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Summary 

 
Electrohydrodynamic Atomization, often called electrospraying, is a way to 

disintegrate a liquid into droplets by exposing it to a strong electric field. Although 

William Gilbert has reported about the deformation of a liquid meniscus under 

the influence of an electric field already more than four centuries ago, the interest 

about electrostatic spraying of a liquid increased just a few decades from now. 

Among other advantages these systems can create droplets much smaller 

than the nozzle diameter with a narrow size distribution. The droplets are also 

electrically charged and can be manipulated to collide with specific surfaces 

(electrostatic coating) or with oppositely charged particles (bipolar coagulation). 

For a given liquid and setup, different combinations of the electric 

potential and flow rate can create different spraying modes. The most studied 

mode is the cone-jet mode due to its capability to produce droplets smaller than 

the nozzle diameter with a narrow size distribution. The characteristics and 

particularities of the different modes have been extensively studied and can be 

found in the literature. 

In this thesis we have explored another mode, the simple-jet mode. 

Compared to the cone-jet mode the simple-jet mode is much less explored. A 

possible reason for that is the fact that the droplet size in the latter is many times 

bigger than in the former mode for the same nozzle diameter. Nevertheless, 

because this mode operates at flow rates much higher than the cone-jet mode it is 

an interesting option for atomization methods which require high throughputs, 

e.g. water treatment and agricultural processes. 

We have studied the characteristics of this mode to present its operational 

window and how the application of an electric field changes the droplet size and 

influences the droplets dispersion. 

Additionally we designed a multinozzle device for electrospraying in the 

simple-jet mode. We show that the device proposed can operate in this mode and 

that the characteristics of each individual nozzle are similar regarding flow per 
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nozzle and produced droplet diameter. An insulation layer was applied between 

the nozzle tip and the counter electrode to allow its operation under high 

humidity levels without current leakages. The proposed configuration works for 

the simple-jet mode (the mode which presents the highest flow rate per nozzle in 

EHDA), therefore it offers very high throughput with a low number of nozzles per 

unit area. 

By coupling the device to a single step evaporator we have shown that the 

application of an electric potential increase the evaporation of the electrosprayed 

droplets inside a closed chamber by 40%. 

Lastly, we showed that positive electrosprays in the intermittent cone-jet 

mode can produce negatively charged droplets and explained their origin. 

The presented research evidences the necessity of exploring other 

electrohydrodynamic atomization modes (besides the cone-jet mode) and shows 

that the simple-jet mode might be a good option for systems which require a 

relatively high throughput. It also demonstrates that electrohydrodynamic 

atomization might be a good atomization method for systems like thermal 

desalination and other distillation processes.  
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Samenvatting 

 
 

Electrohydrodynamic Atomization, ook wel electrospraying genoemd, is 

een methode om vloeistof te vernevelen door blootstelling aan een sterk 

elektrisch veld. Hoewel William Gilbert meer dan vier eeuwen geleden heeft 

gerapporteerd over de vervorming van een vloeistof meniscus onder invloed van 

een elektrisch veld, is het onderwerp in de afgelopen tientallen jaren meer in de 

belangstelling gekomen.  

Naast andere voordelen kunnen deze systemen druppels creëren die veel 

kleiner zijn dan de diameter van de gebruikte spuitmond en die een nauwe 

grootteverdeling hebben. De druppels zijn ook elektrisch geladen en kunnen 

gemanipuleerd worden om te botsen met specifieke oppervlakken 

(elektrostatische coaten) of met tegengestelde geladen deeltjes (bipolaire 

coagulatie). 

Voor een bepaalde vloeistof en opstelling creëren verschillende 

combinaties van de elektrische potentiaal en debiet verschillende spray modes. 

The meest bestudeerde mode is de cone-jet mode vanwege zijn vermogen om 

druppels te produceren die kleiner zijn dan de diameter van de spuitmond en met 

een nauwe grootteverdeling. De karakteristieken en bijzonderheden van de 

verschillende modes zijn uitgebreid bestudeerd en kunnen in de literatuur 

gevonden worden.  

In dit proefschrift hebben we een andere mode onderzocht, de simple-jet 

mode. Vergeleken bij de cone-jet mode wordt de simple-jet mode veel minder 

onderzocht. Een mogelijke reden daarvoor is het feit dat de druppelgrootte voor 

dezelfde spuitmond diameter in de laatstgenoemde vele malen groter is dan in de 

eerstgenoemde. Desalniettemin, omdat deze mode bij hoge debieten werkt is het 

een interessante optie voor atomisatie methoden die hoge doorvoer nodig 

hebben, bijvoorbeeld waterbehandeling en landbouwprocessen.  

We hebben de karakteristieken van deze mode bestudeerd om de 
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operationele grenzen te laten zien en hoe de toepassing van een elektrisch veld de 

druppelgrootte verandert en de dispersie van druppels beïnvloedt.  

Daarnaast hebben we een multinozzle apparaat ontworpen voor 

electrospraying in de simple-jet mode. We laten zien dat het voorgestelde 

apparaat in deze mode kan werken en dat de karakteristieken van elke individuele 

spuitmond gelijk zijn wat betreft de stroom per spuitmond en geproduceerde 

druppeldiameter. Een isolatielaag werd toegepast tussen het uiteinde van de 

spuitmond en de tegen elektrode om het te laten werken onder hoge 

luchtvochtigheid zonder lekkages van stroom. De voorgestelde configuratie werkt 

met de mode die het hoogste debiet per spuitmond in EHDA laat zien en daarom 

biedt de erg hoge doorvoer bij een klein aantal spuitmonden per oppervlakte.  

Door het apparaat te koppelen aan een enkeltraps verdamper hebben we 

laten zien dat de toepassing van een elektrisch potentiaal de verdamping van 

electrosprayed druppels in een gesloten kamer met 40% kan vergroten.  

Tenslotte toonden we aan dat positieve electrosprays in de intermittent 

cone-jet mode negatief geladen druppels kunnen produceren en legden we hun 

oorsprong uit. 

Het gepresenteerde onderzoek bewijst de noodzaak van het bestuderen 

van andere electrohydrodynamic atomization modes dan het cone-jet mode en 

laat zien dat de simple-jet mode een goede optie zou kunnen zijn voor systemen 

die een relatief hoge doorvoer nodig hebben. Het laat ook zien dat 

electrohydrodynamic atomization een goede atomisatie methode zou kunnen zijn 

voor systemen als thermische ontzouting en andere destillatieprocessen.  
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Chapter 1 

Desalination 

 

 

 
Sailors producing fresh water from distillation of sea water  

 (Alexander of Aphrodisias, AD 200) 
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1.  Water 

Water is essential for many different activities and processes. It is used for 

growing food; for household water uses, including drinking, cooking, and 

sanitation; as a critical input into industry; for tourism cultural, religious and 

spiritual purposes; and for its role in sustaining the earth's ecosystems 1. As for its 

importance many efforts have been put into the production of water at sufficient 

quality and enough quantity to supply the human needs. 

National, regional, and seasonal water scarcities pose severe challenges 

for governments, international development and environmental communities. But 

the challenges of growing water scarcity are heightened by the increasing costs of 

finding new water resources, degradation of soil in irrigated areas, depletion of 

groundwater, water pollution and degradation of water-related ecosystems and 

wasteful use of already developed water supplies often encouraged by the 

subsidies and distorted incentives that influence its use 1. 

As a consequence some opportunities for the investigation and 

implementation of nontraditional technologies, such as desalination, have arisen. 

This technology is included among the most advisable solutions to solve the 

growing water scarcity because it uses the biggest source of water on our planet, 

the oceans. However, it contributes nowadays to only about 0.2 percent of the 

global water withdrawals, and perhaps one percent of drinking water 2, 3. 

 

2. Desalination, a historical overview 

Still considered as a nontraditional process desalination was already 

mentioned by Aristotle (384-322) in his book Metrology 4, 5 as follows: 

“…Salt water when it turns into vapour becomes sweet, and 

the vapour does not form salt water when it condenses again. This I 

know by experiment…” 

 

In the same book, Aristotle also makes reference to a membrane 

desalination process, when he says: 
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“…There is more evidence to prove that saltiness [of the sea] 

is due to the admixture of some substance, besides that which we 

have adduced. Make a vessel of wax and put it in the sea, fastening its 

mouth in such a way as to prevent any water getting in. Then the 

water that percolates through the wax sides of the vessel is sweet, the 

earthy stuff, the admixture of which makes the water salt, being 

separated off as it were by a filter…” 

 

Yet, until the Renaissance, there were no functional methods about 

desalination processes published or patented 5. The first book which mentions 

desalination in details is probably Magiae Naturallis (1558) written by Giovanni 

Batista Della Porta (1535-1615)6. In the first edition of his book he mentions three 

desalination systems 6, in the second edition, issued in 1589, there is a complete 

chapter dedicated to distillation wherein Della Porta mentions seven different 

desalination methods 7 and presents different sketches which an example is shown 

in figure 1.1. 

