume [65]. 

At extremely high velocities, it was observed the formation and growth of unstable waves on leading drop 

surfaces. The waves may penetrate the drop causing its breakup into fine drops. This mode is denoted as 

catastrophic breakup mode and it is limited into practical applications because of too high values of relative 

velocity at which takes place. 

2.3 Theory of Electrohydrodynamic 

Electro-hydrodynamics (EHD) or electro-fluid-dynamics is the study of an electrically charged fluid. The EHD 

theory deals with the interaction between ions or particles immersed in a fluid and the surrounding electric 

field [54] and aims to describe the relationship between the electric and hydrodynamic forces [38]. 

The Maxwell’s Equations describes the electromagnetic phenomena of EHD [38]. The general Equations for 

a linear and isotropic system are: 

∇ × E=-
𝜕𝜇𝑚𝐻𝑚

𝜕𝑡
                                                                                                                                (2.55) 

∇ × 𝐇𝐦 = 𝐽𝑐 +
𝜕𝜀𝑟𝐸

𝜕𝑡
                                                                                                                       (2.56) 

∇ ∙ 𝑫 = 𝑞                                                                                                                          (2.57) 



35 
 

where µm is the magnetic permittivity, εr is the electric permittivity, both assumed constant; Jc is the current 

density, Hm and E are, respectively, the magnetic and the electric field, D is the electric displacement vector, 

q is the droplet charge. If the magnetic field can be neglected (Hm=0), E is irrotational and conservative, the 

Equation (2.55) can be written as: 

∇xE=0                                                                                                                              (2.58) 

The electric field can be written as: 

𝑫 = 𝜀𝑬                                                                                                                                       (2.59) 

Where ε is the dielectric permittivity. 

According to Gauss’ theory, the relation between E and the total charge density is given by: 

𝜀0∇ ∙ 𝑬 = 𝑞                                                                                                                    (2.60) 

where ε0 is the vacuum permittivity. In Equation (2.60), the electric field is evaluated in a generic point, and q 

is regarded as a continuous and uniform charge distribution depending on position q=q(r).  

The function electric potential V can be defined by the relation: 

𝑬 =  −∇𝑽                                                                                                                        (2.61) 

By combination of Equation 2.60 and 2.61, it can be written: 

∇ ∙ ∇𝑽 = −∇ ∙ 𝐄 = −
𝑞

𝜀0
= ∆𝑽                                                                                         (2.62) 

Where Δ is the Laplace operator (Δ=∇2). 

Following the Gauss theorem, the total charge Q may be expressed as the flux of electric field through a closed 

surface of volume V: 

𝑄 = ∯ 𝜀0𝑬𝑑𝑆 = ∭ 𝑞𝑑𝑉                                                                                                 (2.63) 

where q can be expressed as function of vector D through Equation (2.57). 

If the total charge is not constant during the time, its rate of change is equal to current density Jc in a volume 

V. The relation between Jc and Q is expressed as: 

𝜕𝑄

𝜕𝑡
= − ∯ 𝑱𝒄𝑑𝐴                                                                                                                            (2.64) 

The second term can be rewritten regarding the charge conservation relation or Gauss’ theorem: 

∯ 𝑱𝒄𝑑𝐴
𝑆

= ∮ ∇ ∙ 𝑱𝒄𝑉
                                                                                                                           (2.65) 

Therefore, the Equation (2.64) can be written as: 

𝜕𝑄

𝜕𝑡
+ ∮ ∇ ∙ 𝑱𝒄𝑉

= 0                                                                                                                            (2.66) 

The current density is related to electric field through the conductivity as: 
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𝑱𝒄 = 𝜎𝑬                                                                                                                                       (2.67) 

For a moving fluid, the Equation (2.67) requires the addition of a convective term to account for the convective 

motion at velocity U. The Equation (2.67) becomes: 

𝑱𝒄 = 𝜎𝑬 + 𝑞𝑼                                                                                                                         (2.68) 

The transport Equation of charges in a moving fluid is obtained by coupling Equation (2.66), (2.64) and (2.60): 

𝜕𝑞

𝜕𝑡
+ ∇ ∙ (𝑞𝑼) +

𝜎

𝜀𝑟
𝑞 = 0                                                                                                             (2.69) 

The Equation (2.68) defines the relaxation time τ, which is a fundamental parameter to characterize the 

charging process of a liquid: 

𝜏 =
𝜎

𝜀𝑟
                                                                                                                                      (2.70) 

Indeed, it describes how fast the charge is transferred to liquid surfaces exposed to a certain electric field. 

The mass balance on liquid and its conservation Equation are: 

𝜕𝜌𝐿

𝜕𝑡
+ 𝜌𝐿(∇ ∙ 𝑼) = 0                                                                                                                   (2.71) 

Which for a non-compressible fluid becomes : 

∇ ∙ 𝑼 = 0                                                                                                                                  (2.72) 

The conservation of momentum is expressed as: 

𝜌𝐿
𝜕𝑼

𝜕𝑡
= ∇ ∙ (𝑻𝑚 + 𝑻𝑒) + 𝑭𝑮                                                                                                       (2.73) 

where FG is the body force or gravity, Tm is the mechanical stress tensor and Te is the electrical stress tensor. 

The former is the sum of a pressure term and a viscous one [38]: 

𝑻𝑚 = −𝑝𝑰 + 2𝜇𝐿 [
1

2
(∇𝑼 + (∇𝑼)𝑇)]                                                                                                  (2.74) 

where I is the identity tensor. 

The divergence of mechanical tensor for Newtonian fluids is expressed as: 

∇ ∙ 𝑻𝑚 = −∇𝑝 + 𝜇𝐿∇2𝑼                                                                                                         (2.75) 

By substituting Equation (2.75) in Equation (2.73), the Navier-Stokes Equation is found: 

𝜌𝐿
𝜕𝑼

𝜕𝑡
= −∇𝑝 + 𝜇𝐿∇2𝑼 + 𝜌𝒈                                                                                                 (2.76) 

Concerning the electrical stress tensor, it is written as [38]: 

𝑻𝑒 = 𝜀𝑟𝑬𝑬 −
1

2
𝜀𝑟(1 − 𝑠)𝐸2𝑰                                                                                            (2.77) 

s is a scalar parameter defined as: 
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𝑠 =
𝜌

𝜀𝑟
(

𝜕𝜀𝑟

𝜕𝜌
)

𝑇
                                                                                                                             (2.78) 

The divergence of Te can be read as a volumetric force fe:  

𝑓𝑒 = ∇ ∙ 𝑻𝑒 = 𝑞𝑬 −
1

2
𝐸2∇𝜀𝑟 +

1

2
∇𝜀𝑟𝑠𝐸2                                                                         (2.79) 

The force fe is added at Navier-Stokes Equation and, by expressing s as in Equation (2.78), this becomes: 

𝜌𝐿
𝜕𝑼

𝜕𝑡
= −∇𝑝 + 𝜇𝐿∇2𝑼 + 𝑞𝑬 −

1

2
𝐸2∇𝜀𝑟 +

1

2
∇ (𝜌 (

𝜕𝜀𝑟

𝜕𝜌
)

𝑇
𝐸2) +  𝜌𝒈                             (2.80) 

The Equation (2.80) is the momentum balance of a linear dielectric fluid in an electric field. It couples the 

electric field and the fluid dynamics, showing the governing force of fluid deformation caused by E [38]. The 

term qE is the Coulomb force, which acts on the fluid charges in the fluid. These become accelerated by the 

Columbian force and deform the fluid. The term 
1

2
𝐸2∇𝜀𝑟 is the dielectric force on polarised charges and it 

represents the spatial variation of permittivity, which has to be regarded only if the fluid is not isotropic and 

incompressible. Otherwise, the permittivity has no gradient. The last term of the electric tensor contributes in 

Equation (2.78) is called electro-restrictive pressure force. It is caused by inhomogeneity of electric field and 

it has to be taken into account for compressible fluid. Therefore, for a Newtonian, isotropic and incompressible 

fluid at constant εr, the Equation (2.80) is simplified as: 

𝜌𝐿
𝜕𝑼

𝜕𝑡
= −∇𝑝 + 𝜇𝐿∇2𝑼 + 𝑞𝑬 +  𝜌𝒈                                                                                    (2.81) 

The Equation (2.80) coupled with Eq. (2.68) models the fluid dynamic of a liquid jet under the influence of an 

electric field. The solution is not simple, and few solutions can be found by CFD simulations made on liquid 

jets produced by Electrospray [22][55]. While Eq. (2.80) was used to describe low flow rate jets breakup, its 

application to large glow rate swirl atomizers is far from being achieved. 

In this case, the electrification of hydraulic nozzles by induction charging is more complicated due to the 

complexity of atomization mechanism for that geometry. For this reason, the induction charging mechanism 

of a hydraulic jet is modelled by assuming a simplified breakup model that is not realistic. It has been done by 

Artana et al. [51] and revised by Cross et al. [56] and it is described in section 2.4. 

2.4 Simplified model of induction charging 

The induction charging mechanism was theoretically described by Artana et al. [51]. The model assumes that 

the shear stresses caused by the aerodynamic interaction between liquid and surrounding air creates a 

cylindrical sheet exiting from the nozzle. At breakup point, a ring of liquid is going to detach from the sheet 

and breaks into droplets, when it becomes highly unstable because of liquid-gas relative velocity. In contrast 

with the LISA model theory, a constant sheet thickness value is considered for simplicity. Indeed, this model 

does not take into account the disturbance on liquid jet caused by a wavy instability. This theoretical model 

assumes there is no influence of the electrostatics on the fluid dynamic process. This assumption is supported 
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by the experimental analysis of charged and uncharged droplets diameter for which no marked difference has 

been noted [51]. Furthermore, the droplets carry the same charge accumulated in the ligament, and so the 

electric charge is not influenced by droplet diameter. The induction charging model aims to describe the 

process in terms of droplet charge to mass ratio. There are two possible mathematical approaches to estimate 

it: i) taking in exam the equations of an RC electrical circuit or ii) using Maxwell’s equations for an electric 

field.  

The first one considers the system nozzle-HV electrode-liquid as an electrical circuit, as showed in Figure 

2- 12. The electrical induction charging has a characteristic time proportional to drop formation time or 

breakup time τb. The model description used in this work is the simplified version developed by Cross et al. 

[56], which removed the original hypothesis that there was a second condenser between the liquid cone and 

the ligaments detached at the breakup point because physically both points are at the same potential (e.g the 

ground potential). 

In the circuit R is the liquid resistance, B’ is the breakup point of liquid jet, B’’ is the inlet of liquid spray in 

the “electrode zone”, E is the high voltage electrode, E’ is the ground electrode (e.g. the nozzle), V is the high 

voltage supply and C is the capacity of the condenser that takes place between the HV electrode and the liquid 

lamina. In Figure 2-12 at right, the experimental setup of high-flow rate sprays is modelled as an electrical 

circuit, as reported in Chapters 3. 

 

Figure 2-12- Representation of induction charging system as an electrical circuit. Left: model, right: 

experimental setup 

The capacity of the condenser can be estimated as: 

C = CjLj =
2πε0

ln(
rc

rj⁄ )
Lj          (2.82) 

where Lj is the length of liquid film exposed to the electrode, rc is the electrode radius, rj is the liquid jet radius 

at breakup point. The resistance of liquid sheet is expressed as: 

R =
Lb

σAj
                 (2.83) 

V 
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where Aj is the area of liquid jet.  

The charging time in the circuit is defined as: 

𝑡 =
𝐿𝑗

𝑈
, 0 < 𝐿𝑗 < 𝐿𝑐              (2.84) 

The charging mechanism is time-dependent, and the electrical potential is expressed according to Kirchhoff’s 

law: 

𝑉 = 𝑖𝑅𝑗 +
𝑞

𝐶
              (2.85) 

By considering that: 

𝑖 =
𝑑𝑞

𝑑𝑡
              (2.86) 

The equation (2.86) is written as: 

𝑉 =
𝑑𝑞

𝑑𝑡
𝑅𝑗 +

𝑞

𝐶
             (2.87) 

It represents how fast is the charging of a liquid film as a component of an RC circuit. The 1st order differential 

equation is solved in terms of electric charge q: 

𝑞 = 𝐶1𝑒
−𝑡

𝑅𝑗𝐶⁄
+ 𝑉𝐶             (2.88) 

where 𝐶1 is a constant that is found by assuming as initial condition that at t=0, q=0: 

𝑞 = 𝑉𝐶 [1 − exp (−
𝑡

𝑅𝑗𝐶
)]            (2.89) 

where 𝜏𝑐 = 𝑅𝑗𝐶 is the characteristic time of an RC circuit. 

The correlation (2.90) is valid only if the liquid jet breakup takes place inside the HV electrode zone or below 

it. Otherwise, if the liquid breaks before becoming exposed to the electrode, it will not be charged. 

By dividing the equation (2.89) by the volume of liquid  𝑉𝑏 = 𝑄𝑙𝑡 = 𝑄𝑙𝐿𝑗/𝑈 and by its density, the droplet 

charge to mass ratio, D-CMRth-1, is obtained:  

𝐷 − 𝐶𝑀𝑅𝑡ℎ−1 =
𝑞

𝑚𝑙
=

𝐶𝑙𝑉

𝜌𝑙𝑄𝑙𝐿𝑗
∙ 𝑈 ∙ [1 − exp (−

𝑇𝐷

𝑅𝑙𝐶
)]          (2.90) 

where Rl is the resistance of liquid lamina and Td is the droplet time formation (it is coincident with the breakup 

time τb) For a spray, the term Td/RC is small enough to neglect the exponential term. The simplified equation 

is: 

𝐷 − 𝐶𝑀𝑅𝑡ℎ−1 =
𝑞

𝑚𝑙
=

𝐶𝑙𝑉

𝜌𝑙𝑄𝑙𝐿𝑗
∙ 𝑈         (2.91) 
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By using the Maxwell’s equations, the theoretical Droplet Charge to Mass Ratio D- CMRth-2 is expressed as 

function of electric field and liquid sheet thickness as:  

Let H be a magnetic vector, and D an electric displacement vector. The model begins from the relation between 

H and D: 

𝑐𝑢𝑟𝑙𝑯 =  𝒋𝒄 +
𝜕𝑫

𝜕𝑡
                                                                                                                   (2.92) 

where jc is current density. 

Then, considering the relation between density current and vector D, it can be written: 

𝑑𝑖𝑣𝒋𝒄 =  −𝑑𝑖𝑣
𝜕𝑫

𝜕𝑡
                                                                                                                    (2.93) 

It is also known that: 

𝑑𝑖𝑣𝒋𝒄 =  −
𝜕𝜌𝑒

𝜕𝑡
                                                                                                                    (2.94) 

where ρe is the volume charge density. 