 

Figure 1.1 – Della Porta distillation apparatus published in Maggiae Naturallis 
(1558). 

 

The understanding about the process developed and the first American 

patent claiming solar distillation was granted to Wheeler and Evans in 1870 8.  
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Two years later, in 1872, the first large scale solar distillation plant was 

build in Las Salinas, Chile by the Swedish engineer Carlos Wilson with a production 

capacity of 22.3 m3 of fresh water per day 9. After that a further boost occurred 

during the Second Great War, to provide fresh water to the troops in North Africa, 

Pacific Ocean Islands and other isolated places 5, 10. 

After this the investments on the technology progressively increased 

causing the United States to approve the implementation of an Office of Saline 

Water (OSW) 5 which supported the installation of different thermal desalination 

plants in the country 11-14. This triggered the implementation of other thermal 

desalination plants in different parts of the world, e.g. Caribean Islands 15, Coober-

Pedy, Australia 16 and USSR 17, 18.  

Thermal desalination has dominated the market till the introduction of 

polyamide membranes in the 1980s 3. Up to this time the application of 

membrane system to desalinate water was possible but very inefficient and 

restricted to low salinity water sources, e.g. brackish. The newly developed 

membranes enabled the process to happen at lower pressure and could reduce 

seawater salinity to potable standards in a single-pass process 3; Seawater Reverse 

Osmosis (SWRO) was then introduced to the market. 

The subsequent advances in material science made membrane 

technologies more competitive and an interesting option for desalination. 

Nowadays the process accounts for more than 50% of the global desalination 

capacity 19. Thermal desalination is, however, still a better option when thermal 

energy is available, e.g. next to power plants and oil refineries, due to its 

robustness and large production rates. Additionally, a more modern trend are the 

hybrid processes, i.e. thermal-membrane based desalination, like the recently 

developed Membrane Distillation systems 20-24.  

The global desalination capacity in 2006 was estimated to be 44.1 million 

m3 per day (IDA 2008) with an average growth of 12% per year over the past five 

years. The projected capacity for 2010 was 64 million m3 per day and 98 million m3 

per day for 2015 25. As the global capacity increases concerns are addressed about 

environmental impacts, energy demand, usage of chemical agents and possible 

treatment for the brine stream. 
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3. Desalination Technologies 

Desalination describes any process designed to remove salts from water. 

Different processes can be devised for that purpose but all of them are based on 

the principle that such separation works against the entropy of the system, thus it 

requires some kind of energy. The first desalination units were based on 

evaporation, e.g. thermal energy; nowadays the separation can also be achieved 

by using mechanical, electrical and chemical energy. Moreover the processes can 

also be divided by the used separation mechanism, i.e. membrane and non-

membrane based processes, and by the separation priority, i.e. water from salts 

and salt from water. Figure 1.2 shows some recent technologies and their 

classification. 

 

Figure 1.2 - Classification of different desalination technologies.  

 

The process converts the influent into two streams: a fresh water product 

stream containing a low concentration of dissolved salts and a concentrated 

effluent stream called “brine”. 

Three technologies are responsible nowadays for 93% of the worldwide 

capacity; Reverse Osmosis (RO), Multistage Flash Distillation (MSF) and Multi 

Effect Distillation (MED)2. After the implementation of membrane based processes 

the economical feasibility of thermal processes has been re-evaluated and some 

optimization studies arose, e.g. integration with renewable energy sources 3, 5, 16, 24.  

The most mentioned bottlenecks of the technology are nowadays the 
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transportation costs to reach non-costal areas, capital and energy costs and the 

environmental damages from generated wastes 1.  

The following sections briefly mention the most important desalination 

technologies.   

 

Reverse Osmosis (RO) 

 

Seawater can be filtrated if the natural osmotic process is reverted. Such 

reversion requires an energy input into the system. If the pressure on the solution 

with the highest salt concentration exceeds the natural osmotic pressure, the 

direction of flow is reversed and water flows from the concentrated solution to the 

diluted solution. In water desalination, the feed side (concentrated solution) is 

operated under pressure levels higher than on the permeate side (diluted 

solution) 26. The technology is the one which has grown fastest over the past 10 

years. Modern Sea water reverse osmosis (SWRO) plants have a production 

capacity per unity of 2·104 m3·day-1 and an energy consumption ratio of 2.5 – 7 

kWh per cubic meter of fresh water produced 27. 

 

Multi Effect Distillation (MED) 

 

Multi Effect Distillation (MED) is a thermal based process. It works 

basically as an array of thermal distillers, i.e. effects or stages. Each thermal 

distiller is composed of two elements: the evaporator and the condenser. The 

evaporator is the element where the thermal energy is transferred from the 

motive steam towards the feed. The feed is sprayed onto the outer surface of the 

evaporator tubes in a thin film to increase the contact area promoting 

evaporation. The produced vapour is forced through a demister into the 

condenser. Once it gets in contact with the tube stack in the condenser it 

condenses and both the latent heat and the sensible heat are transferred to 

preheat the feed. MED takes place in a series of vessels kept at decreasing 
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pressure/temperature levels. The combination of different effects as an array is a 

way to increase the efficiency of the process. To avoid scaling on the tube bundle 

the external temperature is kept below 80°C which keeps the evaporation level in 

each stage around 10%. The thermal energy stored in the vapour is recovered 

from one stage to the next. This vapour condenses at the inside walls of the tubes, 

providing heat to evaporate a portion of the seawater feed to this stage effect. 

This continues for several stages as long as the temperature drop can still be 

efficiently used to evaporate the preheated feed. The vapour generated in the last 

stage condenses in the condenser to preheat the feed. The condensed vapour 

from the tube bundle (distillate) streams into the distillate reservoir, while non-

condensed vapour will be reused in the next tube bundle driven by the pressure 

gradient. The non-evaporated feed from the first stage (brine) is drained into the 

second stage. As the brine flows from the first to the second stage (maintained at 

lower pressure), it flashes off, thereby generating additional vapour. Typically, an 

MED plant contains 8 to 16 stages. They are generally built in units which can 

produce 2·103 to 3·104 m3·day-1. 

 

Multi Stage Flash Distillation (MSF) 

 

In the Multi Stage Flash (MSF) process, seawater is heated in a vessel 

called the brine heater. The heated seawater is pumped into another vessel, i.e. a 

stage, where the ambient pressure is lowered, causing it to immediately boil 

(flashing effect). The sudden introduction of the heated water into the chamber 

causes it to boil rapidly, flashing into steam. Generally, only a small percentage of 

this water is converted into steam, depending on the pressure maintained in this 

stage, since the phase shift decreases the liquid’s temperature. In this case 

evaporation will occur from the bulk fluid rather than at a hot heat exchange 

surface, therefore it reveals fewer scaling problems. The vapour generated by 

flashing is converted into fresh water by being condensed on the surface of tubes 

(heat exchangers) that run through each stage. The tubes are cooled by the 

incoming feed water going to the brine heater. This, in turn, warms up the feed so 

that the amount of thermal energy needed in the brine heater is reduced. MSF 
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plants offer the largest potential for fresh water production. They are widely used 

where extreme seawater conditions are a problem for membrane processes (i.e. 

Gulf Countries). The process is highly efficient if it can be coupled to sources of 

waste heat. Moreover, new potential applications of MSF technology have arisen 

in recent years following several studies on coupling nuclear power plants to 

thermal desalination. In this kind of plant, the huge amount of waste heat meets 

the heat demand of an MSF unit, and fresh water can be produced at low costs 

with excellent robustness and reliability. Typically, an MSF plant contains 15 up to 

25 stages. The typical production rate of such plants ranges from about 4,000 to 

60,000 m3·day-1. 

 

Membrane Distillation (MD) 

 

Membrane distillation is a non-isothermal membrane process in which the 

driving force is the partial pressure gradient across a membrane that is porous, not 

wetted by the process liquids, does not alter the vapour/liquid equilibrium of the 

involved species, does not permit condensation to occur inside its pores and is 

maintained in direct contact with the hot feed liquid solution to be treated. A 

typical MD unit is Memstill®. The modules used in this system are a flat plate type. 

The design capacities of the waste heat-driven units are 80 and 50 m3·day-1. The 

process expect to decrease desalination costs to below 0.5 US$·m-3 using low 

grade waste steam or heat at around 87o C as a driving force. 

 

4. Performance Indices 

Mostly the performance indices used to compare desalination processes 

are based on the concentration of the outputs. If considered that the effluents of 

all processes are composed by a highly concentrated stream (brine) and a less 

concentrated stream (distillate) its overall mass balance can be represented as 

 

•••
+= bdi mmm ,      (1.1) 
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where im
•

 is the mass flow rate [kg·s-1] of the influent, dm
•

 is the mass 

flow rate [kg·s-1] of the distillate and bm
•

 is the mass flow rate [kg·s-1] of the brine. 

If the same balance is applied regarding the salt concentration in each stream, one 

can write 

 

bbddii mmm ωωω ···
•••

+= ,    (1.2) 

 

where ωi is the salt concentration [kg·kg-1] of the influent, ωd is the salt 

concentration [kg·kg-1] of the distillate and ωb is the salt concentration [kg·kg-1] of 

the brine. The ratio between the salt concentration of the brine and the salt 

concentration of the influent is known as the Concentration Factor (Cf) and can be 

written as 

  

sw

bCf
ω
ω= .      (1.3) 

 

The concentration factor is a well known performance index to compare 

different technologies. Another important index is the Recovery Rate (RR). It is 

basically the ratio between the mass flow rate of the distillate and the mass flow 

rate of the influent, and it can be written as 

 

•

•

=
i

d

m

m
RR .      (1.4) 

 



 30 

Equations (1.2), (1.3) and (1.4) can be combined if a relation between the 

concentration factor and the recovery rate is needed, 

 

RR
Cf

−
=

1
1

.       (1.5) 

 

A relation between the influent characteristics, the concentration factor 

and the distillate production capacity of the system can be obtained by combining 

equations (1.2) and (1.3). This relation is normally used to predict the production 

capacity of a known system, 

 

•
••








 −=
Cf

mm id
1

1· .     (1.6) 

 

From equation (1.6) we can say that the bigger the concentration factor 

for a certain mass flow of the influent, the more distillate will be produced. 

Nevertheless, there is a trade off concerning the process efficiency and the 

concentration factor because a higher Cf increases the possibility of scaling inside 

the system and decreases the thermal conductivity of the liquid. Normal and 

recovery ratios for some desalination technologies are presented in table 1.  

 
Table 1.1: Recovery ratio (%) of different desalination technologies by different 
authors. 

MSF MED SWRO

Kawajhi [29] 30-5 na 35
Corrado [31] 30-50 40-50 35-45
DLR [30] 25-10 23-33 20-50

Cipolina [3] na na 15-37
Spiegler [28] na na 40

RR(%)
Author
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5. Energy Consumption 

The theoretical minimum amount of energy required to separate salt from 

seawater is 0.7 kWh·m-3 28 which, when compared to the current numbers 3, 27-32 

reflects the inefficiency of the current processes. When compared to traditional 

water treatment processes, e.g. sand filtration and groundwater intakes, 

desalination is also very energy demanding. An evaluation done by the Energy 

Center of Wisconsin (ECW) in 2000 33 showed that the energetic cost to produce 

one cubic meter of drinking water from a groundwater intake was only 0.47 kWh. 

The same cost for a surface reservoir intake was 0.33 kWh. Both values are below 

the theoretical minimum amount of energy needed to separate dissolved salts 

from seawater and much lower than the average consumption of desalination 

processes. Recently Ophir and Lokiec 34 presented an evaluation of MED processes 

and have shown that its economics are superior to other desalination processes. 

The authors reported that efficient MED processes can be as energy intensive as 

1.2 kWh·m-3 of fresh water produced for a plant of 5 effects at a production ratio 

of 2·104 m3·day-1.  

However, some points have to be mentioned if the energy consumption of 

different technologies is compared. Firstly, the most efficient process is not always 

the most cost effective design if the price of energy is low.  Secondly, the energy 

requirements for thermal processes (MSF, MED, and MSF) are not related to the 

salt concentration, while the energy requirements for membrane processes are 

highly dependent on this factor.  

For this reason, the efficiency indexes for RO are normally provided 

differently for the treatment of seawater than for the treatment of lower salt 

concentration water 26, 27, 31. Thirdly, thermal energy obtained from waste heat 

sources is normally not considered in such calculations. 
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Table 1.2: Energy consumption for different desalination processes. 

Technology (stand alone) Average Consumption (kW/m3) Reference
Minimum 0.7 Spiegler [28]

6 - 8 Malaeb [27]
4 - 8 Mezher [33]

2.9 - 3.7 Anderson [32]
6 - 8 Khawaji [29]

5 Bouguettaia [34]
4.2 Cipollina [3]

3 - 5 DLR [30]
3.4 - 4.5 Somariva [31]
3.5 - 5 Mezher [35]

69 - 83* Mezher [33]
4 Anderson [32]
4 Khawaji [29]

13 Bouguettaia [34]
17 Cipollina [3]
3.5 DLR [30]

4 - 5 Somariva [31]
1.5 Mezher [33]

41 - 61* Mezher [33]
1.8 Khawaji [29]
13 Bouguettaia [34]
6.1 Cipollina [3]
1.5 DLR [30]

1.0 - 1.5 Somariva [31]
* Including energy consumption for heat production

MSF

RO

MED

  

 

The values presented in table 1.2 depend on a number of factors including 

differences in the size and configuration of the units, technological advances and 

the quality of the feed stream to be treated. Despite of these factors, it can be 

inferred that none of the listed processes perform well when compared to the 

theoretical minimum value if considered the total energy consumption.  

The energy consumption of MSF, the most used thermal process, is still 

about 5 up to 100 times the theoretical minimum. When compared to these 

technologies RO is remarkably efficient. Some well adjusted systems consume as 

low as 4 kW·h·m-3. 

Finally, it is important to consider that the average energy consumption of 
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RO systems is always about the consumption of electrical energy whereas thermal 

based processes use heat directly (or fuel). If it is taken into account that the 

conversion of fuel into electrical energy is only about 35% efficient, RO ratios are 3 

times higher than the reported values 19. 

 

6. Environmental Impacts 

Many aspects can be mentioned concerning the environmental impact of 

desalination processes and the recent advances taken to reduce it. The most 

mentioned impact is certainly the emission of CO2 generated by the burning of 

fossil fuels in thermal processes. The intake of feed water can damage ecosystems 

on the seabed and organisms can get caught in the intake filters 35. Pre-treatment 

leaves its traces in the brine. In the case of thermal desalination the discharge has 

a higher temperature than the feed water 30. Coagulants and other chemicals used 

to prevent bio fouling, scaling and foaming are found in the outtake 36. Due to 

corrosion heavy metals end up in the discharge as well 36. According to Latteman 

and Thomas 35, despite many similarities of their environmental impacts, 

desalination plants have several differences when compared to conventional 

drinking water treatment plants: 

  

(i) they use approximately twice more source water to produce the 

same amount of fresh water,  

(ii) they generate discharge of elevated salinity which typically has 

one-and-a-half to two times higher total dissolved solids concentration than 

the source seawater and  

(iii) they use eight to ten times more energy to generate the same 

volume of fresh water.  

Solutions to the above mentioned environmental issues have been 

proposed and studied 37. Renewable energy is suggested as a possible replacement 

for the fossil fuels. New intake systems have been developed to avoid that marine 

life will get entangled in the filters. Commercial reuse of the brine is an alternative 

to decrease the environmental impacts caused by its discharge and it 
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(furthermore) lowers the unit costs of freshwater 30, 35-37. Land filling can be used 

to the brine. Alternative chemicals for pre-treatment with lower toxic impact on 

the environment have been investigated 38. Backwash water from filters and 

cleaning water from installations can be treated before discharge 39. The 

concentration of heavy metals in the discharge can be reduced to acceptable 

levels if the brine is diluted with other waste streams before discharging39 which 

also helps to decrease the impacts due to the high temperatures of the brine. A 

careful selection of the plant location (intake and outtake mostly) is a very 

important factor to decrease the impacts 40. In addition to all of this a constant 

monitoring of benthic organisms and underwater flora must be performed in 

order to observe and control the magnitude of the actual impact 41, 42. 
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Chapter 2 

Electrohydrodynamic Atomization 
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1. Liquid Atomization 

Atomization is defined as the disintegration of a liquid into small droplets 1-5. 

The resulted suspension of fine droplets and/or solid particles (dispersed phase) in 

a surrounding gas (continuous phase) is termed spray or aerosol 1-5.  