Therefore, equalizing (2.93) and (2.94), the relation between ρe and D is found: 

𝜕𝜌𝑒

𝜕𝑡
= 𝑑𝑖𝑣

𝜕𝑫

𝜕𝑡
                                                                                                                                    (2.95) 

The Equation (2.95) becomes fundamental to find a mathematical expression to evaluate the charge Q 

deposited on the disintegrated liquid volume. It has to be integrated on liquid volume: 

∫
𝜕𝜌𝑒

𝜕𝑡
𝑑𝑉 = ∫ 𝑑𝑖𝑣

𝜕𝑫

𝜕𝑡
𝑑𝑉                                                                                                          (2.96) 

Transforming the volume integral into a surface one with a cylindrical surface S1, and a cross surface A, and 

regarding that the equivalence: 

𝑗𝑐𝑑𝐴 = − 
𝜕𝑄

𝜕𝑡
                                                                                                                             (2.97) 

the Q Equation is obtained: 

𝜕𝑄

𝜕𝑡
+

𝜀0𝜀𝑟

𝜎

𝜕2𝑄

𝜕𝑡2 = 𝜀0𝜀𝑎𝐸𝑟𝑝𝑈𝑏                                                                                                  (2.98) 

where Er is the radial electric field that is assumed constant, v is the liquid velocity p is the perimeter of volume 

cross section, and εa is the air relative permittivity which is equal to 1. The perimeter p is calculated as: 

𝑝 =  𝜋𝑎𝑗                                                                                                                           (2.99) 

where aj is the thickness of contacted liquid jet. 

The Equation (2.95) is integrated for a time as long as Td, the initial conditions are t=0, Q=0 and j=0. The result 

of the integration is: 
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 𝑄 =  𝜀0𝐸𝑟𝑝𝑈𝑏
𝜀0𝜀𝑟

𝜎
(1 − exp (

−𝜎𝑇𝑑

𝜀0𝜀𝑟
) −

−𝜎𝑇𝑑

𝜀0𝜀𝑟
)                                                                            (2.100) 

The specific charge of a volume Vd is: 

𝑞𝑣 =
𝑄

𝑉𝑑
=  

𝜀0𝐸𝑟𝑝𝜆

𝑉𝑑
{

𝜀0𝜀𝑟

𝜎𝑇𝑑
(1 − exp (

−𝜎𝑇𝑑

𝜀0𝜀𝑟
)) − 1}                                                                            (2.101) 

The volume Vd of the liquid is expressed as: 

𝑉𝑑 = 𝑝𝜆′𝑎                                                                                                                                      (2.102)  

where p is the perimeter of liquid jet and λ’ is the length of disintegrated volume, which is assumed to be the 

same order of magnitude of sheet thickness. λ’ and Td  are related by the relation: 

𝜆′ = 𝑈𝑏𝑇𝑑                                                                                                                                (2.103) 

By substituting the correlations (2.101-102) in Equation (2.101) is obtained the second expression for the 

droplet charge to mass ratio: 

𝐷 − 𝐶𝑀𝑅𝑡ℎ−2 =  
𝜀0𝐸(𝑉)

𝑎𝑏
{

𝜀0𝜀𝑟

𝜎𝑇𝑑
(1 − 𝑒𝑥𝑝 (

−𝜎𝑇𝑑

𝜀0𝜀𝑟
)) − 1}      (2.104) 

where E(V) is the electric field on liquid film calculated along the direction of liquid lamina from nozzle exit 

until to its breakup point and ab is film thickness at breakup point estimated by atomization model [3]. For 

water it can be considered that Tdσ/ε0εr <<1, therefore, the Equation (2.104) can be simplified as: 

D − CMRth−2 =  
ε0εrE(V)

ab
         (2.105) 

In order to have a good estimation of the electric field in both atomization model and induction charging model 

equations, the dependence of physical properties of water on charging potential has to be revised. The only 

property that had to be adjusted is the liquid surface tension σL. From the hypothesis that the surface charge 

density is the same on the liquid lamina, primary and secondary atomization droplets [67], the electric surface 

tension σe is calculated as a function of droplet charge QD and its Rayleigh limit Qr [68]. Its relation with 

applied voltage is [11]: 

σe = σL (1 −
QD

Qr
)          (2.1076 

The droplet charge QD is calculated by the product of D-CMR and volume of a droplet with diameter dD. 

2.5 Literature review 

A liquid jet is encountered in a large variety of fields and has attracted attention to demonstrate some physical 

phenomena [69]. The earliest study of the behaviour of jets and of breakup was by Leonardo da Vinci in the 

Codex Leicester. Da Vinci describes the detachment of a falling drop as a condition of gravity force that 

overcomes the surface tension cohesive action. Figure 2-13 is the sketch that Da Vinci did to represent the 

breakup of a liquid jet. 
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Figure 2-13-Leonardo Da Vinci scheme of liquid jet breakup [70] 

Some more complex and exotic topics have also been explored widely during the 19th century and before. The 

breakup of liquid jets is controlled by applying external forces and during the 19th century and before the 

application of an electric field started to be explored. Indeed, a strong electric field can easily deform a liquid 

jet or control la droplet dimension. The approach and the aim of researches on electrified jets are several and 

they could be classified in school of thoughts. 

In Poland, Jaworek and Krupa [25] developed a regime map of an electrified spray at low flow rate by testing 

distilled water, ethylene glycol and ethanol in a nozzle plate configuration. suggested a classification based on 

the characteristic time constants and on the spray current. They defined two additional spraying modes, the 

precession mode and the oscillating-jet mode  

In the precession mode, the liquid left the capillary as a skewed cone from which a thin jet of diameter smaller 

than 100 µm elongated. Both the cone and the jet rotated regularly round the capillary axis, assuming a form 

of a fragment of a spiral. The size distribution did not change significantly with the voltage increasing, for this 

mode of spraying. The fundamental advantage of the precession mode of spraying was the uniform spatial 

dispersion of the droplets and their size distributions in each point of the spray cone. In the oscillating-jet 

mode, the continuous jet issued from the tip of the cone and changed its position (oscillates) in one plane with 

the capillary axis. The cone at the outlet of the capillary transited smoothly to a jet. The plane of oscillation 

was stable, but sometimes could change spontaneously to another orientation, or could rotate slowly around 

the capillary axis. The authors has been studying since 1997 [71] the presence of corona discharging in EHD 

atomization. In fact, the ions glow generated during the discharge influences the atomization process due to 

the space charge. Thanks to technology improvement, in 2014 [72] the authors demonstrated the corona 

discharging by analysing the light intensity during the tests and observed that when it takes place in the cone-

jet mode, the effect of corona discharge is stabilizing. In recent years, their focus was on applying the 

electrospray in the cone-jet mode to powder production and surface coating [18], [36]. The limit in this type 

of application to scale it up for industries is the liquid flow rate, but Jaworek et al. suggested the use of multi 

nozzle systems [36]. 

The same Polish school has conducted studies on high-flow rate electrified sprays by induction charging in a 

configuration nozzle-ring and by using pneumatic hollow cone nozzles. The droplets specific charge or 
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D- CMR showed a non-monotonic trend with applied potential: it rose until a maximum value and then 

decreased because of discharges between the liquid cone and the ring electrode. 

Pioneer of this science is the Spanish school that with mathematical models supported and confirmed by 

experimental results lays the fundamentals of any electrospray application. 

Fernández De la Mora and Loscertales[42], [43] calculated that in the cone-jet mode, the electric force and 

surface tension balance to form a conical-like surface, called Taylor cone, with a semi- vertical angle of 49.3°. 

In their studies, the scaling laws of droplet diameter and current carried by the liquid that were estimated are 

still nowadays milestone in electrospray researches. De La mora and Rosell-Llampart defined the range of 

liquid flow rate in which the cone-jet mode is stable and the droplets’ size distribution is monodisperse [73]. 

The scaling laws were revised by Gañàn-Calvo using a theoretical and experimental study aimed to improve 

the correlations found by De La Mora and Loscertales. Indeed, Ganan-Calvo et al. observed that the current 

and droplets’ size emitted from an electrospray of liquids with high viscosity and conductivity have a different 

dependence than those less viscous and conductive. It was due to how the viscosity affects the liquid 

acceleration caused by the electrical stress. In fact, a low-viscosity liquid, as paraffine, does not obstacle the 

charge transport in liquid bulk and the liquid is faster (or accelerated by the electric field). The opposite 

happens when the liquid has not negligible viscosity. For electrified sprays at high-flow rates, the influence of 

liquid physical properties on electrification process is missing and it demonstrates how the interest on 

electrified spray has mainly been focused on small scale. 

This result agrees with studies made by Yale school of electrospray. Gomez et al. opened the researches on 

water electrosprays. It was observed that when the liquid is water, the minimum liquid flow rate to obtain a 

stable cone-jet mode depends on the presence or not of corona discharges. When the corona occurs, the 

minimum flow rate reduces of one order of magnitude causing a significant issue for industrial application. 

Gomez and Tang [29] proposed a solution by surrounding the electrospray unit with inert gas as CO2 to delay 

the onset of corona. The main application of studies conducted by Gomez et al. is the drug delivery and 

inhalation [11], [28], [29]. 

In the Netherlands, Agostinho et al. for the first time studied and characterized electrohydrodynamic 

atomization of water in the simple-jet mode in a nozzle ring up configuration. The study of this mode is recent 

and there are not scaling laws of droplets diameter and electric current as for the cone jet mode. This mode 

allows to produce small droplets but at liquid flow rate higher than the cone-jet mode [39], [49]. More details 

about it can be found in Chapter 6. 

In U.K., Balachandran carried experiments on both low flow rate and high flow rate electrified water sprays. 

In the former case, the range of operative conditions (flow rate and electric potential) to obtain a stable cone-

jet mode by using pure water and saline water [22]. In the second case, hydraulic sprays electrified by induction 
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charging were tested with smoke cigarettes to verify the capture efficiency of PM from charged droplets [50], 

[74]. This is the main application of large-scale electrified sprays. 

Cross et al [56] investigated the removal of particles electrically charged by means of an induction charged 

spray. It was employed an air-assisted nozzle to produce droplets, while the particles were got by coal dust. It 

was noted that the charge to mass ratio increased with the increase of voltage and atomizing air pressure. It 

was due to a more intense electric field and so more charge was induced on sprayed liquid. The charge to mass 

ratio increased linearly with the voltage until to a maximum value. The authors suggested three causes. Firstly, 

some of droplets could wet the electrode causing discharge peak by electric field and an ion current flowing 

back on charge liquid jet. The second cause could be the occurring of gas breakdown and the electric field 

strength was reduced and consequently the charge to mass ratio. Finally, droplets highly charge of the same 

polarity as the induced charge may were emitted from the liquid jet to surface disruption by stresses imposed 

by interaction of the surface charge and the applied field. 

Layrea and No [52] studied the spraying parameters as spray angle and breakup length by atomizing kerosene. 

It was used a pressure-swirl hollow cone. The results underlined that the spray angle changed with increasing 

the applied voltage and the operating pressure. It was caused by charging of droplets, because they repulsed 

each other modifying the spray trajectory and the equilibrium between electric and aerodynamic forces. The 

breakup length increased with the increasing of liquid flow rate and voltage and the authors stated it was a 

consequent effect of an inconstant spray angle. 
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Chapter 3. Induction Charging and Breakup of Water Sprays1 

 

 

 

 

 

 

 

pic by L. Manna 

 

                                                           
1 The chapter is based on publications:  
Chemical Engineering Transaction, vol 52, 2016 DOI: 10.3303/CET1652071 

Conference proceeding ILASS – Europe 2016, 27th Annual Conference on Liquid Atomization and Spray Systems, 4-7 

September 2016, Brighton, UK 
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3.1 Introduction 

Interest in charging water sprays has started years ago to exploit their possible use in many research 

fields from drug delivery to agricultural and industrial processes. The combination of aerodynamic and 

electrostatic forces improves the dispersion of liquids in gas and forms smaller droplets. Recently, many 

studies on the electrostatic spraying of pesticides in agricultural applications found that the electric 

forces improved the adhesion and the distributions of droplets on target [1]: the charged droplets wet 

both the upper and the bottom sides of leaves thanks to the electrostatic attraction between the leaves 

surfaces, that are grounded, and the charged drops [2]. 

Liquid sprays deliver inside positive and negative charge but are globally electrically neutral. This was 

observed for natural waterfalls by Lenard [3]. He found that the production of a negative charge occurred 

at the base of a waterfall after the splashing. Huschke [4] applied the “Lenard effect” to the separation 

of electric charge accompanying the aerodynamic breakup of water drops [5]. 

When an electric field is applied, the negative and positive charges are distributed so that the net charge 

is zero and the drops carry on either a net negative or a positive charge [1]. Liquid spray can be charged 

by corona charging, electrospray or induction charging. The latter lets exert the spray with lower 

operating voltages, compared with corona, and with higher liquid flow rate compared to electrosprays. 

In the induction charging, a positively or negatively charged HV electrode is held in the vicinity of a 

grounded spray nozzle. The liquid cone is polarized: the liquid exiting from the nozzle breaks up due to 

natural surface instability phenomena and the formed droplets trap a charge opposite to electrode one, 

while the free charges with same polarity of electrode move towards the ground via the nozzle [6]. The 

induction charging is effective if the fluid is sufficiently conductive to allow an efficient charge transfer 

to droplets during their formation [6, 8]. It means that the charge relaxation time, τ, has to be much 

smaller that droplets formation time, τb. It was indicated that the minimum required liquid conductivity 

is 10-10 S/m [2]. Thanks to its high conductivity, water is an appropriate candidate as electrified spray, 

but it is rarely used because of its ionic properties. Indeed, the electrification of water sprays is more 

unstable than that of dielectric and/or organic liquids [7]. 

Among the few studies conducted with water, Cross et al. [9] investigated properties of induction 

charged sprays with air assisted nozzle. The charge acquired by droplets increased with applied potential 

until to a limit identified by the occurrence of gas breakdown. Balachandran et al [10] carried out 

experiments with charged and uncharged water droplets to evaluate the removal of smoke particles from 

air. It was observed that the charging of water droplets significantly increased the efficiency of capture. 

Di Natale et al. [11, 12, 13] applied the electrification of liquid spray on marine diesel engines emission 

control. In a pilot scale wet electrostatic scrubber experiments with oppositely charged tap water droplets 

and carbon particles were conducted. It was observed that the electrostatic interaction between droplets 

and particles allowed to achieve removal efficiencies as high as 93%. 
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Ha et al. [14] employed sea water as liquid spraying in induction charging atomization to capture 

particles emitted by marine engines. The measured droplets specific charge was higher than the same 

calculated with tap water. The result was explained by the greater sea water conductivity due to salts 

presence (3.21 S/m instead of 0.75 S/m): in water the salts released ions, and these enhanced the 

charging phenomenon. Indeed, the liquid conductivity, which represents the property of a liquid to 

transport charges when an electric field or a potential difference is applied, increases in presence of 

aqueous impurities. For this reason, the experimental tests of this work were executed using tap water 

instead of deionized one. 

The effectiveness of induction charging depends on breakup mechanism of liquid spray and droplets 

diameter. Krupa et al. [15] compared the spray currents measured with a hollow cone nozzle and a full 

cone one varying the applied potential. For both nozzle types, the current increased with voltage up to a 

maximum value that was higher for the hollow cone. The result was explained by the authors as a 

consequence of the diverse mechanism of liquid jet disruption and droplet distribution. In fact, the 

hollow cone produces finest droplets that acquire more charge. 