The formation of liquid droplets is a phenomenon which has intrigued 

scientists for many centuries. Reports about this phenomenon can be seen in the 

literature already from the 15th century in the book The Codex Leicester by 

Leonardo da Vinci 
6. In this work Leonardo da Vinci noted correctly that the 

detachment of a droplet falling from a tap is governed by the condition that 

gravity eventually overcomes the cohesive forces (surface tension) 3, 6. Yet, the 

critical role of surface tension in the breakup of a liquid jet was only recognized 

many years later by Plateau, in 1849. He mentioned that a cylindrical jet, when 

affected by surface tension forces, is unstable regarding surface perturbations 

whose wave length are bigger than the jet’s circumference. Some years later 

Rayleigh addressed the same problem dynamically and showed that the breakup 

of an inviscid liquid jet is controlled by the fastest growing wavelength 7. According 

to him, the wavelength of this wave (λopt) can be calculated as 

 

 jopt r··22 πλ =      (2.1) 

 

and it governs the droplet size as 

 

23 ····
3
4

joptd rr πλπ = ,    (2.2) 

 

with rd being the droplet radius and rj the jet radius 2, 3, 5, 8. When comparing the 

two equations Rayleigh came to his famous relation jd rr ·89.1= and defined that 

the size of a droplet formed from the breakup of a liquid jet, for a given liquid, 

depends only on the system dimensions 7. 
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Rayleigh’s study comprises a specific case in liquid atomization known as 

droplet formation mechanism in the jetting regime. If the liquid is slowly pumped 

through the nozzle, it forms a pendant droplet which grows in a quasi-static 

balance between gravitational and surface tension forces finally detaching from 

the liquid meniscus 9, 10. The droplet formation mechanism in this case is known as 

dripping regime. The transition between dripping and jetting is also reported and 

it is known as the dripping faucet regime 9-11. Figure 2.1 shows images of the three 

mentioned regimes for the same nozzle geometry. 

 

 

Figure 2.1 – Droplet formation mechanisms in the dripping regime (a), dripping 
faucet regime (b) and in the jetting regime (c). 

 

For flow rates above the required to form the jetting regime, the relative 

velocity between the liquid and the surrounding air can not be neglected. 

Aerodynamic effects accelerate the breakup process and a shortening of the 

length from the nozzle exit to the droplet pinch-off is observed 8. This regime is 

known as the wind-induced regime. 

Quantitatively, the transition between the regimes depends basically on the 

kinetic energy of the liquid but it is also influenced by the nozzle geometry and the 

liquid properties, e.g. viscosity, density and surface tension. Hoeve et al 8 
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mentioned that the lower critical velocity for jet formation in capillary flows can 

be expressed in terms of the liquid Weber number (We), 

4
·· 2

>=
γ

νρ r
We l ,    (2.3) 

where ρl is the liquid density, r is the nozzle internal radius, υ is the liquid velocity 

and γ is the liquid surface tension. The transition between jetting and wind-

induced regime happens when the inertia force of the surrounding air reaches a 

significant fraction of the surface tension force, so that the gas Weber number in 

equals 

2.0· >=
l

g
g WeWe

ρ
ρ

,    (2.4) 

where ρg is the density of the gas. These values are however only applicable for 

nozzles with small inner diameters, e.g. capillary nozzles, for large values the 

presented limits are different. A diagram showing the limits mentioned for water 

with different nozzle diameters is presented by the same authors 8.   

For the conditions of the experiments performed in this thesis it was found 

that the dripping regime occurs at We < 2.5, the transition at 2.5 ≤ We < 4; and at 

We ≥ 4 the jetting regime takes place. The wind-induced regime does not lie 

within the scope of this work. 

 

2. Atomization Mechanisms 

The disintegration of a liquid into droplets can be achieved by many different 

means: aerodynamically, mechanically, ultrasonically, electrostatically, etc. For 

example a liquid jet or sheet can be atomized by shear stress when exposed to a 

high-velocity gas, using the mechanical energy provided by a vibrating or rotating 

device, or using an electric field 1, 2, 4, 5. Typical applications of these processes 

include spray drying, spray pyrolysis, spray freeze, drug delivery, pesticide 

dispersion and fire suppression. Good reviews about atomization and sprays can 

be found in the books of Lefebvre 2, Nasser 5 and Liu1. Good reviews about droplet 

formation mechanisms and the breakup of liquid sheets and jets can be found in 
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the book of Lin 4 and in the review written by Eggers and Villermaux 3. 

 

3. Electrohydrodynamic Atomization 

Electrohydrodynamic atomization (EHDA), or shortly electrospraying, is an 

atomization process which implements electric stresses into the liquid breakup 

process. These stresses are inserted by creating a strong electric field in the 

breakup region. The method is known from its capability of controlling the 

diameter of the generated droplets which is provided by adjusting parameters like 

the properties of the solution, the nozzle geometry, the electric field 

characteristics and the flow rate. Among many other applications electrospraying 

is used for drug delivery 12, in greenhouses 13 and for controlled deposition 14. 

In EHDA the electric field is created by establishing an electric potential 

difference (Φ) between the nozzle and a counter electrode placed at a certain 

distance from the nozzle’s tip. Various nozzle/counter electrode configurations can 

be used. The most known one is the nozzle/plate configuration in which the 

counter electrode is a metallic plate placed below the nozzle tip 14. Alternatively, 

configurations like double cylinders 15 and nozzle/ring 13 have also been 

successfully applied. In all the mentioned configurations the field is defined by the 

applied voltage, electric permittivity of the continuous phase, the chosen 

geometry and the interaction with other charged surfaces 16. 

In most cases the liquid is pumped through the capillary at a constant rate 

using a precision pump, but other authors have omitted the pump and used 

hydrostatic pressure 14, 17. In this thesis the experiments were mostly performed 

using a ring to plate configuration and the liquid was pumped through the 

nozzle(s) using a precision pump. 

 

4. Electrospraying Modes 

The electric forces implemented in EHDA changes the force balance on the 

liquid surface and consequently the droplet formation mechanism. If the ratio 

between the surface tension stress and the electric stress in the liquid surface and 

the kinetic energy of the liquid coming out of the nozzle are carefully selected, the 
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classical spherical shape of the pendant droplet on the nozzle output can be 

changed into a conical shape, i.e. the so called Taylor Cone 18. From the tip of this 

cone a jet emerges and breaks up into droplets. This specific droplet formation 

mechanism in EHDA is known as the cone-jet mode. For a given liquid and 

nozzle/counter electrode configuration different electrospray modes can be 

formed by changing the electric potential and the flow rate. 

The first author who reported different modes in electrospray was probably 

Zeleny 19. After him, various experimental studies revealed the existence of several 

electrospray modes 20-25. Cloupeau and Prunet-Foch 22 classified them using the 

spraying geometry. Their classification was further extended by Grace and 

Marijnissen 24. Few years later Jaworek and Krupa 23 suggested a classification 

based on characteristic time constants and on the spray current. More recently 

Verdoold 25 presented an alternative classification based on the spray current and 

on some characteristic numbers. 

The use of diagrams to represent the different modes is very common. Some 

examples are the schematic diagrams presented by Geerse 26 and Grace and 

Marijnissen 24 and the illustrated diagrams presented by Stachewicz 27 and Valvo 28. 

In figure 2.2 we present a diagram (adapted from Geerse 26), in which we changed 

the window where the simple-jet mode appears. It should be noted that not for all 

liquids each mode can occur 24, 27. 

If we start in the dripping regime region (light grey region) it shows that for 

low values of the electric potential the first electrospray mode observed is the 

dripping mode. This mode is very similar to what is seen in the uncharged 

situation, i.e. droplets much bigger than the nozzle diameter detaching at very low 

frequencies, with the difference that electrophoretic forces induce surface charge 

creating a charged droplet. The frequency of dripping increases with increasing 

applied voltage and the diameter of the droplets decreases 21. At lower flow rates 

(φ) the microdripping mode may occur. In this mode the droplets produced have 

diameter smaller than the nozzle inner diameter. For higher values of the applied 

potential the spindle mode or the intermittent cone-jet mode occur. Both modes 

constitute sprays where big and small droplets are formed alternately. In the 

spindle mode small droplets are formed from a jet which appears in the tip of a 

liquid ligament extended from the meniscus. This ligament eventually breaks up 
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into larger and satellite droplets. In the intermittent cone-jet mode spraying in the 

cone-jet mode is followed by the ejection of larger droplets 27.   

 

Figure 2.2 – Electrospray modes as a function of the applied potential and flow 
rate for a given nozzle/counter electrode geometry and their relation with the 
droplet formation regimes. Adapted from the diagram presented by Geerse 26. 

 

By further increasing the potential difference a stable cone-jet mode 

appears. In this mode the round meniscus take the shape of a Taylor cone from 

which a jet emerges breaking up into fine droplets due to Plateau-Rayleigh 

instabilities, i.e. varicose breakup. Inside the same cone-jet window, if the 

potential is increased, the varicose breakup is influenced by kink instabilities, i.e. 

whipping breakup 29. For even higher potentials more cone-jets appear and the 

multi-jet mode is formed. 

In the transition and jetting regime region (blue and green regions, 

respectively) the simple-jet mode can appear. The diagram shows that the limits to 

reach these two regions in electrohydrodynamic atomization are shifted towards 

lower flows at higher potential differences because the axial component of the 

electric field accelerates the liquid. Therefore the window where it is possible to 

form the simple-jet mode is also extended.  
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Agostinho et al 30 defined the simple-jet mode as the mode in which the 

breakup happens from an electrified jet but at flow rates in the order of the 

transition and/or the jetting regime. At low electric potentials the differences 

between this mode and the breakup of an uncharged jet are not easily noticeable. 

As reported in the literature, the implementation of the electrical stresses 

decreases the jet radius causing a consequent decrease of the fast growing 

wavelength and an increase of its growth ratio 19, 31. The differences become more 

pronounced at higher potentials. Similarly to what happens in the cone-jet mode, 

the influences of a stronger field on the liquid surface creates off-axis instabilities. 

These instabilities grow and make the jet whip during the breakup. We call this 

mechanism simple-jet mode with whipping breakup 29. At even higher potentials, 

for the same flow rate, the electric stresses can overcome surface tension. In this 

case the surface of the jet is transformed and small jets would appear along the jet 

surface 32, 33. This is called the simple-jet mode with ramified breakup. In our 

experiments we could not see this kind of breakup. 

In this thesis most of the experiments were done in the simple-jet mode 

with varicose breakup. Therefore, a more detailed analysis about this mode and its 

intrinsic characteristics is presented in chapter three. 
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Chapter 3 

The simple-jet mode
1
 

 

 
Picture by Siebren Brouwer 

 
                                                 
1 This chapter is based on the publication: 
Agostinho, L.L.F., G. Taminga, C.U. Yurteri S. Brouwer, E. C. Fuchs and J.C.M. Marijnissen, 
Morphology of Water Electrosprays in the simple-jet mode. Physics Review E, 86, 066317 
(2012). 
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1. Introduction 

Atomization is the general name for the process of disintegrating a liquid 

into air-borne droplets 1. This process is mainly classified by the type of energy 

used to breakup the liquid. The mostly known types are: the pressure atomizers, 

the rotary atomizers, the ultrasonic atomizers and the electrohydrodynamic 

atomizers. Good reviews about atomization processes and droplet formation can 

be found in the books of Lefebvre 1 and Lin 2. 

Looking at the droplet size, only few of the above mentioned atomization 

techniques are able to provide droplets in the micro and nanometer range, 

Electrohydrodynamic Atomization (EHDA), or electrospraying, is one of them. The 

process basically consists of breaking up a liquid with the implementation of an 

electrical field 3. 

For a given liquid and setup, different combinations of the electric 

potential and flow rate create different spraying modes. The most studied mode is 

the cone-jet mode due to its capability to produce droplets smaller than the nozzle 

diameter with a narrow size distribution. The characteristics and particularities of 

the different modes have been extensively studied and can be found in the 

literature 4-8.  

The mode on which we report here, the simple-jet mode, operates at 

higher flow rates than the cone-jet mode. Due to the higher inertia of the liquid in 

the simple-jet mode the electric field is only able to create a minor decrease in the 

jet diameter but still charged droplets are produced. Only few authors mentioned 

about it. According to Cloupeau & Prunet-Foch 5 and Agostinho et al 9 it appears 

when, in the presence of an electric field,  the flow rate through the nozzle is 

sufficiently high to form a permanent jet on its output. Grace and Marijnissen 8 

have classified it as a continuous mode (no pulsation of the liquid meniscus) which 

appears at the same potential level as the cone-jet mode when the flow rate is 

increased to form a jet. 

When compared to the cone-jet mode the simple-jet mode is much less 

explored. A possible reason for that is the fact that the droplet size in the latter is 
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many times bigger than in the formal mode for the same nozzle diameter. 

Nevertheless, because this mode operates at high flow rates it is an interesting 

option for atomization methods which require high throughputs, e.g. water 

treatment and agricultural processes. 

To the knowledge of the authors, there is no complete description of the 

simple-jet mode available in the literature so far. In this work our aim is to 

characterize this mode for inviscid liquids in relation to two control parameters, 

flow rate and electric field. 

2. Phenomenology 

In the absence of an electric field, the droplet formation mechanisms 

(DFM) in atomization processes through nozzles are mainly dependent on the flow 

rate and on the nozzle geometry. For capillary nozzles, i.e. inner diameters in the 

sub-millimeter range, the DFM can be divided into dripping regime (low flows) and 

jetting regime (high flows) 10-12. The differences between them can be seen in Fig. 

1. In the dripping regime droplets much bigger than the nozzle inner diameter 

detach directly from the nozzle tip at low frequencies (Fig. 1a). In the jetting 

regime the droplets breakup from a liquid jet at higher frequencies and have 

diameter in the same order of magnitude as the nozzle inner diameter (Fig. 1c). 

Two classical studies about the formation of droplets in the jetting regime, i.e. 

breakup of liquid jets, were presented by Plateau 13 and Lord Rayleigh 14.  

The transition between the dripping and the jetting regimes is also 

reported and it is known as the transition regime or the dripping faucet regime 

(DF) 10, 12. The liquid’s kinetic energy in this case is bellow the minimum required to 

form a stable jet (as seen in the jetting regime) leading to the formation of a very 

small jet from which the droplets breakup (figure 2.1b). Clanet and Lasheras 12 

mentioned that, whereas the jet length inside the transition regime is rather small, 

once inside the jetting regime it is normally more than 10 times bigger than the 

nozzle inner diameter. We will use this value to differentiate the two regimes. 

In the presence of an electric field the mechanisms responsible for the 

formation of the droplets depend not only on the flow rate and nozzle geometry 
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but also on the carachteristcs of this field. They result in different breakup modes 

which happen at flow rates comparable with the dripping regime, e.g. 

microddiping mode, inttermittent cone-jet mode and cone-jet mode, and 

comparable with the jetting and transition regimes, e.g. the simple-jet mode. 

Dispite the big difference in the flow rates used for the cone-jet mode and for the 

simple-jet mode, both produce droplets from the breakup of a liquid jet. However, 

in the cone-jet mode the jet emerges from the tip of the Taylor Cone 
15, and in the 

simple-jet mode directly from the nozzle tip. 

At low electric field strengths there are not many differences between the 

simple-jet mode and the breakup of an uncharged jet (Figs. 1c and 1d). The 

formation of droplets under such conditions is referred to as varicose breakup. 

Many models have been developed to explain the breakup of uncharged jets 

including the formation of primary and satellite droplets 2, 16-22. For charged jets, it 

is a common agreement that the implementation of the electrical stresses 

decreases the jet radius leading to a shorter jet length (Fig. 1d) 23-25.  

 

Figure 3.1 - Different hydrodynamic and electrohydrodynamic droplet formation 
mechanisms: (a) Dripping regime, uncharged jet; (b) Transition regime, uncharged 
jet; (c) Jetting regime, uncharged jet; (d) Simple-jet mode with varicose breakup, 
charged jet.; e) Simple-jet mode with whipping breakup, charged jet. 
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For higher potentials the differences are more pronounced (Fig. 3.1e). In 

that case the influence of the electric field creates off-axis instabilities on the jet 

which grow making it whip while breaking up into droplets. This breakup 

mechanism is known (from studies with the cone-jet mode) as whipping break-up 
23. We will therefore refer to it as simple-jet mode with whipping break-up.  

Another important difference when comparing the breakup of uncharged 

jets and the simple-jet mode is the dispersion of the droplets. In charged jets this 

effect is caused by Coulombic repulsion and by the action of the electric field on 

the charged droplets whereas for uncharged jets is almost imperceptible. Figure 

3.2 shows the dispersion of the charged droplets in the simple-jet mode for a 

constant flow (420 mL·h-1) and different values of the electric potential (different 

Electric Field strength). The relation between droplet dispersion, the flow rate and 

the electric potential will be further explored in this paper. 