Most of the studies conducted on water electrified spray are based on the assumption that the presence 

of electric field does not influence the hydrodynamic of jets. However, Laryea and No [16] studied the 

breakup mechanism and its related parameters as spray angle and breakup length by atomizing kerosene 

in a hollow cone spray. They found that both the breakup length and spray angle changed with the 

electric potential. The change in spray angle was explained by repulsion of equally charged droplets; 

the modification of breakup length influenced the charge that droplets could trap during their formation. 

At our knowledge, for tap water few studies had been conducted on the electro-hydrodynamic of 

induction charged sprays. Our research group started to study the electro-hydrodynamic of water 

induction charged sprays and the breakup length produced by two hollow cone nozzles in absence of 

electric field and at different potentials was evaluated [17]. The breakup length reduced by more than 

25% by increasing potential suggesting that the electric field actually influenced the jet breakup 

dynamics. 

In this chapter, the experimental results on both water spray charging, and its atomization mechanism 

in presence of the electric field are presented. We tested hollow cone sprays in a lab-scale charging unit 

in which tap water was inductively charged. The Droplet Charge to Mass Ratio, D-CMR, was evaluated 

by the ratio of measured droplets current Idrop and liquid flow rate QL as: 

𝐷 − 𝐶𝑀𝑅 =
Idrop

QL

          (3.1) 

The experimental water charging was compared to theoretical predictions of the induction charging 

model of Artana et al. [18]. The atomization parameters were estimated by the hydrodynamic model of 

liquid sheet or LISA model [19], except for the breakup length that was evaluated optically. The breakup 

mechanism was investigated in both uncharged and charged conditions. 
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3.2 Material and methods 

The experiments were conducted with tap water with a conductivity of about 0.75 S/m in a lab-scale 

experimental rig, whose schematic representation is showed in Figure 3-1. It consisted in an open 

electrified spray. The electrified spray is composed by three main components: i) a charging electrode 

in the form of a full metallic ring with internal diameter of 110 mm and external diameter of 130 mm 

(9); a hydraulic spray nozzle placed along the centreline of the electrode at a given height from its plane 

(10) and iii) a support structure (7). This last was a Teflon parallelepiped 2006290 mm sizes 

supporting two Teflon shielded high voltage connections to the electrodes and a grounded metal tube 

used to feed water to the nozzle. Also, the support structure was electrically grounded. 

The high voltage was provided by a Spellman DC power supplier BERTRAN 230 (6) with reversible 

polarity. The liquid was sprayed using a volumetric pump (FLUID-TECH PO 060) regulated through 

an inverter (2,3). 

The water felt in a large (15001500200 mm) grounded tank to collect water (14). Its size was chosen 

so that the footprint of the spray is far smaller than the tank surface. Four slim metallic bars were welded 

to the four edges of the tank and to a horizontal metallic frame (150040010 mm) placed at 1300 mm 

height, on which the electrified spray support was fixed. 

 

Figure 3-1- Experimental Rig. 1: water tank, 2: pump, 3: inverter, 4: flow meter, 5: pressure gauge, 6: 

HV power supply, 7: droplet charge unit (DCU), 8: Faraday pail, 9: water collector, 10: electrometer, 

11: computer to elaborate experimental results. The red line indicates the high-tension connection, 

while the blue line is the liquid flow path. 

Hydraulic hollow cone nozzles manufactured by different companies were used: the nozzle BD5 

produced by Spraying Systems and the nozzles 216.364 and 216.404 made by Lechler. The nozzle 

design could be found on the catalogue [I-II]; in Table 3-1, the spray angle and liquid flow rates at 

different pressures are reported. 
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Table 3-1- Summary of fluid-dynamic properties of tested nozzle. SS: Spraying System; LC: Lechler 

    QL, L/min 

Nozzle 
Type of 

nozzles 

Spray 

angle θ, ° 
d0, m 

1 

bar 

2 

bar 

2.5 

bar 

3 

bar 

3.5 

bar 

4 

bar 

6 

bar 

BD5 SS ≈60 0.0032 2.3 3.2 3.57 3.9 4.27 4.6 / 

216.364 LC ≈60 0.0014 0.53 0.71 / 0.81 / 0.9 1.16 

216.404 LC ≈60 0.002 0.85 1.16 / 1.4 / 1.58 1.95 

 

Two experimental campaigns were conducted to evaluate the charge acquired from liquid droplets at 

different voltages and to observe how the fluid-dynamic features of spray were influenced by electric 

field. 

As a starting point, the breakup length Lb and the spray angle θ in uncharged condition and as function 

of the applied voltage were evaluated by optical tests. Photos were taken with a NIKON P300 at P= 3 

and 6 bar for Lechler nozzles and at P ranging from 2 and 4 bar for Spraying systems ones. The images 

were elaborated with the software Image Pro Plus®. An example of optical tests results is shown in 

Figure 3- 2 for two applied voltages 

 

Figure 3-2- Breakup length and spray angle. In the pictures the nozzle 216.364 at P=3 bar is reported at 0 kV 

(left) and at V= 10 kV (right). The dotted line divides the primary and secondary atomization zones. 

The second investigation aimed to measure the charge acquired from sprayed droplets. The charging 

tests were executed by placing the electrode at exactly Lb cm from the nozzle exit and the Droplet Charge 

to Mass Ratio (D-CMR) was estimated according equation (3.1) by measuring the droplets current at 

different charging potential. 

As a general rule, the values of D-CMR showed a linear increase with electric potential up to reach te 

maximum at V= Vopt, then it started to decrease. From 0 kV to Vopt, the spray angle and the breakup 

length at each potential were measured through optical tests to estimate in both uncharged and charged 

conditions the spray parameters. 
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3.3 Results 

In Figures 3-3 and 3-4, the breakup length Lb, the droplets charging Idrop and the D-CMR trends with 

electric potential at different pressures are showed for SS nozzles (Fig. 3-3) and LC nozzles (Fig. 3-4), 

respectively. 

V [kV]

0 2 4 6 8 10 12

L
b
 [
m

]

0.016

0.018

0.020

0.022

0.024

0.026

0.028

0.030

0.032

2 bar

2.5 bar

3 bar

3.5 bar 

4 bar 

V [kV]

0 2 4 6 8 10 12 14

I d
ro

p
 [

A
]

0

2

4

6

8

10

12

D
-C

M
R

 [
C

/K
g
]

0

20

40

60

80

100

120

140

160

180

2 bar

2.5 bar

3 bar

3.5 bar 

4 bar 

 

Figure 3-3- Breakup Length Lb (left), droplets current Idrop and D-CMR (right) as function of applied 

voltages at different pressures. 
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Figure 3-4- Comparison of breakup length ((left) and Droplet charge to mass ratio/droplets current (right) at 

different voltages for nozzles LC Nozzle  

Regarding the behaviour of Lb, it is evident how the breakup length decreased with applied voltages. In 

uncharged condition (V=0 kV), it can be noted that as pressure increased and so the flow rate, the 

breakup length decreased as a consequence of a greater aerodynamic force acting on liquid lamina. As 

a function of voltage, it was observed that the breakup length had the most of reduction at low voltages, 

then for most of the experiments, it reached an almost constant value as if the “global disturbance” has 

reached a steady condition. Indeed, the reduction of the breakup length might be explained as the 

addition of a perturbation caused by electric field to the aerodynamic forces acting on liquid sheet. It is 

worth to underline that the percentage of reduction of Lb is affected both by the difficulties in evaluation 

of the parameter optically and by the error in estimation of Lb means by a software. The spray angle 

slightly increased by about 5 degs by increasing the electric potential because of the repulsion of charge 

droplets (details in Table 3-2) 
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The measured current (and the D-CMR) had a linear increase with voltage with slope β until reaching 

its highest value at Vopt, then it started to decrease. The slope β increased with pressure: the higher the 

flow rate, the higher the current. Indeed, the maximum charging level was measured at the highest 

pressure tested for each nozzle with an increase of about 50% of electric current. 

Table 3-2 resumes the main results of the experimental campaign. 

Table 3-2- Experimental studies results 

P 

[bar] 

Type of 

nozzle 

QL 

[L/min] 

β 

[1/Ω] 

Lb (0 kV) 

[m] 

Lb (Vopt) 

[m] 

Vopt 10- 3 

[V] 

Iopt 10- 6 

[A] 

θ (0 kV) 

[°] 

θ (Vopt) 

[°] 

2 SS-BD5 3.2 0.83 0.03 0.0194 9 7.57 60 72 

2.5 SS-BD5 3.57 0.88 0.026 0.0203 10 8.11 60 77.4 

3 SS-BD% 3.9 0.92 0.025 0.0212 10 8.71 60 79 

3.5 SS-BD5 4.27 1 0.021 0.0186 10 9.85 60 84 

4 SS-BD5 4.6 1.02 0.02 0.0147 11 10 60 84 

3 LC-216.364 
0.81 0.3 2.5 1.76 10.5 2.86 60 60 

6 LC-216.364 
1.16 0.39 1 0.75 12 4.18 60 65 

3 LC-216.404 
1.4 0.40 2.5 2.2 12.5 4.45 60 60 

6 LC-216.404 
1.96 0.56 2 1.74 12 6.09 60 62 

3.4 Discussion 

The experimental assessment of breakup length at different electric potentials allowed the estimation of 

breakup parameters such as sheet thickness at nozzle exit (a0) and at breakup point (ab), the droplets 

mean diameter2 (dD) and breakup time (tb). They were calculated from Linearized Instability Sheet 

Atomization (LISA) model [16]. This is a fluid-dynamic model that takes into account the aerodynamic 

instability that causes the jet breakup. The mathematical analysis considers a wavy disturbance acting 

on the liquid film that develops at nozzle exit. This film breaks into ligaments and successively into 

droplets. This breakup mechanism is called primary atomization. The formed droplets break into smaller 

drops because of interaction with surrounding air (secondary atomization). In Figure 3-5, the breakup 

mechanism for our nozzle is showed by underlying the primary and secondary atomization zones. 

 

                                                           
2 The LISA model estimates the droplets mean diameter dD as mean value of a Rosin-Rammler distribution [19] 
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Figure 3-5- Breakup mechanism for tested nozzle 

In order to have a good implementation of electric field in model equations, the dependence of physical 

properties of water on charging potential was revised. The only property that had to be adjusted was the 

liquid surface tension, γ. From the hypothesis that the surface charge density is the same on liquid 

lamina, primary and secondary atomization droplets [15], the electric surface tension γe was calculated 

as function of droplet charge QD and its Rayleigh limit Qr [22]. Its correlation with applied voltage is 

[21]: 

𝛾𝑒 = 𝛾𝐿 (1 −
𝑄𝐷

𝑄𝑟
)         (3.2) 

The droplet charge QD was calculated, for each potential from 0 kV to Vopt by the product of D-CMR 

and volume of a droplet with diameter dD, obtained from LISA equations. The Rayleigh limit was 

calculated according to the equation: 

𝑄𝑟 = √8𝜋2𝜀0𝛾𝑑𝐷
3          (3.3) 

In Figure 3-6, the trend of electrical surface tension with voltage for the single nozzle SS-BD5 is 

graphed. 
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Figure 3-6 Electrical surface tension as function of applied electric potentials at different liquid 

pressure for the nozzle SS-BD5. 

The presence of electric field caused a reduction of liquid surface tension. By rewriting the equation 

(3.2) as function of primary atomization droplet diameter, dD, we obtained: 

𝛾𝑒 ≈ 𝛾𝐿 (1 −
𝑑𝐷

3

𝑑𝐷

3
2⁄
)         (3.4) 

As the atomization pressure increases, the droplets diameter reduces and γe grows. In our opinion, this 

result explains why in Figure 3-6 the greater reduction of liquid surface tension with potential was noted 

at low pressure. Table 3-3 and 3-4 list the parameters extrapolated from LISA model for all tested nozzles 

at 0 kV and at Vopt, respectively.



 

59 
 

 

Table 3-3- LISA model parameters in uncharged conditions. SS: Spraying systems. LC: Lechler 

P [bar] 
Type of 

nozzle 
Lb ∙10-2[m] a0 ∙10-4 [m] ab ∙10- 4 [m] dD ∙10- 3 [m] tb ∙10- 4[s] 

2 SS-BD5 3 4.60 0.889 1.31 19.3 

2.5 SS-BD5 2.6 4.59 1.01 1.29 14.9 

3 SS-BD5 2.5 4.59 1.06 1.21 13.2 

3.5 SS-BD5 2.1 4.53 1.23 1.21 10.2 

4 SS-BD5 2 4.65 1.29 1.21 9.03 

3 LC-216.364 
2.5 

2.3 2.49 6.61 1.13 

6 LC-216.364 1 2.3 5.10 6.10 41.7 

3 LC-216.404 
2.5 

2.7 3.67 8.60 1.50 

6 LC-216.404 
2 

2.7 4.37 5.80 89.0 

 

Table 3-4- LISA model parameters in presence of electric field at Vopt. SS: Spraying systems. LC: Lechler 

P 

[bar] 

Type of nozzle 

Lb 10-2 

[m] 

a0 ∙10-4 

[m] 

ab ∙10- 4 

[m] 

dD ∙10- 3 

[m] 

tb ∙10- 4 

[s] 

2 SS-BD5 1.94 4.60 1.11 1.34 15.0 

2.5 SS-BD5 2.03 4.59 1.22 1.35 12.08 

3 SS-BD5 2.12 4.59 1.22 1.23 11.2 

3.5 SS-BD% 1.86 4.53 1.36 1.09 9.06 

4 SS-BD5 1.91 4.65 1.34 1.089 8.63 

3 LC-216.364 
1.76 

2.3 3.11 7.23 8.97 

6 LC-216.364 0.75 2.3 7.09 6.92 2.92 

3 LC-216.404 
2.2 

2.7 4.50 9.09 12.1 

6 LC-216.404 1.74 2.7 5.64 6.30 6.81 

 

By comparing the results, it was observed that the half sheet thickness a0 increased with diameter d0 and 

as consequence the larger a0, the bigger half sheet thickness at breakup point. It is worth underlining 
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that, in uncharged condition, as the pressure increased the aerodynamic forces acting on liquid lamina 

were more intense at higher flow rate. As consequence, the LISA model predicted that the sheet broke 

earlier (smaller breakup time) with a larger thickness and larger droplets were formed.  

To take into account for the effect of charging potential, these parameters were estimated, for each 

pressure, at increasing voltage. It was observed that the breakup thickness was larger as the breakup 

length Lb and the breakup point tb were lower. These results indicate clearly the effect of electrical 

perturbation on the liquid sheet. 