 

 

Figure 3.2 – Effect of the electric field on the charged droplets in the simple-jet 
mode (spray envelope). For all the pictures the liquid used is deionized water 
pumped through the nozzle at 420 mL·h-1. The indicated potentials were applied 
on the ring (not shown in the picture) with the nozzle grounded. 
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3. Materials and Methods 

 

3.1 Materials 

The electrospray was studied using a nozzle to ring configuration. A blunt 

ended, polished, stainless steel needle (FED Inc.) was used as nozzle (gauge 

number 22, 250 µm ID and 510 µm OD, uncoated) and a cooper ring (ID = 50mm 

and OD = 80mm) was used as counter electrode. A pump type SIMDOS® Model: 

FEM 1.10 KT.18S was used to force the liquid through the nozzle at a constant 

flow rate (Q). The liquids used in the experiments were deionized water (~18 

MΩ·cm, Millipore system), and a solution of deionized water and NaCl (99% Sigma 

Tech) with a concentration of 35 g·L-1 (except when mentioned otherwise). From 

here on, especially in the plotted graphics, the deionized water is referred to as 

liquid L1; and the NaCl solution as liquid L2. Viscosity, density, relative 

permittivity, conductivity and surface tension (liquid-air interface) of the liquids 

are given in Tab. 1. 

 
Table 3.1: Viscosity, density, relative permittivity, conductivity and surface tension 
(liquid-air interface) of the liquids 
 

 
 

High voltage was applied with a FUG HCP 35-35000 DC high voltage power 

supply. In all experiments the counter electrode was set on a negative potential 

whereas the nozzle was grounded to avoid that high voltage would be transferred 

to the liquid. The distance between nozzle and ring was kept constant with the 

ring placed 1.7 cm above the nozzle tip as done by Geerse 26. A multi-meter (Fluke 

8846A 6.5 digit precision multimeter) connected in series between the nozzle and 

the ground (not shown in the picture) was used to measure the electric current 

through the liquid jet. 
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Figure 3.3 – Electrospray and optical system scheme. 
 
 

Images of the breakup process and of the spray can be seen in Fig. 4. Fig 

4a is a close view of the jet breakup and a simplified scheme of the nozzle-ring 

configuration. An air column was implemented between the pump and the nozzle 

input (Fig. 3) to decrease the influence of the oscillations coming from the pump 

on the breakup length (hB). Fig. 4b is a snapshot of the spray on a smaller scale. 

Fig. 4c shows hB and the spray obtained with the superposition of 500 images 

recorded at 2000 frames per second (fps). Fig. 4c also shows the dispersion angle 

(θ). Because the spray is quite symmetrical, the dispersion angle is defined as the 

angle measured between the line connecting the most external point of the spray 

and the breakup point and the z axis. 
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Figure 3.4 - Representation of the nozzle-ring set-up and images of the spray. 3.4a 
- Close view of the jet breakup with water (L1) at -6kV and 360mL·h-1 and 
representation of the nozzle-ring setup with the defined axis and some variables. 
3.4b - Snapshot of the jet with the dispersed droplets and a small part of the 
metallic nozzle. 3.4c - Superimposed image showing the spray envelope, the 

break-up length (hB) and the envelope angle (θ). 
 

3.2 Nondimensional numbers 

To classify and characterize the spray we applied a methodology similar to 

that presented by Riboux et al 
25 based on dimensionless numbers and on high 

speed imaging. The nondimensional numbers are used to correlate the 

parameters (control, physical and geometric parameters) and to facilitate the 

fitting between them and the characteristics of the spray.  

The physical parameters in our case are the physical properties of the 

liquid: viscosity (µ), surface tension (γ), electrical conductivity (K), permittivity (ε) 

and density (ρ). The geometric parameters are the inner radius of the capillary (a) 

and the nozzle-ring distance (H). Both were kept constant for the experiments. 

The control parameters are the applied flow rate (Q) and the potential difference 
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between the nozzle and the ring (Φ). When combined, they can be represented as 

nondimensional numbers as follows: 

The liquid flow rate will be represented by the liquid Weber number, 

 

γ
ρ 2·· vr

We jl=        (3.1)  

 

and the gas Weber number,  

 

WeWe
l

g
g .

ρ
ρ

=         (3.2) 

With rj being the radius of the unperturbed jet, ν the liquid velocity, ρl the 

liquid density and ρg the density of the surrounding gas. To decrease the 

influences created by wetting of the nozzle outer diameter, we checked at which 

axial position the jet radius equals the nozzle inner radius. This was found to 

happen at a minimum z·a-1 ≅ 8 (for the lower flows). Therefore we measured rj 

only after this point. 

In our case the two mentioned Weber numbers will be used to define 

whether the droplet formation mechanism is happening in the dripping regime, in 

the transition regime or in the jetting regime. For uncharged jets these limits were 

found to be We < 1 for the dripping regime, 1 < We < 4 for the transition regime 

and We > 4 for the jetting regime.  In all cases Weg < 0.02 (inertia forces of the 

surrounding gas can be neglected when compared to the liquid surface tension). 

The boundaries between the regimes for charged jets will be discussed with more 

details in the next section.  These values are in accordance to what is found in the 

literature 12, 21, 27, 28. For the conditions of our experiments the operational 

intervals of these two numbers were: 
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We < 21 (Q < 600 mL·h-1)     (3.3) 

 

0.006 < Weg < 0.02       (3.4) 

 

The electric potential will be represented by the electrical Bond number, 

 

a
B

.
. 2

γ
ε Φ=        (3.5) 

 

And the nozzle to ring distance is represented by the geometrical length 

ratio 

a

H
G = `       (3.6) 

 

These last two numbers combined represent the electric field intensity. As 

the geometric length ratio is constant for all experiments (G = 68), the field 

intensity will be related directly with the value of B. For the conditions of the 

experiments the operational interval of B is: 

 

0 < B < 1070 (0 kV < Φ < 11 kV)    (3.7) 

 

The minimum value of the electric potential was 0 kV (uncharged 

situation) and the maximum was 11 kV (the breakdown limit of the surrounding 

gas for the chosen set-up). 
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3.3 Experimental method 

To characterize the simple-jet mode we firstly defined the operational 

window of the spray, i.e. the regions with a certain spray behavior as a function of 

the electric Bond number and the Weber number. Such diagrams have been 

presented by other authors in similar studies 25, 29, 30.  

To create it we ran the spray at different flow rates (We = 1.3 – 21) and 

varied the potential until the point where the spray changed from the varicose 

into the whipping breakup. The experiments used to make the diagram were 

performed with deionized water. 

Subsequently, the spray was characterized according to its electric current, 

generated droplet diameter (d), droplet charge (q), breakup length (hb) and 

envelope angle (θ). 

 

4. Results and Discussion 

 
4.1 The operational window of the simple-jet mode 

Figure 3.5 is a diagram which shows the operational window of the 

simple-jet mode based on the experimental conditions. Most experiments were 

done for We > 4. Some experiments were done for We < 4 (dark grey region). We 

performed experiments in this region to check whether the simple-jet mode could 

be imposed inside the transition regime for higher potentials as suggested by 

Cloupeau and Prunet-Foch 6.   

The value of B (for a given We) which makes the spray change from 

varicose into whipping breakup is represented by the closed circles in the diagram. 

As seen, these values increase for an increasing We. They start with B = 609 (Φ = 

8.3 kV) at We = 4 and go up to B = 1070 (Φ = 11 kV) for We = 17. After this last 

point the transition values could not be defined because they were above the 

breakdown point of the surrounding atmosphere (spark region). 

The minimum values of B necessary to initiate droplet dispersion were 
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determined by analyzing images of the spray taken with long exposure time from a 

long distance (5m from the spray axis). B minimum was taken as the value which 

provided a dispersion angle at least 10% bigger than found for B = 0. This value 

was arbitrarily taken to assure that the mentioned dispersion was caused by the 

electric field since some dispersion was also observed in the uncharged situation. 

These values are depicted in the diagram by the open circles. 

 

 
 
Figure 3.5 - Diagram representing the operational window of the simple-jet mode 
in relation to the electric Bond number (B) and the liquid Weber number (We) for 
deionized water. The control parameters related to B (applied potential) and We 
(flow) are represented on the right and upper axis, respectively. 
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Some additional sets of experiments were done to exemplify the influence 

of the control variables on the spray. These sets are enclosed inside dashed 

rectangles and marked as sets (a), (b) and (c). Exemplary images of the spray for 

each one of them are shown in Fig. 3.6. 

Set (a) was done for B = 566 (Φ = 8 kV) while We was varied between 5.2 

(Q = 300 mL.h-1) and 13.4 (Q = 480 mL.h-1). The effect of increasing We can be 

seen by the increase of the breakup length and by the reduction of the envelope 

angle (Fig. 3.6, sequence a). 

 
 

Figure 3.6 - Sequences according to the sets a), b) and c) defined in Fig. 3.5. 
 