The values of sheet thickness at breakup point for electric potential ranging from 0 kV to Vopt were used 

to evaluate the theoretical Droplet Charge to Mass Ratio by the induction-charging model [18] and 

compare it to the experimental one. The model regards a cylindrical liquid sheet polarized by electric 

field with a constant thickness along the spray until the breakup point. The system liquid lamina-

electrode is schematised as an electrical circuit and the D-CMRth comes out to be dependent on applied 

electric potential through the electric field. The theoretical model calculates the Droplet Charge to Mass 

Ratio as: 

𝐷 − 𝐶𝑀𝑅𝑡ℎ =  
𝜀0𝐸(𝑉)

𝑎𝑏
{

𝜀0𝜀𝑟

𝜎𝑇𝑑
(1 − 𝑒𝑥𝑝 (

−𝐾𝑇𝑑

𝜀0𝜀𝑟
)) − 1}     (3.5) 

where ε0 and εr are the vacuum and liquid permittivity respectively, E(V) is the electric field on liquid 

film calculated along the direction of liquid lamina from nozzle exit until to its breakup point from 

computational studies using the electrostatic module of COMSOL Multiphysics, K is the liquid 

conductivity, τb is the droplet time formation (breakup time) and ab is film thickness. For water it can be 

considered that τb <<1 to simplify Equation 3.5 and express the theoretical specific charge of droplets 

as: 

𝐷 − 𝐶𝑀𝑅𝑡ℎ =  
𝜀0𝜀𝑟𝐸(𝑉)

𝑎𝑏
         (3.6) 

Due to the geometrical constraints of the Artana model, we think that a comparison among experimental 

and theoretical results should consider a corrective, geometrical, factor that we define as α.  

In Figures 3-7 and 3-8, D-CMRexp versus D-CMRth is graphed for SS-BD5 and LC nozzles, respectively. 
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Figure 3-7- Comparison of experimental and theoretical Droplet Charge to Mass Ratio for SS-BD5. 
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Figure 3-8- Comparison of experimental and theoretical Droplet Charge to Mass Ratio for LC-nozzles. 

It is worth to underline that experimental data of LC-216.404 at P=3 bar from 0 kV to 4 kV are not 

plotted because this evaluation is restricted to the linear range of D-CMR (V). All data were fitted with 

a linear regression to estimate the slope that is the proportional factor between experimental and 

theoretical evaluations. The result of regression was a coefficient of 0.243 ± 8.80∙10-3 and a coefficient 

of determination R2 of 0.9364 for LC nozzles and a correction factor of 0.34±0.013 and a coefficient of 

determination R2 of 0.94 for SS-BD5. 

It can be observed that all data are enclosed in a defined range. It implies that the model describes the 

experimental values satisfactory. 
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3.5 Summary 

In this experimental campaign, a lab-scale electrified spray was studied to estimate the specific charge 

of liquid droplets and the electro-hydrodynamic properties of spray. Different 60 degrees hollow cone 

nozzles were electrically charged by induction through a toroidal ring as induction charging electrode 

and tested at different operating pressures. The spray breakup parameters in uncharged and charged 

conditions and droplets charge as D-CMR were estimated at different electric potentials. The breakup 

length Lb decreased with pressure. We observed that, once electric potential was applied, for each 

investigated pressure the value of Lb was smaller than that estimated for the uncharged spray, suggesting 

that the electric field actually influenced the jet break-up dynamics. The experiments revealed that the 

D-CMR increased linearly with the potential with a slope β that depended on liquid pressure. The 

D- CMR reached an optimum at a potential named Vopt and then it started to decrease. For voltages 

ranging from 0 kV to Vopt, the theoretical Droplet Charge to Mass Ratio was estimated and compared to 

the experimental results. The experimental D-CMR was described from the model satisfactorily with a 

corrective factor about 0.34 and 0.243 for SS and LC nozzles, respectively. Future works might need a 

deeper investigation to verify whether the corrective factor is universal or if it depends on the geometry 

of system as nozzle dimension, induction electrode geometry and surrounding gas temperature and 

humidity. 
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Chapter 4. Primary atomization of electrified water sprays3 
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3 This chapter is based on the publication: Canadian Journal of Chemical Engineering, vol.95, 2017 DOI 

https://doi.org/10.1002/cjce.22841 
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4.1 Introduction 

The spray technology plays a key role in many chemical and mechanical engineering processes based 

on the dispersion of a liquid in a gaseous stream: surface coating, fuel injections, water scrubbing, drug 

delivery, synthesis of nanoparticles are exemplar fields of sprays employment [1,2]. 

The efficacy of a spray depends on drop-size and velocity distributions, droplet density (defined by the 

number of droplets per unit volume), droplet spatial distribution (defined by the local volume fraction) 

and droplet temperature [2]. One of the main issues in the analysis of spray hydrodynamics is predicting 

the features of the sprayed droplets starting from the geometric characteristics of the nozzle and the 

physical properties of the liquid and the gas. 

It is widely accepted that the spray hydrodynamic is described by the sequence of three phenomena.[3,4] 

Initially, during the so-called Jet Breakup Phase, the liquid sheet exiting the nozzle tip is subjected to 

several mechanical disturbances occurring at the liquid-gas interfaces and related to competition 

between aerodynamic, inertial, shear and centrifugal forces - responsible for the stretching of the liquid 

sheet - and the surface tension, which tends to preserve the original shape of the liquid-gas interface.[5] 

With specific attention to swirl hollow cone nozzles, as those used in this work, the disturbances 

occurring at liquid-gas interface are described by Kelvin-Helmholtz waves [6]. The swirling motion is 

transferred to the liquid by means of one or more swirl chambers. In this kind of nozzle, the pressure 

decreases towards the nozzle orifice until it reaches atmospheric pressure and an air core is formed 

within the liquid cone. The solid cone formed between the median plane of the jet and the vertical axis 

from the nozzle centre is called spray angle, 2 θ. As Fu et al. observed, the air core is a prerequisite for 

the formation of conical liquid sheet with a variable thickness from the nozzle exit until the breakup 

[7]. The disturbances increase progressively, while at a given distance from the nozzle tip – called 

breakup length, L – they reached a critical value and the liquid sheet breaks forming primary ligaments. 

The disturbances propagate on the same primary ligaments until they separated to form primary droplets 

(that is known as Primary Atomization Phase). Successively, the primary droplets undergo a Secondary 

Atomization Phase, which leads to their rupture and to the formation of the actual spray.[3] Once the 

liquid forms secondary droplets, the spray behaviour is determined by drag, collision and coalescence 

phenomena [8]. 

For a given nozzle geometry, the atomization quality depends on injection pressure. In fact, five stages 

can be identified: dribble, distorted pencil, onion, tulip and fully developed [9]. The breakup length and 

the spray angle are estimated when the spray is fully developed, and they determine the properties of 

the ligaments and of the primary droplets as well as their influence on the secondary atomization 

patterns and the dispersion of sprayed droplets in the gas phase. 

Several models have been developed to understand the atomization dynamic and estimate the breakup 

length of liquid [8,10–15]. Squire described a moving liquid sheet with a constant thickness in a linear 

2D system and provided the explanation of the disturbance due to growing waves on liquid surfaces 
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[11]. Dombrowski and Clark and Dombrowski and John extended Squire’s study [12,15]. The authors 

found that the disturbance was an asymmetric long sinuous wave and, as a consequence, the sheet 

thickness diminished until the wave reached the maximum grow rate. At this point, the sheet rupture 

occurred. Senecal et al. pointed out that the aerodynamic perturbation over the liquid sheet was 

dependent on both liquid physical properties (viscosity and surface tension) and wave type (short and 

long)[8]. Senecal et al. derived a critical Weber number for the transition from long to short waves and 

formulated models for wave growth-rate as a function of the wave type [8]. With these equations, 

Senecal et al. developed a robust modelling to estimate the jet breakup parameters (L and θ) as well as 

the primary ligaments diameter [8]. From Senecal et al. and Schmidt et al. studies, the Linearized 

Instability Sheet Atomization (LISA) model was extracted [3,6,8]. In this model the breakup point of 

liquid sheet is estimated starting from the breakup time. This last, the ligaments diameter and the sheet 

thickness at breakup point are evaluated as function of wave number (or frequency) corresponding at 

the maximum growth rate [6]. 

It means that the jet breakup parameters are strongly dependent on the way the perturbance spreads over 

the liquid surface. A validation of this dependence is the effect of pressure on jet atomization. In fact, 

as the pressure increases, the wavy growth becomes faster as the liquid sheet rupture. 

Recently, it was shown that electric forces can be combined with hydrodynamic ones to improve the 

droplets dispersion in gases [16,17]. In fact, if the droplets are charged, they repel each other, better 

dispersing in the gas stream. Besides, when subjected to exposure, charged drops undergo a coulombic 

fission, exploding into an ensemble of smaller droplets. For large scale applications, when the liquid 

flow rate is larger than 1 L/min, the optimal way to charge a spray is the induction charging applied to 

a swirl atomiser nozzle [18]. The induction charging is effective if the fluid is sufficiently conductive 

to allow an efficient charge transfer to the droplets during their formation [18,19]. It means that the 

charge relaxation time, τ, has to be smaller than droplets formation time, τb [21]. Law estimated that the 

minimum liquid conductivity required for charging is 10-10 S/m [22]. 

The reference model for induction charging of hydraulic sprays indicated that the charge density 

acquired by the sprayed droplets depends on the intensity of the electric field acting on the liquid sheet 

and on its physical size, among all by its average thickness [21]. This parameter is hard to measure but 

can be estimated if the jet breakup length and the spray angle are available. 

Laryea and No studied the jet breakup parameters as spray angle and breakup length by atomizing 

kerosene in a pressure-swirl hollow cone [23]. Their results underlined that electric forces led to a 

breakup length reduction and spray angle enlargement by increasing the applied voltage and the 

operating pressure. The authors proposed that these effects took place because they repelled each other 

modifying the spray trajectory and the equilibrium between electric and aerodynamic forces. 

Marchant et al. electrified ordinary water by induction in a hydraulic nozzle and measured the 

distribution of spray volume by drop diameter in uncharged and charged conditions [24]. They found 

that droplet size distribution for the charged spray was different from that of the uncharged one. Indeed, 
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the authors reported a 3.8% reduction of droplets having size larger than 250 µm, arguing the occurrence 

of further atomization processes due to electrostatic breakup. Similarly, they indicated that droplets with 

size below 50 µm reduced by 1.5% since they are attracted by the electrode. However, Marchant et al. 

did not observed any relevant change on the jet breakup parameters of the charged spray [4,24]. In a 

recent paper, Jaworek et al. showed that droplets size distribution for electrified water jet did not 

changed significantly as a function on the applied voltage [25]. 

Our research group is developing new prototypes of electrified sprays for gas cleaning applications as 

component of the so called technology Wet Electrostatic Scrubbing (WES) [20,25–28]. This technology 

makes use of electrified sprays to induce electrostatic interactions between the droplets, the gas and the 

particles. It was found that WES system provided faster capture of acid gases and submicron particles 

compared to conventional wet scrubbers. This translates into higher removal efficiencies [17,26–30]. 

Thanks to its low cost, the affinity towards acid gases and the high conductivity, water is an appropriate 

candidate to WES processes. However, because of its ionic properties, the electrification of water sprays 

is more unstable than that of dielectric and/or organic liquids [16,25,31].  

In light of the experimental evidences showed in Chapter 3, further studies on primary atomization of 

water sprays in presence of an electric field were conducted and they are discussed in this chapter. 

4.2 Materials and methods 

The experiments were performed in the lab-scale setup shown in Figure 3-1 in Chapter 3. 

Experiments were carried out with tap water at T=20°C, having conductivity of 0.75 S/m and pH 7.15. 

Table 4-1 summarizes the chemical speciation of tap water ions.  

Table 4-1- Chemical speciation of tap water 

Ion Formula C, g/L 

Sodium Na+ 0.033 

Magnesium Mg2+ 0.026 

Calcium Ca2+ 0.111 

Potassium K+ 0.002 

Chloride Cl- 0.008 

Bicarbonate HCO3
- 0.535 

Carbonate CO3
2- - 

Sulphate SO4
2- 0.011 

Bromide Br- - 

Fluoride F- - 

Nitrate NO3
- 0.0042 

Phosphate PO4
3- 0.0002 

During the experiments, the height of nozzle tip from the middle plane of the electrode was set so that 

the breakup of the liquid sheet took place in correspondence of the ring horizontal place. The breakup 

length and the spray angle were optically measured by capturing at least 50 images of the liquid cone 
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by flash photography with a Nikon P500 bridge digital photo-camera (12.1Megapixels) conveniently 

focused and with time-exposure 1/1000 s. The images were not captured as a continuous sequence, but 

randomly for around 10 mins functioning. Experiments were repeated in triplicate during different days. 

The images were analysed through the software IMAGE PRO PLUS®. To calibrate the software, we 

used the nozzle dimension dN, measured by a micrometric caliber, that was equal to 1 mm ± 5 μm for 

all the nozzles. 

In literature, the breakup length can be measured in two possible ways by means of photographic 

analysis of sprays [7]. The first identifies the breakup length as the distance where the sheet displays 

the first hole perforation. The second define the breakup length as the distance at which the ligament 

formation occurs. In this study, we adopted the first method according to Dombrowski et al [12]. For 

the spray angle measurements, we referred to the lines which better fit the liquid-sheet profile, i.e. 

passing within the liquid peaks, as in Figure 4-1 

The accuracy of the measurement depends on the pixel size: in our experiments, each pixel corresponds 

to a square of 35 µm side. Figure 4-1 is a sample image of the typical experimental picture of jet 

atomization in which the breakup length and spray angle are defined. 

For the mean experimental values of breakup length and spray angle presented thereinafter, the error of 

determination was within 4 % for the breakup length and 6 % for the spray angle. 

 

Figure 4-1- Liquid jet breakup mechanism for the nozzle BD5 at P=3 bar [32]. 

The tested nozzles were the 60 degrees (nominal) hollow cone BD5, BD8 and BD10 provided by 

Spraying Systems (USA). The nozzles were operated with pressures from 1 to 4 bar and water flow 

rates QL from 2.3 to 7.9 L/min. The three nozzles had similar geometric design, but different orifice 

size, d0, respectively equal to 3.2, 4 and 4.4 mm. Spray induction experiments were carried out by 

varying the charging potential that was set as negative from 0 kV up to -20 kV. It is worth noticing that 

for BD10 the tests cannot be performed above 9 kV because of the insurgence of electrical discharges: 

the increase of the spray angle caused a remarkable wetting of the charging ring leading to short circuits. 

The determination of experimental values for breakup length and spray angle allowed estimating the 

discharge coefficient, CD, and the liquid jet velocity, vjet, by resolving the system of equations (4.1-4): 
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CD=
QL

π∙
d0
2

4
∙(2∙ρL∙P)

0.5
          (4.1) 

vjet=
QL

ρL∙π∙a0∙(𝑎0-d0)
         (4.2) 

CD=1.17∙ [
(1-X)

3

1+X
]

0.5

         (4.3) 

X=
(d0-2a0)

2

d0
2           (4.4) 

In this equation, ρL is the liquid density, a0 is the film thickness at nozzle exit, X is the ratio between the 

air core area and orifice discharge area. Equations (4.1,2) are the geometric definitions of CD and vjet, 

while equations (4.3,4) are the Lefebvre approach to the calculation of the thickness a0.[9] 

4.3 Results and discussion 

Table 4-2 shows the trend of breakup length (L0), spray angle (θ0), jet velocity (vjet) and discharge 

coefficient (CD) with the atomization pressure, P, for the uncharged system. The spray regime according 

to Lefebvre is also reported where F and T indicate fully developed and almost fully developed regimes, 

respectively [9]. 

Table 4-2-- Experimental results in uncharged conditions 

Nozzle Parameters P, bar 

1 1.5 2 3 3.5 4 

BD5 QL, L/min   3.2 3.9 4.27 4.6 

L0, m   0.03 0.025 0.021 0.02 

θ0, deg   67 68 68 70 

vjet, m/s   15.55 18.98 20.64 22.15 

CD, -   0.329 0.327 0.332 0.334 

   F F F F 

BD8 QL, L/min  4.6 5.2 6.3   

L0, m  0.033 0.03 0.025   

θ0, deg  63 69.7 73   

vjet, m/s  15.55 15.78 19.26   

CD, -  0.342 0.342 0.338   

  F F F   

BD10 QL, L/min 4.6  6.4    

L0, m 0.0376  0.026    

θ0, deg 74  79    

vjet, m/s 11.32  15.9    

CD, - 0.354  0.348    

Spray Regime AF  AF    
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The experiments showed that by increasing pressure (i.e. by increasing the liquid jet velocity), the spray 

angle slightly increased while the breakup length reduced because of the greater aerodynamic force 

acting on liquid sheet [3,9]. The liquid flow rate was proportional to pressure square root through the 

discharge coefficient, as in Equation (4.1). The discharge coefficient, CD, was nearly constant with 

pressure and was about 0.34. The low values of CD were due to the presence of air core in water spray 

because of the induced reduction of the effective flow area in the nozzle [7,17,18]. 

Senecal et al. considered the spray angle θ0 as constant with the spray pressure and referred the effect 

of pressure on L0,th as inversely proportional to the liquid jet velocity, vjet, according to the equation [8]: 

L0, th= √
ρL∙σ∙a∙ cos θ0

ρg
2∙vjet

2          (4.5) 

where ρg is the gas density, γ is the liquid surface tension and a is the liquid film thickness at breakup 

point and it is given by [8]: 

h=√
12∙μL∙QL∙(1+X)

π∙d0∙P∙(1+X)
2          (4.6) 

where µL is the liquid viscosity. 

Figure 4-2 shows the trends of the experimental breakup lengths as a function of the theoretical 

predictions of Senecal et al. calculated for the three nozzles [8]. 

L
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Figure 4-2- Breakup length as a function of the theoretical prediction for all tested nozzles. 

Figure 4-2 shows that all data described a linear trend with a slope β that depends on nozzle. The factors 

β’ were estimated by a linear regression with R2=0.98 and they are equal to 0.916±0.010 for BD5 and 
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BD8 and 0.740±0.017 for BD10. This confirms the consistency of Senecal et al. [8] predictive model 

for our experimental conditions. 

The BD10 showed the highest deviation from Senecal et al. model due to the pressure at which it was 

tested. In fact, the nozzle was performed at pressures at which the spray cone was not fully developed 

[8]. 

The left side of Figure 4-3 shows the ratio between the breakup length at different applied voltages, Lv 

and the corresponding value estimated in absence of electric field, L0. The right side of Figure 4 shows 

the trend of the spray angle. 

As a general rule, when the electric field is imposed to the electrode, the breakup length decreased with 

the charging potential, while the spray angle increased. Anyway, why the trend of Lv/L0 is always a 

decreasing one, there are exceptions in the observed trend for the spray angle. Indeed, for BD10, for 

BD8 at vjet=19.26 m/s (P=3 bar) and for BD5 at vjet= 20.64 m/s (P=4 bar), the variations of spray angle 

with voltage were almost negligible. 

Indeed, the effect of charging potential over the spray angle can be considered as the results of the 

combined effects of the electrical repulsion, which tends to enhance the spray angle, and the inertial 

forces which helped preserving the initial spray angle. The effect of electric field was due to the high 

charge density that liquid sheet acquired for the induction effects. It caused the occurrence of repulsion 

forces that spread the liquid sheet away from the centreline of the spray. 

Besides, the experimental results suggested that when the liquid jet velocity was higher (or that is the 

same, the inertia is higher), the intensive charge density on liquid sheet surface had a smaller effect on 

the spray angle, which remained similar to that observed under uncharged conditions. 
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Figure 4-3- Experimental breakup length (left graphs) and spray angle (right graphs) as a 

function of charging potential at different pressures for BD5, BD8 and BD10 

The experimental values on jet breakup length showed that the Lv decreased from L0 until an asymptotic 

value, named LV∞, for a charging potential, V∞, higher of about 10 kV and dependent on the nozzle type 

and the atomization pressure. 

The experimental results are analysed in terms of a new dimensionless parameter named Lb: 

ξ
𝐿𝑏

=
L0-LV

L0-LV∞
          (4.7) 

The plot of Lb against the charging potential is shown in Figure 4-4. We observed that all the curves 

were well described by an exponential rise to maximum trend, according to the single parameter 

equation: 
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ξ
𝐿𝑏

=1-e-V/ϕ           (4.8) 

The parameter Φ is a characteristic charging potential related to the onset of the asymptotic value of LV 

at V∞. The values of Φ are reported in Table 4-3 with the corresponding values of Lv∞ and V∞.  
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Figure 4-4-Breakup length variation trend with voltage and global curve regression. 
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Table 4-3-Values of the asymptotic values of the liquid jet breakup, Lv∞, the asymptotic potential, 

V∞, and of the characteristic charging potential, Φ for all tested nozzles together with the 

corresponding values of the standard error and the coefficients of correlation 

Nozzle Parameters P, bar 

1 1.5 2 3 3.5 4 

BD5 L∞, m   0.024 0.02 0.018 0.019 

V∞, V   1∙104 12∙103 9∙103 9∙103 

Φ, -   1∙104 5∙103 1∙104 1.6∙103 

Err, -   9.50∙10-6 1.61∙10-5 1.22∙10-5 6.92∙10-6 

R2, -   0.96 0.95 0.91 0.94 

BD8 L∞, m  0.027 0.025 0.020   

V∞, V  1∙104 12∙103 12∙103   

Φ, -  5∙103 5∙103 5∙103   

Err, -  1.65∙10-5 1.65∙10-5 2.26∙10-5   

R2, -  0.95 0.96 0.95   

BD10 L∞, m 0.030  0.021    

V∞, V 1∙104  9∙103    

Φ, - 5∙103  5∙103    

Err, - 2.05∙10-5  2.05∙10-5    

R2, - 0.94  0.80    

 

According to the experimental results, Φ varied between 10 kV and 15 kV and may depend on the 

atomizing pressure. 

Equation (4.8) can be implemented in light of Equation (4.5) to obtain a descriptive model to estimate 

the jet breakup length as a function of atomization pressure (or vjet) and charging potential, when the 

values of β’, Φ and Lv∞ are known. 

𝐿0 = 𝐿𝑉∞ + (𝐿0 − 𝐿𝑉∞) ∙ 𝑒−𝑉/𝜙        (4.9) 

where the breakup length L0 can be expressed as: 

𝐿0 = 𝛽′ ∙ √
ρL∙γ∙a∙ cos θ0

ρg
2∙vjet

2          (4.10) 

From the experimental analysis of jet breakup, the parameters L0, V∞, ϕ are known. Once these 

parameters are defined, Equation (4.9) provides a descriptive relation of exponential decay of breakup 

length under the influence of electric field. 

In order to understand the physics behind these phenomena, we performed two qualitative analyses. 

Following the indication of previous studies on induction charging of sprays, we estimated the spatial 

profile of the electric field by using Comsol Multiphysics® [25,33]. We noticed that, at the V∞, the 

electric field in the breakup point of the liquid sheet was always in the range 1.1-1.3∙105 V/m. It seems 

that once this critical value of the electric field is approached, other phenomena take place and they 
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do not further alter the liquid sheet properties. Indeed, the electric field at V∞ is likely to be correlated 

to the occurrence of Townsend discharge phenomena [34–36]. The further increases in the charging 

potential above V∞ should initially led to dark discharges and, for even higher potentials, to corona 

discharge. During our experiments, we never showed corona discharges, but we noticed that the current 

provided by the HV supply progressively increased above V∞. Indeed, this finding can be further 

confirmed by the observations reported by Manna et al. and Jaworek et al., which indicated that spay 

current reached a maximum in proximity of a charging potential corresponding to V∞ or close to it 

[20,25,26]. 

To further support these observations, we also performed a qualitative analysis of the spray images, 

noticing that the electric field ramped up the stretching of liquid sheet in terms of rising the frequency 

of the wavy oscillations (Figure 4-5). The images show how the frequency of wavy oscillation changes 

from 0 kV (a) to 20 kV (f). It seems that the peaks become smaller and uninterrupted as if the liquid 

surface was quite smooth. 

 
Figure 4-5-. Wave profile on liquid surface for nozzle BD5 at P= 2 bar and rising charging 

potential V= 0 kV (a), V= 4 kV (b), V= 8 kV (c), V= 12 kV (d), V=16 kV (e) and V=20 kV (f). 
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This effect is the same occurring under the influence of pressure as described in the LISA model: the 

higher frequency mirrors the occurrence of faster wave growth, corresponding to a smaller breakup time 

and to a breakup of jet that takes place at lower distances from nozzle tip [3]. 

4.4 Summary 

In this chapter, we reported the results of experiments on the breakup parameters of water sprays 

produced by hydraulic nozzles and electrified by induction charging. For the uncharged spray, the spray 

properties were well described by the Senecal et al. model [8]. 

When the electric field was applied, the spray angle generally increased due to of the repulsion of the 

charged droplets while the breakup length reduced up to an asymptotic value Lv∞. This effect severely 

affect the charging efficiency of the spray and confirmed the observation of Laryea and No, in contrast 

with the results of Marchant et al [21–24,26]. 

Our experimental findings suggested that the electric forces induced on the liquid sheet generated an 

increment of the wavy oscillations and deformed the sheet so to enlarge the spray angle. We envisage 

that all the spray geometries observed for a given charging potential represented an equilibrium 

condition between the electric field effects, which tend to enlarge the spray and reduced the break up 

length, and the inertial forces, which acted to preserve its original shape. The higher the electric field, 

the higher the spray deformation. However, once the electric field approached a critical value, related 

to Townsend discharges, the energy provided by the HV supply is converted in ionic discharges and the 

actual forces exerted on the liquid sheet did not increase anymore, leading to the asymptotic values of 

Lv∞ and θ∞. 

In light of the indications achieved with these experiments, we believe that a detailed 

electrohydrodynamic study on the liquid jets of induction charged sprays are needed to definitely 

provide a physical description of this process. In the next chapter, indeed, the experiments carried on 

an electrospray unit are reported. 
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Chapter 5. Electrohydrodynamic Atomization of water in the simple-

jet mode with whipping breakup4 
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4This chapter is based on a publication on submission “Electrohydrodynamic Atomization of water in the 
simple-jet mode with whipping breakup” 



 

81 
 

5.1 Introduction 

Spray technologies have been widely studied over the years for applications in chemical and mechanical 

engineering processes which require the dispersion of liquid droplets in a gaseous stream [1]. A liquid 

can be atomized into droplets by different ways that differ basically according to the type of energy 

transferred to the liquid, e.g. kinetic, ultrasonic, electric [2]. In the latter case, the combination of 

hydrodynamic and electrostatic forces change the jet breakup mechanism and generate charged droplets 

with improved dispersion in the gas phase [3]–[5]. This atomization technique is denoted as 

Electrohydrodynamic Atomization (EHDA) or Electrospray. It is based on the disruption of a liquid jet 

under the influence of an intense electric field (kV∙cm-1). 

For an uncharged spray, the breakup of a jet into droplets is dictated basically by the balance between 

inertial force and the surface tension. In this case, the breakup mechanism can be classified based on 

the liquid Weber number, which is the ratio between inertial forces and surface tension [6]. According 

to the literature [7], normally for Weber numbers below 1 the droplet’s formation mechanism is denoted 

as “dripping regime”; on the contrary the “jetting regime” is established when the Weber number is 

larger than 4. In between these two regimes, the mechanism is denoted “transition regime” [8]. When 

an electric field is applied, the breakup mechanism is modified giving rise to different spray 

morphologies known as electrospray modes. 

For Weber numbers comparable with the “dripping regime”, the electrospray modes that could take 

place are the enhanced dripping mode, the microdripping mode and the cone-jet mode [7]. At Weber 

numbers comparable with the jetting regime, instead, the electrospray mode is the simple-jet mode [7]. 

EHDA in the cone-jet mode is the most studied one because it generates nano and micrometer size 

droplets, monodispersed, which are crucial for many industrial applications as drug delivery [9], mass 

spectrometry [10], bipolar coagulation [11] or thin layer deposition [12]. However, this mode operates 

with small flow rate (µL∙h-1), which makes its use rather challenging for many industrial applications 

as gas cleaning, or water treatment. To overcome this limitation, some researchers focused on the 

simple-jet mode [2], [4]. As mentioned above, for the same set-up geometry, the simple-jet mode 

happens as soon as a strong electric field is applied but at liquid flow rates compatible with the jetting 

regime. Both electrospray modes produce fine droplets but, in the cone-jet mode, they are emitted from 

a liquid jet which elongates from the tip of a Taylor cone, while in the simple-jet mode, they are 

detached from the liquid jet which is formed directly at the nozzle tip [2]. Agostinho et al. [2] observed 

that the simple-jet mode has three main breakup mechanisms: varicose breakup, whipping breakup and 

ramified breakup. The former is comparable with the breakup mechanism of an uncharged jet in the 

jetting regime, but the presence of the electrical stresses can reduce the liquid jet radius, thus the droplet 

size as well [2]. The whipping breakup takes place when the electric stresses are high enough to create 
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off-axis instabilities of the jet. In the ramified breakup, secondary jets extend from the main one and 

each of them act as an electrospray [13]. 

Regarding the application of the simple jet mode with whipping breakup in different systems, 

Loscertales et al. [14] studied the whipping instability of an electrospray of glycerin immersed in a bath 

of hexane. The authors observed that non-symmetric perturbations happened due to the net charge 

distributed on the liquid jet: if the charge is non-uniformly distributed, the radial component of the 

electric field becomes predominant and the liquid jet starts whipping to find a new balance. Hohman et 

al [15], [16] conducted theoretical and experimental studies on the production of nanometer fibers by 

electrospinning. They found that for PEO/water solutions, the onset of electrospinning corresponded 

with the onset of whipping instability. The instability took place when the liquid jet surface charge (or 

current through the jet) overcame the varicose breakup and enhance the off-axes instability bending the 

liquid jet. Agostinho et al. [7] performed some tests with deionized water in the simple jet mode and 

studied how the droplets’ size were influenced by the electric potential. The authors observed that as 

soon as the whipping breakup appeared, two distinct populations appeared. In this breakup, the Relative 

Standard Deviation (RSD) of the droplets’ population is much larger than 0.2, thus the spray can be 

considered polydisperse [7]. 