The next set (b) was done for a constant We (10.3) while B was varied 

between 433 (Φ = 7kV) and 975 (Φ = 10.5 kV). This set shows the transition 



 64 

between the varicose breakup and the whipping breakup which happens at B ∼ 

798 (Φ = 9.5 kV). The characteristic whipping shape of the jet can be seen in figure 

3.6b (iii). We have seen that, for the same flow rate, the breakup length during 

whipping breakup is shorter than for varicose breakup (see figure 3.6b). However 

further investigations on the whipping itself have to be conducted to better 

explain the shortening of the jet under such conditions. 

In the last set (c) we investigated a possible shift from the transition 

regime into the jetting regime caused only by an increase of B. For that the flow 

was adjusted for the transition regime region (We = 1.89) while B varied from 239 

((Φ = 5.2 kV)   to 685 (Φ = 8.8 kV). The acceleration of the liquid provided by the 

axial component of the electric field causes an elongation of the jet and the 

formation of smaller droplets as seen in figure 3.6c(ii). However, this elongation 

did not create a jet longer than 20·a, even not after reaching the whipping 

breakup (Fig. 3.6c(iii)). The breakup as seen in figure 3.6c(iii) will be referred to as 

short-jet whipping breakup Other experiments were done for different values of 

We, 1.3 ≤ We ≤ 3.7, and a similar behavior was observed. These last results 

allowed us to define a region where the short-jet whipping is most probably 

occurring. This region is shown in figure 3.5. 

 

4.2 The influence of liquid electric conductivity on the spray diagram 

In the cone-jet mode it is known that the electric conductivity of the liquid 

plays an important role. To investigate whether this would affect the whipping and 

the dispersion limits in the simple-jet mode we performed experiments with 

deionized water and solutions of sodium chloride and deionized water with 

different concentrations (17, 20, 35 and 70 g L-1) representing a conductivity range 

from 1.2 mS m-1 until 9.7 S m-1. 

The results of these experiments are depicted in figure 3.7. From there we 

can see that conductivity plays a small role concerning the whipping limit and is 

not strongly affecting the dispersion limit. 

Based on that we defined a whipping line and a dispersion line which are 

the linear fit of all the whipping points and the dispersion points regarding the 
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relation between B and We. 

The correlation coefficients for the fitted lines (R2) were 0.87 (for the 

whipping line) and 0.95 (for the dispersion line). Both values indicated a good 

linear correlation between the parameters for the two groups.  

 

Figure 3.7 - Whipping line and dispersion line from linear fits of experiments with 
water and sodium chloride aqueous solutions with different concentrations (17, 
20, 35 and 70 g·L-1) for different values of We and B. The insertion shows the 
electric conductivity of the solutions for the different concentrations respectively. 

 

This diagram is defined only inside the jetting regime (We > 4). It shows 

primarily that liquids with different conductivities can be compared to deionized 

water regarding the mentioned limits. These lines define some important points, 

i.e. the maximum value of We to create whipping instabilities (Wew) and spray 

dispersion (Wed) with respect to the sparking limit (Bs), the minimum value of B to 

start dispersion (Bd) and to start whipping instabilities (Bw) inside the jetting 

regime (We > 4) and the critical value of We in which dispersion and whipping 

require the same potential (point c, figure 3.7). The value and existence of some 
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of the mentioned points (Wew and Wed) are intrinsically related to the sparking 

limit (Bs) which is a consequence of the chosen configuration and the surrounding 

atmosphere. Therefore, they can be manipulated if the last mentioned 

parameters are properly selected. 

Bd, Bw and Bs are respectively 80, 609 and 1070 for the conditions of our 

experiments. While Wew (24.5), Wed (44.7), Wec (289) and Bc (7102) were 

calculated using linear extrapolation. 

 

4.3 Jet and droplets characteristics 

Figure 3.8 shows the influence of We and B on the spray (normalized) 

electric current, i.e. 
o

n i

i
i = , where i0 is i for B = 7.9 (Φ = 1 kV), with i0 ∼ 2nA. The 

values of i were calculated as the average value of the electric current measured 

each 2 seconds during one hour for each selected potential. The error bars are the 

calculated standard error. 

 
 
Figure 3.8 - Normalized electric current against B for three different flows (We = 
5.3, We = 6.3, We = 13.4) for NaCl solution (35 g·L-1). The dotted lines connecting 
the symbols are to guide the eyes.  
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From the data we could see no significant change of the spray current in 

the varicose breakup (see figure 3.8). 

A big jump in the current values is visible when the spray reaches the 

whipping breakup, i.e. varicose currents are ~10-9 A and whipping currents three 

to four orders of magnitude higher. As seen in figure 3.6b(iii) the whipping 

breakup creates a region where the dimensions of the jet radius gets very small. 

This causes a concentration of the electric field which could produce cone-jet 

mode spraying and justify the high value of the electric current. However, more 

research is necessary to get a better understanding.  

The values shown in figure 3.8 show that the spray electric current can be 

used as an indication of the breakup mechanism. 

Figure 3.9 shows the influence of the Bond number on the dimensionless 

jet radius (rj·(2a)-1) at a normalized axial position z·a-1 = 9.4 for different values of 

the liquid Weber number. We see a negative linear correlation between rj·(2a)-1 

and B. The dashed lines represent the linear fit of the correlated parameters for 

each examined value of We. In all cases the parameters are linearly correlated 

within a 95% confidence interval.  

 

Figure 3.9 (a and b) - Jet nondimensional radius (rj (2a-1)) against the electric Bond 
number at z a-1 = 9.4 for different values of the liquid Weber number and electric 
Bond number (3.9a) and for a constant electric Bond number and different values 
of We (3.9b) for liquid L2. Each data point represents the average of three or more 
different measurements with the error bar representing the minimum and 
maximum measured values. 
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Although not shown in the figure we performed the same experiments at 

different axial positions and found the same trend. Additionally, we also saw a 

small decrease of the jet radius for bigger axial distances. Another conclusion 

from the same plot is that the influence of the electric field is less pronounced for 

higher values of We. 

Figure 3.9b shows a good exponential fit between the jet nondimensional 

radius and We. A similar behavior has been reported for uncharged jets21, 29. 

Next we investigated the diameter of the generated droplets. For that we 

used high speed imaging to measure the diameter of the droplets at different 

values of We and B for deionized water and a sodium chloride solution (35 g·L-1). 

The images were treated with a Matlab self made routine which allowed us to 

distinguish between primary and satellite droplets and to calculate their average 

diameter. The droplets diameter were normalized with the nozzle inner diameter 

(a) and presented as their relative diameter (Fig. 3.10).  

 

Figures 3.10 (a and b) - Normalized diameter of the primary (3.10a) and satellite 
(3.10b) droplets generated for different values of the liquid Weber (in figure 3.10b 
We = 11.4) number and electric Bond number for deionized water and a solution 
of water and sodium chloride (35 g·L-1). Error bars are data standard error. 

 

From figure 3.10a we see that the average diameter of the primary 

droplets slightly decreases for higher values of the electric Bond number and that 

this influence is more pronounced at lower values of the Weber number. For the 

jetting regime (We > 4) this reduction was observed to be approximately 20% at B 



 69 

= 221 (Φ = 5kV) and for the transition regime (We = 3.3) the reduction of the 

primary droplet size was up to 50% when compared to the uncharged situation 

(see also Agostinho et al 9). 

From figure 3.10b we see that the diameter of the satellite droplets also 

decrease with B. This is contradicting what is reported by Collins et al 24 who have 

modeled the breakup of electrified jets and mentioned that the electrostatic 

stress would increase the size of the satellite droplets. 

The next parameter studied was droplet surface charge. There are many 

models to predict the charge of formed droplets in the cone-jet mode25,29, but not 

many information is available about this value in the simple-jet mode. In a recent 

work Agostinho et al 30 reported that, for the intermittent cone-jet mode, the 

charge of the droplets was between 2,5 and 19% of their Rayleigh limit. The 

method uses the droplet momentum, i.e. force balance, to estimate its charge. 

 

 
 
Figure 3.11: Superposed images of the droplets for We = 5.2 and B = 0 (a), B = 280 
(b) and B = 500 (c) and for B = 500 with We = 5.2 (d), We = 7.5 (e) and We = 10.3 
(f). Both experiments were performed with deionized water (L1). 
 

In our calculations we assumed a constant charge distribution over the 

droplet surface and we used the electric current values to estimate the amount of 

charge given to the spray per second. Using high speed imaging we could calculate 

the amount of droplets generated in the same interval and their average 

diameter.  
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The results showed that simple-jet mode droplets are charged between 5 

and 10% of their Rayleigh limit. These results also have shown that the droplet 

charge slightly increases with increasing We and B. No conclusive relation was yet 

found for different electric conductivities. 