It was also observed that in this breakup mechanism a large fraction of the generated droplets is much 

smaller than the nozzle inner diameter, which can be seen as an advantage for industrial applications 

that require, at the same time, high flow rates and small droplets [7]. 

Even though other authors have explored the simple-jet mode with whipping breakup, a clear description 

of the droplets’ population in that regime as well as a more complete definition of the window where 

the mode takes place is still missing. Therefore, in this chapter, the results of experiments aimed on 

classifying the droplets’ population, the electric current and the whipping window, using water as the 

spraying liquid are reported. Furthermore, the results were used to verify if such mode could be used 

for gas cleaning systems. 

5.2 Materials and Methods 

The experimental methods were divided into optical and electrical tests. The former was structured to 

analyze the droplets’ populations and overall spray characteristics, e.g. spray modes, whipping window, 

droplet diameter, droplet circularity etc.; the latter to measure the electrical current of the electrospray, 

which allowed us later to calculate the electric and surface tension stresses ratio. 

5.2.1 Materials 

The experiments were conducted at lab-scale using the experimental rig shown in Figure 5-1. 
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Figure 5-1- Experimental set-up 1: Electrospray unit; 2: High Voltage (HV) power supply; 3: Syringe pump; 4: 

Back light; 5: High-Speed Camera; 6: Water tank. Solid line: water; dash dot-line: Electric circuit 

The electrospray unit (1) was made of an uncoated nozzle and a metallic ring with a diameter of 4 cm 

and thickness of 2 cm used as counter-electrode. Three different nozzles (EFD inc.) were used and 

hereinafter named N1, N2 and N3. The inner and outer diameter, di and d0, were for the nozzle N1 410 

and 720 µm, for nozzle N2 500 and 810 µm and for nozzle N3 610 and 910 µm, respectively. 

The nozzle was placed in the middle of the ring in a way that the distance between nozzle tip and ring 

closer surface was kept at 1.5 cm (see details in Figure 5-1). In all conducted experiments, the nozzle 

was grounded, while the ring was connected to a High Voltage (HV) power supply (2), FUG model 

HCP 14-20000, set to negative polarity. The tests were performed with demineralized water (viscosity, 

μ, 1∙10- 3 Pa∙s, electrical conductivity, k, 5.5∙10-6 S∙m-1, density, ρ, 1∙103 Kg∙m-3, surface tension, γ, 

7.3∙10- 2 N∙m- 1and electrical permittivity, ε, 80.1 F∙m-1). The liquid was pumped through the nozzle 

using a syringe pump (AITECS model PRO SP-125 (3)) and, after sprayed, it was collected in a 

grounded tank (6). 

To characterize the simple-jet mode with whipping breakup, both the droplet population generated with 

this breakup and the ratio between the electrical and the surface tension stresses, observed when the 

whipping breakup appeared, were studied. In sequence, the methods used to characterize the droplet’s 

population and the stresses ratio are described. 

5.2.2 Experimental methods 

The experiments were based in two different tests: the optical investigation of the spray and the electric 

current measurements. The spray electric current was measured using a digital multimeter (not shown 

in Figure 5-1) KEYSIGHT (model 34461A) connected in series between the nozzle and the power 

supply ground line. The optical tests were performed using a high-speed imaging system. This setup 
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was composed of a high-speed camera (FASTCAM model SA-X2) (5), a microscopic lens (NAVITAR 

125X) and a backlight (DEDOCOOL 250W) (4), as shown in Figure 5-1. 

As the main intention of the tests was to characterize the simple-jet mode with whipping breakup, the 

experiments were performed for each nozzle with three different Weber numbers namely, 3.16, 4.93 

and 7.11. For each Weber number, the electric potential was varied from 0 kV (uncharged spray) until 

whipping conditions (≈17 kV). As noticed, the situation in which the Weber number is smaller than 4 

(transition regime) was evaluated to provide information about the simple-jet mode inside this regime. 

To calculate the Weber number, the Eq.6.1 was used: 

𝑊𝑒 =
𝜌∙𝑑𝑖∙𝑣2

𝛾
          (5.1) 

where v is the liquid velocity evaluated at nozzle exit. It is worthy specifying that the Weber number 

was estimated for an uncharged spray. 

As used by other authors [2], the electric potential was represented by the electric Bond number as in 

Eq. 6.2 

𝐵 =
𝜀∙𝑉2

𝛾∙𝑑𝑖
          (5.2) 

where V is the electric potential. 

During the optical measurements, an image sequence of around 2000 frames was captured for each test. 

For all images, the selected field of view was a rectangle of 30x38 mm2 where the nozzle was placed in 

the middle of it in a way that it would allow both the nozzle and the jet breakup point to be visible. In 

this region, the droplet surface deformation is still visible, which can affect the measured droplet 

diameter. To compensate the surface deformation after breakup, the major and minor Feret diameters 

of the droplet, a and b respectively (see Figure 5-2.2), were measured and the droplet volume was 

calculated as the one of an ellipsoid. The third axe of the ellipsoid was considered coincident with the 

minor axe. The final droplet diameter was considered as the diameter of a sphere with the same volume 

of this ellipsoid. Figure 5-2 indicates how the jet breakup length, Lj, the jet diameter, djet, the major, a, 

and minor, b, axes of a droplet were defined. 
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Figure 5-2-1) Jet parameters as jet diameter and breakup length; 2) major and minor axes of a droplet 

As mentioned by Agostinho et al. [7], the droplets’ population in the whipping breakup is rather 

polydisperse, which indicated the presence of sub-populations of droplets inside the whipping 

population. To identify and isolate each population, we used a Matlab routine (fitgmdist tool) which 

reconstructs the droplet size distribution as the super imposition of several gaussian-like 

subpopulations. Each sub-population was characterized in terms of average droplet diameter and 

standard deviation. Finally, the whole population was also analysed in a cumulative plot to quantify the 

percentage of each sub-population average diameter. 

5.2.3 Imaging data post-processing 

The experimental results in terms of droplet diameter d, electrical current Iexp were used to estimate the 

characteristics of the spray as the droplets circularity, Ci, the ratio R between the electrical stress 

developed on liquid jet and the surface tension stress, the number of droplets produced per seconds n, 

the interface area of droplets produced per unit time Ai. These parameters are defined as: 

𝑅 =
𝜎2

2𝜀0
⁄

𝛾
𝑑𝑗𝑒𝑡

⁄
          (5.3) 

n =
QL

∑
πdi

3

6
∙ψ(di)i

          (5.4) 

Ai = n ∙ ∑ πdsi
2 ∙ ψ(dsi)i         (5.5) 

where σ is the jet surface charge density, ε0 is the vacuum electrical permittivity and djet is the jet 

diameter, ds is the surface diameter and ψ(ds) is the distributions of surface diameters, d is the 

volumetric diameter and ψ(d) is the distribution of volumetric diameters. 

The relation (5.3) was proposed by different authors [17]–[19] and, as suggested by Geers [17], the jet 

surface charge density could be expressed as function of electric current, Iexp, the liquid jet velocity vjet 

and the jet circumference, Cj, as shown in Equation (5.6): 
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𝜎 =
𝐼𝑒𝑥𝑝

𝑣𝑗𝑒𝑡∙𝐶𝑗
=

𝐼𝑒𝑥𝑝

𝑣𝑗𝑒𝑡∙(𝜋∙𝑑𝑗𝑒𝑡)
         (5.6) 

The liquid jet velocity was estimated assuming that it had the same velocity of the droplets immediately 

after the breakup [17]. The droplets’ velocity was calculated by droplets’ tracking in the imaging 

analysis. For a given liquid flow rate, the jet diameter was obtained once the liquid velocity was known. 

5.3 Results and discussion 

This section is divided in five paragraphs. Firstly, the experimental results obtained from both optical 

and electrical results are described. Secondly, the influence of whipping breakup on droplets’ 

population and liquid jet stresses is discussed. Then the transition zone between the varicose and 

whipping breakup is analysed and at last, the spray characteristics in the simple jet mode with both 

varicose and whipping breakup are compared. 

5.3.1 Experimental results 

Figure 5-3 shows the breakup of an uncharged jet and the electrospray in the simple-jet mode for 

different Bond numbers for nozzle N2 and at We=7.11. 

 

Figure 5-3- Sampling of droplets’ images for nozzle N2 at We=7.11 and different Bond numbers 

For an uncharged spray (B=0), according to Rayleigh theory [20], a stable liquid jet (with djet≈ 0.55 mm 

for the uncharged jet and djet=0.44 for the electrified jet) is formed at the nozzle tip and broke into 

droplets after a certain distance. For B between 77.20 (V=2 kV) and 4342.5 (V=15 kV), the electrospray 

is in the simple-jet mode with varicose breakup. In this case, it is observed that the liquid jet diameter 

remains constant while the breakup length is reduced for the higher value of Bond numbers. At 

B= 4696.9 (15.6kV), the off-axes instabilities started to appear on the liquid jet and from this Bond 

value on, the electrospray happens in the simple-jet mode with whipping breakup. In this mode, the 

liquid jet whips following the electric field with a frequency increasing with the electric potential. Just 

before the whipping, at B=4342.5 the liquid jet started to bend indicating that the liquid jet is in the 

transition from varicose to whipping breakup. It means that a range of Bond values in which the liquid 
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jet breakup oscillates between the varicose and whipping breakup can be defined. By looking at Figure 

5-3, the transition range is delimitated at Bond values ranging from 4342.5 and 4696.5, which can be 

defined as Lower and Higher Bond numbers from imaging analysis, Bi, L and Bi, H, respectively. 

Figure 5-4 shows some characteristics of the simple-jet mode with whipping breakup for nozzle N1. 

The picture (5-4-A) is a superimposition of 100 frames, while the picture (4-B) is obtained by 

superimposing 500 frames. Both figures allow showing that both big and very small droplets are 

produced in this breakup mechanism. 

 

Figure 5-4- Superimposition of 100 frames (A) and 500 frames (B) at We=7.11 and B= 5295.8 for N1 

The changing of breakup mechanisms with the intensity of the electric field can be observed through 

the droplets’ size distributions. Figure 5-5 shows the Probability Density Functions for We= 7.11 and 

for B ranging from 0 to 5577.7 for nozzle N2. From the Figure 5-5, it is clear that the varicose regime 

droplets ‘population is rather different from the whipping breakup population.  
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Figure 5-5- Probability Density Functions for N2 at We= 7.11 and at six different Bond numbers 
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If we observe the first three diagrams from B=0 to B=1930, they showed a predominant peak at a 

diameter of about 1 mm, and two small populations at d=1.2 mm and d=0.3 mm are formed. For 

B= 4343.5, the PDF was quite similar to those at lower potentials with a main peak, which is slightly 

reduced slightly of 10% to a diameter of about 0.85 mm and a small population at d=0.25 mm is formed, 

while the droplets larger than 1 mm disappeared. All these diagrams are representing the simple-jet 

mode with varicose breakup. 

The diagrams at B= 4696.9 and 5577.7 in Figure 5-5 displayed a predominant droplets population at 

d= 0.04 mm that is quite smaller than nozzle inner size (0.5 mm), and a second population at an average 

diameter slightly larger than 0.5 mm. It is worth remembering that the optical setup had a lower 

detection limit of 0.04 mm. Indeed, the droplets smaller than that size could not be detected by the 

high- speed camera and are thus not seen in the diagrams. At Bond values above 4696.6 (V=15.5 kV), 

the electrospray mechanism was the whipping breakup. 

The Cumulative Density Function (CDF) may provide a better visualization of the droplets’ population 

as a function of the applied electric potential. Figure 6-6 is the CDF for N1 at We= 7.11 and for all 

tested Bond values (for electric potential V ranging between 0 and 17 kV). 

 

Figure 5-6- Cumulative Density Functions (CDFs) at different Bond numbers and at We= 7.11 for N1 

In Figure 5-6 three zones can be recognized. For B values between 0 and 3261.74 (Zone 1), the 

electrospray was run in the simple-jet mode with varicose breakup. In these cases, the CDFs had the 

typical sigmoidal shape but with inflection points mirroring the presence of multimodal distributions. 

At B= 3622.46 and 3782.85 (zone 2), the first off-axes instabilities of whipping breakup appeared on 

the liquid jet and the shape of CDFs mirrors the presence of a droplets’ population composed by smaller 

diameters. From B=4342.5 on (zone 3), the liquid jet has a whipping breakup and the droplets’ 

distribution gathers droplets that are much smaller than the nozzle inner diameter. Similar results were 

observed for nozzles N2 and N3 (not shown in Figure 5-6). As mentioned in Figure 5-4, the zone 2 
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represents for nozzle N2 for We=7.11, and the Bond values 3622.46 and 3782.85 are the Bi,L and Bi,H, 

respectively. 

Figure 5-7 graphs the spray electric current versus the Bond numbers and at different Weber numbers 

for all three nozzles. 
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Figure 5-7- Electric current versus Bond number for nozzle N1, N2 and N3. 

In the three diagrams, the electric current versus Bond number showed an exponential relation. For the 

same nozzle, the higher the Weber number, the smoother the exponential shape of curves. The point at 

which the electric current reached the highest values is the Bond number in correspondence with the 

onset of the whipping instability. 

5.3.2 Influence of whipping breakup on droplet’s population 

When the spray moves from the varicose breakup to whipping breakup a clear effect on droplets’ 

population appears. This effect was already shown in Figures 5-5.6 and now, in Figure 5-8, it is 

expressed in terms of the diameter d50, which is the diameter corresponding to the 50% of the 

population. In this Figure, the d50 is plotted versus Bond numbers for different Weber numbers and for 

the nozzles N1-N2 and N3. 
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Figure 5-8- Diameter d50 versus Bond number for the three nozzles at different Weber numbers. Whipping line 

for We=3.16: Dash-dot-dot line; Whipping line for We=4.93: dot line: Whipping line for We=7.11: dot-dash 

line 
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As it can be seen, the d50 reduced as the Bond number increased, until the point at which it collapsed 

drastically and remained quite constant. In this point, the electrospray mode changed from varicose 

breakup into whipping breakup. The varicose and whipping breakup zones are divided in graphs for 

each Weber number (e.g. different Weber numbers have different whipping starting points). In the three 

graphs, the horizontal reference line represents the nozzle inner diameter. As it can be observed, for 

whipping breakup, the d50 in normally much smaller than d0 up to 70% smaller. 

5.3.3 Influence of whipping breakup on liquid jet stresses 

The parameter R is the ratio between the electrical and surface tension stresses acting on the liquid jet. 

It was estimated according to Eq. (5.3) in which the electric current was used to evaluate the jet surface 

density charge, σ. 

Figure 5-9 graphs this ratio R versus the Bond numbers for different nozzles and Weber numbers. 
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Figure 5-9- Ratio between the electrical and surface tension stresses, R, for different Weber and Bond numbers 

for the three nozzles N1, N2 and N3. Whipping line for We=3.16: Dash-dot-dot line; Whipping line for We=4.93: 

dot line: Whipping line for We=7.11: dot-dash line. 

This result reflects the observations made by imaging analysis. Indeed, ratio R slightly increased with 

Bond number until when the ratio was 0.3±0.05. At this point, the whipping instabilities started to 

appear on the liquid jet, and it is consistent with former experiments [17]–[19]. The breakup mechanism 

was fully whipping when the ratio R become larger than 1. It means that there is transition region 

between the varicose breakup and the whipping breakup, as it was observed from imaging analysis. The 

Bond values at which R= 0.3 and R=1 can be defined as lower and higher electrical bond number for 

whipping onset or Be,L and Be,H, respectively. In Figure 5-9, the dividing line from varicose and 

whipping breakup is reported for all Weber numbers. As it can be seen, the transition started later at 

higher Bond numbers for increasing Weber values because of larger liquid inertia. 

Once the breakup mode is whipping at R>1, the ratio swiftly increased reaching values up to 40 (as for 

N3 and We=7.11) and, considering that this specific breakup mode requires very high electric 

potentials, the whipping breakup establishes with the corona onset. Some verification tests were done 

to verify this hypothesis. Optical tests were conducted in a black room for the operative conditions at 
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which the whipping breakup occurs. Figure 5-10 shows the liquid jet whipping breakup (left) and the 

corona fluorescence (right) observed for the same liquid jet. 

   

Figure 5-10- Liquid jet whipping breakup (left) and corona fluorescence (right) for N2 and We3 

5.3.4 Transition of the simple-jet mode from the varicose breakup to the whipping breakup 

In light of the results showed in Figures 5-9, the transition of the electrospray mode from the simple-jet 

mode with varicose breakup towards the simple-jet mode with whipping breakup could be derived both 

from imaging tests and from the electric current (i.e. ratio R) tests. By using the inflection point of d50 

curves and the criteria of R>0.3 to define the transition B number for each Weber number, Table 5-1 

lists for both electrical and optical analysis, the lower and higher values of Bond numbers at which the 

whipping instability started to appear and become fully developed, respectively. Be,L and Be,H denoted 

the lower and higher values of whipping transition observed from electric current trends, Bi,L and Bi,H 

indicated the lower and higher values of whipping transition observed from imaging analysis. 

Table 5-1- Lower and higher values of Bond numbers for whipping transition observed from electrical and 

optical tests. 

We, - Nozzle Be,L Be,H Bi,L Bi,H 

3.16 N1 1506.36 2847.96 2847.96 3977.739 

4.94 N1 2353.69 3389.31 3389.31 3977.739 

7.11 N1 3389.31 4613.23 3622.46 3782.85 

3.16 N2 1930.02 2642.01 1235.21 2642.01 

4.94 N2 2335.33 3015.74 2335.33 3261.74 

7.11 N2 3261 2779.24 4342.5 4696.91 

3.16 N3 2278.06 3100.7 1914.20 3559.47 

4.94 N3 3559.47 4049.89 3559.47 4571.95 

7.11 N3 3849.93 4571.95 3849 4049.894 
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The experiments indicated the absence of a sharp transition between the varicose and whipping breakup. 

It was not possible to find a correlation between Bond and Weber numbers but the range of values in 

which the whipping instability started to develop on the liquid jet, depended on the nozzle dimension 

too. Generally, for the three nozzles, the higher the Weber number, the higher the values of Bw. The 

discrepancy between the optical and electrical whipping Bond numbers reduced for larger Weber 

number. 

5.3.5 Improved spray properties with the whipping breakup mechanism 

The spray characteristics as droplets’ circularity (evaluated from Image J), the numbers of droplets 

produced per seconds, n, and the interface area of the produced droplets, Ai, were estimated using Eq. 

(5.3-4). The obtained values are resumed in Figure 5-11. 
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Figure 5-11- Number of droplets produced per second n, interface area of droplets Ai, circularity C, at different 

Bond and Weber numbers. Whipping line for We1: Dash-dot-dot line; Whipping line for We2: dot line: 

Whipping line for We3: dot-dash line. 

As expected, the number of droplets emitted per second by the electrospray increased with the electric 

potential because the electric field accelerates the liquid jet breakup (the breakup time reduces) and the 
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atomization mechanism becomes faster. The number n rose swiftly at potentials in which the 

electrospray was run in the simple jet mode with whipping breakup. The reduction that was observed 

in some experiments for nozzles N1 and N3 at B larger than 5000 was probably caused by droplets that 

were not inside the field of view. 

The interface area of droplets shifted towards higher values as the Weber number increased for the three 

nozzles. At same Weber number, it had larger values because of greater flow rate exerted with bigger 

nozzles. The interface area was almost constant in simple-jet mode with varicose breakup, while in the 

whipping breakup, the area Ai smoothly increased, and the increase was about 61%, 54% and 25% at 

We1, We2 and We3, respectively, by comparing the value of Ai at potential soon after the whipping 

establishment and the value of Ai in the constant range. Similarly, the droplets circularity, C, ranged 

between 0.8 and 0.9 at low potentials and reduced to 0.7 for the whipping breakup. The reduction was 

more intense at low liquid flow rates thanks to the lower liquid inertia. 

In summary, the whipping breakup gives rise to smaller and more deformed drops with a higher charge 

density compared to the varicose breakup. The production of very small droplets, charged, highly 

deformed is of primary interest for mass and heat transfer processes. For example, Di Natale et al. [20, 

21] carried lab-scale experiments on SO2 capture in a scrubber equipped with an electrospray unit 

running in dripping and transition mode. The authors found that when the droplets were charged and 

deformed, the mass-transfer coefficient were higher leading to a faster SO2 absorption process. 

 

5.4 Summary 

In this section of the thesis, an experimental campaign on EHDA atomization in the simple-jet mode 

with whipping breakup was conducted. The electrospray unit was a nozzle-ring up configuration and 

three different nozzles were tested. The experiments were made with demineralized water at Weber 

numbers of 3.16, 4.94 and 7.11 and by varying the Bond number between 0 and 5000 (0 and 17 kV). 

It was observed that i) the droplets’ size distributions were multi-modals with a predominant peak at a 

diameter similar to the nozzle outer one at low Bond numbers that shifted to a value much smaller than 

d0 when the breakup mode was whipping; ii) the electrical current slowly increased with Bond number 

until the whipping instability took place on the liquid jet and at this condition the electric current rapidly 

increased; iii) the ratio R between the electric and surface tension stresses showed the same trend of the 

electric current and, accordingly with previous experiments, it became larger than 0.3±0.05 when the 

transition to the whipping breakup started; iv) the spray characteristics as number of droplets per 

seconds, n, and the interface area of droplets, Ai, and droplets circularity, C, were influenced by the 

transition to the whipping breakup mechanism. The droplets were much smaller than inner nozzle 

diameter and highly charged and deformed. 
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Moreover, the experimental results revealed that the transition from varicose to whipping breakup did 

not take place sharply at a fixed value of Bond, but rather in a narrow range of Bond values meaning 

that the stretching of the liquid jet caused by the electric stress is a dynamic process, which leads to the 

onset of corona discharges, which generate a space charge and therefore an electric field more intense 

that the one emitted by the ring-electrode. 
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Chapter 6. Secondary Atomization of Electrified Water Sprays5 

 

 

 

 

pic by F. Di Natale 

                                                           
5 This chapter is based on the paper on submission: “Secondary Atomization of Electrified Water Sprays” 
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6.1 Introduction 

The electrified sprays can be classified on charging mechanisms (i.e. corona charging, induction 

charging or contact charging/electrospray) [1]–[4] and on liquid flow rate. 

The type of charging mechanism and the liquid flow rate are strictly correlated and define the optimum 

mechanism to charge the liquid spray. Indeed, for low-flow rate sprays (<mL/h), the contact 

charging/electrospray or induction charging are the most indicated [5]. The high-flow rate sprays 

(~L/min) are usually charged by induction for safety reasons [6], [7]. The corona charging is barely 

used on liquid sprays because of its low charging efficiency. 

The combination of an electric field and a liquid spray has been widely studied for two main reasons: 

1) the better dispersion of liquid droplets in gas phase, 2) the production of smaller droplets. The better 

dispersion is due to repulsion forces acting between the equally charged droplets and to the fact that, if 

small enough, the droplets are driven by the electric field lines. The reduction of droplets’ size has been 

investigated and demonstrated for low-flow rate electrified sprays and at the moment several scaling 

laws to correlate droplet diameter and electrical current to electrical potential and flow rate have been 

extrapolated [12]–[14]. 

The high-flow rate electrified sprays started to be studied since industrial application required a higher 

flow rate as gas cleaning or injection systems [9], [10], [15]–[17]. These studies were focused on 

understanding how the droplet specific charge or droplet charge to mass ratio depended on the electric 

field [1], [16], [17] and few studies were about the influence of electric field on atomization process. 

In previous studies, we started to verify if the presence of electric field influenced and change the 

atomization mechanism of a liquid spray [2]–[4]. Considering the atomization model described by 

Dombrovski et al. for pressure swirl hollow cones [20]–[24], we investigated the influence of applied 

electric potential on primary atomization of different sprays (e.g. length of breakup, spray angle). The 

experimental tests revealed an effective influence of the electric field on primary atomization 

parameters. We observed that the breakup length reduced with the applied electric potential and, at 

same time, the spray angle enlarged. 

In this chapter, we continued the study by analysing the droplets’ populations produced during the 

second atomization of same sprays. The results were correlated with the electrical current measured as 

in Chapter 3 to describe the droplets’ parameters as a combination of atomization and electrification 

processes. 

6.2 Materials and Methods 

The experiments were performed in the lab-scale setup shown in Figure 3-1 in Chapters 3. 
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The tested nozzles were the 60 degrees (nominal) hollow cone BD5, BD8 and BD10 provided by 

Spraying Systems (USA). The nozzles were operated with pressures from 1 to 4 bar and water flow 

rates QL from 2.3 to 7.9 L/min. The three nozzles had similar geometric design, but different orifice 

size, d0, respectively equal to 3.2, 4 and 4.4 mm. Spray induction experiments were carried out by 

varying the charging potential that was set as negative from 0 kV up to -20 kV, except for some tests 

that were performed until -14 kV because of the insurgence of electrical discharges caused by the 

wetting of the charging ring leading to short circuits. Experiments were carried out with tap water at 

T=20°C, having conductivity of 0.75 S/m and pH 7.15.  

To characterize the droplets’ population generated by the three nozzles a high-speed camera Phantom 

model Miro C110 was used. The optical lens was NIKKOR LENS AF-S 85 mm f1/8G and a macro 

ring pk11a was added. The light required by the camera was provided by a blue led produced by Thor 

Lab model LEDD1B. 

6.2.1 Experimental methods 

Considering that in previous studies the process of primary atomization of these kind of sprays has been 

already investigated [4], [7], the optical tests carried in this study aimed to obtain the size distribution 

of droplets produced during the second atomization in terms of Probability Density Functions (PDFs) 

or Cumulative Density Functions (CDFs). Figure 6-1 (left) is a typical image of the electrified spray 

global atomization process captured by means a Nikon P500 bridge digital photo-camera 

(12.1Megapixels) as in [4] in which is highlighted the zone of secondary atomization. At right it is 

reported a frame of secondary atomization droplets captured by means the high-speed camera. 

  

Figure 6-1- Atomization process of an hydraulic water spray (left) and secondary atomization droplets 

(right) 

For each test, 4000 frames were recorded with an exposure time of 4 µs. The field of view was a 

rectangle 1280x1024 mm2 and the light was placed behind the spray in a way to avoid shadow zone as 

best as possible. The high-speed camera was focalized with a ruler of 28 mm that was used to calibrate 

the imagine analysis software, which was IMAGE J®. 
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The accuracy of the measurement depends on the pixel size: in our experiments, each pixel corresponds 

to a square of 35 µm side. Considering that the droplets produced by an electrified spray could be 

deformed, the diameter of each droplet was estimated as the diameter of a sphere with the same volume 

of an ellipsoid. Indeed, from Image J, each droplet was analysed as an ellipse and the major and minor 

axes were measured to evaluate the volume of the ellipse and then the diameter of the equivalent sphere 

(as described in Chapter 5). 

Once the diameters populations were obtained, the Matlab® tool of distribution fitting was implemented 

to get the PDFs and CDFs, as described in Chapter 6.  

To understand how the presence of electric field influenced the atomization process, the ratio R was 

estimated. This parameter is the ratio between the electrical stress, τe, impressed to the liquid by the 

electric field, and the surface tension stress, τs: 

𝑅 =
𝜏𝑒

𝜏𝑠
           (6.1) 

The electrical stress, τe, is the ratio between the electrical force, Fe, and the surface on which the force 

is applied. In this evaluation the electrical stress was defined on lateral surface of liquid cone. It is 

expressed as: 

𝜏𝑒 =
𝐹𝑒

𝑆
=

𝑞2

4𝜋∙𝜀0∙𝑟𝑐
2 ∙

1

𝜋∙𝑎∙𝑟𝑐∙𝐿𝑏
        (6.2) 

where ε0 is the vacuum permittivity, q is the liquid charge, a is the liquid cone thickness and it was 

considered as mean value between the liquid thickness at nozzle exit and at breakup point, evaluated 

from LISA model [23]. Lb is the breakup length, rc is the liquid cone radius, and it was estimated 

geometrically known the breakup length and the half spray angle, θ/2, as represented in Figure 6-2. 
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Figure 6-2.Representation of liquid cone parameters as cone radius, r, breakup length, Lb, and half spray angle, 

θ/2. 

Both the breakup length and the spray angle at different electric potentials were calculated in previous 

study and are shown in Chapters 3-4. 

The electric charge, q, was expressed as function of volumetric density charge, σvol, and the volume of 

the cone, Vcone: 

𝑞 = 𝜎𝑣𝑜𝑙 ∙ 𝑉𝑐𝑜𝑛𝑒 = (
𝐼𝑐𝑜𝑛𝑒

𝑄𝐿
) ∙ (

𝜋∙𝑟𝑐∙𝐿𝑏∙<𝑎>

3
)       (6.3) 

where Icone is the electrical current measured on grounded nozzle during the experimental procedure 

carried on same nozzles in previous studies [4], [7], QL is the liquid flow rate, <a> is the liquid sheet 

thickness as average between the a0 and a(V), where a0 is the thickness for the uncharged spray 

estimated with Eq. 2.50, while a(V) is the thickness at different electric potentials calculated with 

Eq.  2.48 in which the parameters Lb(V) and θ(V) are experimentally evaluated. 

Combining Equations (6.2) and (6.3), the electrical stress is expressed as: 

𝜏𝑒 =
𝐼𝑐𝑜𝑛𝑒

2∙<𝑎2>∙𝐿𝑏∙cos (
𝜃

2
)

36∙𝜀0∙𝑟𝑐∙𝑄𝐿
2         (6.4) 

The surface tension stress, τs, is the ratio between the force that the liquid exerts to acquire the least 

possible surface and the surface itself. We will refer the surface tension to the length of the liquid sheet 

at the breakup point, as: 

𝜏𝑠 =
𝐹𝑠

𝑆
=

2∙𝛾

2∙𝜋∙𝑟𝑐
          (6.5) 

where γ is the liquid surface tension for an uncharged spray. 
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The ratio R is thus expressed as: 

𝑅 =
𝜏𝑒

𝜏𝑠
=

𝜋∙𝐼𝑐𝑜𝑛𝑒
2∙<𝑎2>∙𝐿𝑏∙cos (

𝜃

2
)

36∙𝜀0∙𝛾∙𝑄𝐿
2         (6.6) 

6.3 Experimental results 

Figure 6-3 shows the Probability Density Functions at different electric potentials for the nozzle BD8 

at P=3bar and QL= 6.4 L/min. 
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Figure 6-3- PDFs at different electric potentials for nozzle BD8 at P=3 bar 

The PDFs were normalized on total number of droplets. The shape of each curve is the same at each 

electric potential and it seems that the presence of the electric field does not affect the droplets’ size 

distribution. 

Figure 6-4 graphs the Cumulative Density Functions of distributions showed in Figure 6-3. 
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Figure 6-4- Cumulative Density Functions at different electric potentials for nozzle BD8 at P=3bar and 

QL= 6.3 L/min. 

In Figure 6-4, it is reported the detection limit line of the high-speed camera used in this work and that 

is at d=35 µm. In Figure 6-4, in CDFs curves the effect of electric potential comes out: as the electric 

potential increased, the curves shifted slightly towards smaller diameters. 

If we would use the same experimental methodology used for the electrified water spray at low-flow 

rate [5], the percentile diameter, d50, dependence on electric potential should be investigated, where the 

d50 represents the diameter at which corresponds the 50% of total distribution. It can be seen in Figure 

6-3 that the reduction of d50 with potential is quite narrow. It decreased from 80 to 60 µm. It was mainly 

due to the fact that all curves were cut at d=34 µm and as consequence the shape of CDFs at small 

diameters is affected by an error. 

To relate the electrification process with the atomization mechanism, the percental diameter d70 was 

considered because it covered a wider range of diameters. Figure 6-5 is the d70 percentile versus the 

electric potential. 
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Figure 6-5- Diameter d70 versus electric potential for nozzle BD8 at P=3bar 

The d70 oscillated around a value of 0.155 mm at electric voltages ranging from 0 kV and a certain value 

that we define V*. As the electric potential reached V* and became higher, the d70 reduced significantly 

and became 0.102 mm at V=19 kV. 

Considering that this trend is the result of a combinate process that is the electrified atomization 

mechanism, in Figure 6-6 the diameter d70 is plotted on same diagram with the electric current carried 

by water droplets. The droplets electric current, Idrop, was measured in a previous study [Chapter 3]. 
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Figure 6-6 Droplets electric current, Idrop, and diameter d70 at different electric potentials for nozzle BD8 at 

P=3 bar. 

The droplets electric current has a non-monotonic trend with applied potential: it increases linearly with 

voltage till the point Vopt at which the electric current has the highest value, then it reduces more and 

more and becomes almost zero at a point called minimum potential or Vmin. The diameter d70 has its 
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highest reduction at voltages around Vmin, as it is showed in Figure 6-5. This trend was observed in all 

operative conditions and for all the tested nozzle. In Table 6- 1, the d70 at V=0kV and at V=Vmin, the 

percentage of reduction ∆d70 are listed. 

Table 6-1- 70th percentile at V=0kV and V=Vmin, percentage of reduction for all tested nozzles. *Discharge 

occurring during the test 

Nozzle P, bar QL, L/min d70|0kV, mm d70|Vmin, mm Vmin, kV ∆d70, % 

BD5 2 3.2 0.171 0.15 19.5 12 

BD5 3 3.9 0.19 0.171 19.5 10 

BD5 3.5 4.2 0.165 0.13 19 21 

BD5 4 4.6 0.162 0.115 16 29 

BD8 1.5 4.6 0.176 0.148 16.5 16 

BD8 2 5.2 0.144 0.123 19 15 

BD8 3 6.3 0.145 0.104 19.5 26 

BD10 1 4.6 0.269 0.232* 14* 14 

BD10 2 6.4 0.227 0.19 17.5 16 

The reduction of 70th percentile is on average around 10-20% and it increases with the liquid flow rate. 

The results showed in Figure 6-7 and Table 6-1 demonstrate that there is a correlation between the 

electric current measurements, which are index of how much the electric field is charging the liquid jet, 

and the atomization mechanism. To understand it, the ratio between the electrical and surface tension 

stresses was estimated. The ratio is expressed as in Eq. (6.6) that is here reported: 

𝑅 =
𝜋∙𝐼𝑐𝑜𝑛𝑒

2∙<𝑎2>∙𝐿𝑏∙cos (
𝜃

2
)

36∙𝜀0∙𝛾∙𝑄𝐿
2         (6.6) 

Figure 6-7 plots both the ratio R and the droplet electric current, Idrop, as function of electric potential 

for the nozzle BD8 at P=3 bar. 
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Figure 6-7- Ratio R and Idrop versus the electric potential for the nozzle BD8 at P=3 bar. 

For an uncharged spray, the atomization mechanism is controlled by liquid inertia and its surface 

tension. Once an external electric field is applied, as in the induction charging used in this work, another 

force is acting on liquid jet destabilizing its equilibrium. In the ratio R, the surface tension stress is 

constant with the electric potential; the electrical stress, instead, represents how much the presence of 

an electric field influences the atomization mechanism of a liquid jet and changes it. What is expected 

is that the electrical stress added by polarization of liquid jet increases with the electric potential till 

reaching a new equilibrium of the system when by R=1. Above this level, the electrical stress is 

overcoming the surface tension stress. It happens at an electric voltage than is the point of maximum 

current carried by droplet, Vopt, with an error of ±1 kV. For V>Vopt, the ratio R continues to increase, 

while the electric current starts to decrease. The ratio rises swiftly from 5.02 to 15.49 as soon as the 

electric current approaches at its minimum value at Vmin. 

In light of these observations, in Figure 6-8 the diameter d70, the electric current Idrop and the ratio R are 

compared. 



 

106 
 

V, kV

0 5 10 15 20

I d
ro

p
, 

A

0

2

4

6

8

V
opt

R
, 
-

0

2

4

6

8

10

12

14

16

18

20

d
7

0
, 
m

m

0.10

0.11

0.12

0.13

0.14

0.15

0.16

0.17

Idrop

R

d70

 

Figure 6-8. Idrop, R and d70 versus the electric potential for nozzle BD8 at P=3 bar 

As soon as the electric voltage becomes larger than Vopt, the ratio R is larger than 1, and the droplets d70 

starts to decrease and reaches the lowest value at V>Vmin. The trend of d70 with the electric voltage is 

clarified by the two red lines in Figure 7-8. 

Figure 6-9 is indicating that the points V=Vopt and V=Vmin represent a change in the electrification 

process of the liquid jet and the diagram could be divided in three zones. For electric potentials between 

0 kV and Vopt, the electrification mechanism is purely inductive. For V ranging between Vopt and Vmin, 

the droplets electric current decreases, as the diameter, while the electrical stress increases becoming 

larger than 1. This suggests the occurrence of a new charging process. 

Thanks to the experimental observations made on the water electrospray discussed in Chapter 5, the 

plausible explanation of results shown in Figure 7-8 is the occurrence of corona discharges on the liquid 

cone, which is competitive with the induction charging process. 

6.4 Summary 

In this study, the lab-scale electrified water spray was used to study the influence of the electric field 

on secondary atomization mechanism. Three hydraulic hollow cone sprays were tested by varying the 

liquid flow rate between 3.9 and 7 L/min, while the electric potential ranged from 0 to 20 kV. 

From the experimental results, the droplets’ size distributions were estimated. It was observed that the 

CDFs shifted smoothly towards smaller diameters as the electric potential increased. The percentile 

diameter d70 was chosen as target diameter to quantify the effect of the electric field on droplets’ size. 

The d70 oscillated around its value at V=0 kV with an error of 2-3%, related to imaging analysis process, 

until the electric potential V* after which it started to reduce. The curve d70-V was compared with the 

measurements of droplets electric current, Idrop, at different voltages, in the same experimental 
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conditions. It came out that the potential V* was the same potential at which the electrical current 

reached its maximum value, Vopt, with an error of ±1 kV. It was verified for all tested nozzle. 

To understand it, the ratio between the electrical and surface tension stresses was estimated. This ratio 

represents how the electrical stress added by polarization of liquid jet added a perturbation on liquid jet, 

and it appears as a continuous function of the applied electric potential. When the ratio R becomes 

larger than one, the electrical stress overcome the surface tension stress. This condition held close to 

Vopt and was accompanied by the assessment of stable conditions for the break-up length and the spray 

angle (Chapter 4) and the progressive reduction of droplet diameters, as shown, for example, in Figure 

7-6 for the d70 diameter. Although further evidences are needed to support the development of a definite 

theory, the former indications on nozzle sprays in whipping regimes let us envisage that the 

experimental evidences can be explained considering the insurgence of corona discharges on liquid jet. 
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Chapter 7. Conclusion 

The present work had the purpose to study the influence of an electric field on the atomization 

mechanism of a liquid spray. Hydraulic hollow cone nozzles were tested at high-flow rate (~L/min). 

Our experimental findings suggested that the electric forces induced on the liquid sheet generated an 

increment of the wavy oscillations and deformed the sheet so to enlarge the spray angle. In light of the 

indications achieved with these experiments, we believed that a detailed electrohydrodynamic study 

was necessary. Indeed, we carried an experimental investigation on an electrified spray at low-flow rate 

(~mL/h) to better understand how the electric field influenced the liquid jet. 

For both systems, the liquid was water and the electrification was obtained by induction charging: the 

liquid was pumped into a grounded nozzle and exposed to an external electric field generated by a 

toroidal counter-electrode connected to the high-voltage power supply. 

The methodology was divided in two different experimental campaigns. The optical tests investigated 

the atomization mechanism to evaluate how the spray properties, as breakup length, spray angle and 

droplets’ size distribution, were influenced by the applied electric field. The charging tests aimed to 

measure the electrical currents of droplets, nozzle and high-voltage power supply. 

For the high-flow rate electrified spray, hydraulic hollow cone nozzles were tested. The liquid flow rate 

varied from 3 to 7 L/min and the electric potential from 0 up to 20 kV. The charging tests revealed that 

the electrical current carried by water droplets, Idrop, increased linearly with the electrical potential from 

0 and Vlin, then it continued to increase with a lower slop until reaching the point of maximum current 

at Vopt. At electric potentials larger than Vopt, the electrical current started to decrease and at a voltage 

defined Vmin, the current become almost zero. The droplets specific charge or Droplet Charge to Mass 

Ratio (D-CMR), which is the ratio between the current Idrop and the liquid flow rate, showed the same 

trend. 

Considering that the electrification process was by induction, the electrical current measured on 

grounded nozzle, Inozzle, was expected to be equal in module to droplets’ current, and the electrical 

current emitted from the high voltage supply, Igen, to be negligible. The expectations were verified at 

electric potentials between 0 and Vopt. As soon as the voltage become larger than Vopt, the currents Igen 

and Inozzle increased and become comparable. For V<Vopt, the induction charging model was used to 

describe data obtained from charging tests. It was found that the experimental data were well described 

by induction charging model and a corrective factor of 0.243 was necessary to have a perfect 

coincidence between them. 

The optical tests confirmed the influence on the electric field on the atomization mechanism. Indeed, 

when the electric field was applied, the spray angle generally increased due to of the repulsion of the 

charged droplets while the breakup length reduced up to an asymptotic value Lv∞. This effect severely 
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affect the charging efficiency of the spray and confirmed the observation of Laryea and No, in contrast 

with the results of Marchant et al.[21–24,26]. 

In terms of the droplets’ size distributions, it was observed that the CDFs shifted smoothly towards 

smaller diameters as the electric potential increased. The percentile diameter d70 was chosen as target 

diameter to quantify the effect of the electric field on droplets’ size. 

The d70 oscillated around its value at V=0 kV with an error of 2-3%, related to imaging analysis process, 

until a potential V* after which the d70 reduced significantly. The curve d70-V was compared with the 

measurements of droplets electric current, Idrop, at different voltages, in the same experimental 

conditions. It came out that the potential V* was the same potential at which the electrical current 

reached the maximum value, Vopt. 

The experimental campaign on Electro-Hydro-Dynamic Atomization was made at liquid flow rate 

ranging from 450 to 1000 mL/h and electric potentials from 0 to 17 kV for three different nozzles. As 

the electrical potential was increased, the atomization mode changed and passed from the simple jet 

mode with varicose breakup to the simple jet mode with whipping breakup. 

The optical tests showed that the droplets’ size distributions were multi-modals with a predominant 

peak at a diameter similar to the nozzle outer one at low potentials. It shifted to about 0.05 mm when 

the electrospray mode was the simple-jet mode with whipping breakup. The droplets were much smaller 

than inner nozzle diameter and highly charged and deformed matching the needs of applications as 

electrified gas scrubbing. 

The charging tests revealed that the electrical current slowly increased with the electric potential until 

the whipping instability took place on the liquid jet and at this condition the electric current rapidly 

increased. 

The experimental evidences highlight that the electric stress acting on the liquid jet led to its stretching 

and to the whipping instability. This is the reason why we estimated the ratio R between the electric 

and surface tension stresses. The ratio showed the same trend of the electric current and, accordingly 

with previous experiments, it became larger than 0.3±0.05 when the transition to the whipping breakup 

occurred. The ratio was larger than 1 when the whipping breakup mechanism become predominant. 

The same ratio was calculated for the high-flow rate electrified spray. It was expected that the electrical 

stress caused by the polarization of the liquid jet added a perturbation on liquid jet and it increased with 

the electric potential till reaching a new equilibrium of the system (R=1). When the ratio R is larger 

than 1, it means that the electrical stress is overcoming the surface tension stress. The experiments 

showed that the ratio R increased smoothly with the electric potential until the point R=1. As soon as 

the ratio become larger than 1, it rose swiftly. R become larger than 1 at V=Vopt with an error of ±1 kV. 

It means that the electric potential V=Vopt indicates a change in polarization process of the liquid jet. 
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We envisage that all the spray geometries observed for a given charging potential represented an 

equilibrium condition between the electric field effects, which tend to enlarge the spray and reduced the 

break up length, and the inertial forces, which acted to preserve its original shape. The explanation for 

this combined effect between the electrification and atomization process could be several. The former 

indications on low-flow rate sprays in whipping breakup let us envisage that the experimental evidences 

can be explained considering the insurgence of corona discharges on liquid jet. In fact, once the electric 

field approached a critical value, related to Townsend discharges, the energy provided by the HV supply 

is converted in ionic discharges and the actual forces exerted on the liquid sheet did not increase 

anymore, leading to the asymptotic values of Lv∞ and θ∞. Indeed, it could justify the non-monotonic 

trend of droplets electrical current, the ratio R>1 that influences the secondary atomization of liquid jet 

observed in the d70 reduction. 
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