The dispersion of the droplets and the formation of the conical envelope 

can be seen in figure 3.11.  

The figure shows that the envelope angle (θ) increases with B and 

decreases with We. Both are expected considering that for a given We higher 

values of B imply stronger fields and consequently an enhanced deflection of the 

droplets’ trajectory in the radial direction. On the other hand, for a given B, higher 

values of We imply a higher droplets inertia which causes less deflection in the 

radial direction. A quantitative description of Fig. 3.11 is presented in Fig. 3.12. 

 

 
Figure 3.12 - Influence of B on θ for different values of We (a) and of B on L θ for 
different We (b). Each data point represents the average of the measurements 
with the error bar representing the minimum and maximum measured values. 
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Table 3.2: Break up length (hB) and normalized breakup length (L) for different 
values of We and B with deionized waster (L1). 

hB (m) L hB (m) L hB (m) L

32 0.01081 43.2 0.01413 56.5 0.02200 88.0
126 0.01078 43.1 0.01410 56.4 0.02190 87.6
281 0.01077 43.1 0.01410 56.4 0.02190 87.6

500 0.01075 43.0 0.01408 56.3 0.02180 87.2
782 0.01070 42.8 0.01406 56.2 0.02180 87.2

We = 5.2 We = 7.5 We = 10.2
B

 

Fig. 3.12 shows that θ changes with B according to a power function. It is 

also evident that higher values of We decrease this influence while it increases the 

breakup length. By multiplying the normalized breakup length, i.e. 
a

h
L B

·2
=  (data 

presented on table 3.2), by θ the data collapse into one curve (Fig. 3.12b) and 

scales with B according to:  

 

)(·log3)·ln( 10 BL ∝θ  (for B > 0)    (3.8) 

5. Conclusions 

 

The presented data show the characteristics and operational window of 

the simple-jet mode. It has been proven that this mode can be divided by the 

characteristics of its breakup mechanism and that these characteristics are a 

function of the liquid Weber number and the electric Bond number for a given 

setup. Furthermore, it was shown that the influence of the electric field decreases 

the size of the primary and satellite droplets and favors monodispersion. The 

charge of the produced droplets was calculated between 5 and 10% of their 

Rayleigh limit. And lastly, the dispersion of these droplets is much more 

pronounced than seen in uncharged jets and it is a function of the liquid Weber 

number and of the electric Bond number. 
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Appendix 3A 

Nozzle/ringup, nozzle/ringdown or nozzle/plate? 

  

The nozzle to plate configuration is a classical configuration used in 

electrospray. The majority of the literature about this subject is based on this 

configuration [1-5]. In this case, the plate is used as a counter electrode to create 

the necessary electric field between it and the nozzle tip. After electrosprayed the 

droplets are normally collected on the plate surface which, in some cases, is not 

desirable because can disturb the characteristics of the electric field and 

consequently the spray itself.  

The nozzle to ring configuration with the ring placed beneath the nozzle 

tip was probably proposed to overcome this accumulation problem. This 

configuration can create a similar electric field and, if well adjusted, the droplets 

pass through the ring avoiding accumulation on its surface. A common problem in 

that case is the presence of returning droplets which can collide with the ring. 

Both mentioned configurations have the disadvantage that, if the droplets 

are produced to collide with a certain surface (coating or deposition processes), 

this surface can not be placed close to the nozzle tip because it shields the electric 

field and stops the spray.  

The nozzle to ring configuration with the ring placed above the nozzle tip 

was probably firstly proposed by Geerse [6]. In this configuration the electric field 

also creates the necessary conditions for electrospraying and, if well adjusted with 

the inertia of the produced droplets, can efficiently avoid collisions caused by 

returning droplets. In this configuration if the droplets are produced to collide with 

a certain surface it can be placed close to the nozzle tip which increases the range 

for possible applications. 

To the knowledge of the authors, a more detailed description of the 

intrinsic characteristics of the electric field for the three above mentioned 

configurations is not available in the literature so far. This appendix is meant to 
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give a bit more inside information about this topic. 

Comsol Multiphysics version 4.1a was used to model and compare the 

characteristics of the different electric fields. The model gave predictions of 

normal, axial and radial components of the electric field and the equipotential 

lines in the studied region. 

The model was done with the electrostatic group of equations inside the 

2D AC/DC module. Figure 3A.1 sows the 2D model geometries used to represent a 

cross section of each studied configuration. 

 

 Figure 3A.1 - 2D model geometries of the studied symmetric 
configurations. 

  

The counter electrodes (rings and plate) are represented by the black 

rectangles. The plate was drawn 25mm long and 1mm thick. The rings and nozzles 

were drawn with the same dimensions as used in the majority of the experiments 

presented in this thesis, which is: 0.51mm and 0.25mm outer and inner nozzle 

diameter, 25mm nozzle length, and the ring with 15mm inner diameter and 17 

mm outer diameter. The distance between nozzle tip and ring in the 

nozzle/ringdown and nozzle/plate configuration were chosen to be the same as 

used in the nozzle/ringup configuration, 17mm, which is also the distance most 
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commonly used for the experiments. 

 

Figure 3A.2 - Surface plot (electric field) and contour plot (electric potential) plots 
of the configurations. The color scale applies only to the surface plot. 
 

The top grey rectangles are to represent the insulative board which 

normally holds the nozzle in place. Around the whole geometry a rectangular 

chamber was defined to represent the surroundings (ambient air). The red lines 

numbered from 1 until 7 were base lines defined for the plotting of the graphics.  

 Comsol materials library was used to define the physical properties of the 

modeled objects. From it we could define the ring material as copper, the nozzles 

as stainless steel, the insulation board as Polyoximethylene and the surroundings 

as ambient air. 

 The boundaries conditions were defined as follows: The rings and plate 

boundaries were defined with a specific electric potential (-3kV). The nozzles 

boundaries were defined as grounded. The board boundaries were selected as 

dielectric shielding and the surroundings boundaries were selected as no charge. 

Figure 3A.2 is a surface and contours plot of the configurations. The 

surface plot was selected as electric field (it represents the resultant vector of the 

axial and radial component of the electric field in each point) and the contour plot 
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is representing the equipotential lines.  

As expected, the plots show higher electric field intensity close to the 

nozzle tip and the rings and plate corners. From the structure of the equipotential 

lines it is possible to see that each configuration will present electric fields with 

significantly different structures. 

 

Figure 3A.3 - Electric potential (a, b and c), axial component of the electric (d, e 
and f) field and radial component of the electric field (g, h and e) for each 
configuration. Nozzle/plate plots are figures 3A.3a, 3A.3d and 3A.3g. 
Nozzle/ringdown are the plots shown in figures 3A.3b, 3A.3e and 3A.3h. 
Nozzle/ringup are the plots represented in figures 3A.3c, 3A.3f and 3A.3i. 

  

Figure 3A.3 is a general idea for the values of the electric potential and the 
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radial and axial component of the electric field for the three configurations.  

 A more comparative idea is presented in figure 3A.4. 

 

Figure 3A.4 - Radial (3A4.a) and axial (3A4.b) component of the electric field for 
the three configurations 1mm beneath the nozzle tip. 

 

 The figure is a comparison between the radial and axial components of the 

electric field measured at 1mm from the nozzle tip, 2cm along the x axis in both 

directions. 

 Firstly it is possible to see that the electric field components behave 

similarly (along the investigated line) for the three configurations. However, it is 

clear that the axial component of the ringup configuration is always smaller than 

the other configurations.   

From figure 3A.4a is possible to see that the axial component of the field 

presents a similar behavior for the three studied configurations. For the plate and 

ringdown configurations it reaches a maximum of ∼±1.1·105 N/C close to the 

nozzle tip. For the ringup configuration this value is ∼±0.5·105 N/C at the same 

point. 

 From figure 3A.4b we see that the axial component of the field also 

reaches its maximum at the nozzle tip. Its values for plate and ringdown 

configuration at this point are ∼-3.5 and ∼-2.9·105 respectively and ∼-1·105 N/C for 

the ringup configuration. Both figures show that the electric field presents the 

same characteristics for the three configurations. However the plate configuration 
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presents electric field values slightly higher than ringdown configuration for the 

same positions and both present values up to 2 times higher than ringup 

configuration for the axial component and ∼3 times higher for the axial 

component. 

 Some practical conclusions are. Firstly, the fact that the electric field 

presents the same characteristics close to the nozzle tip is an indication that the 

three configurations can be used efficiently for electrospraying in different modes. 

The higher values found for the axial and radial component of the electric field for 

plate and ringdown configuration indicate that, at the studied position, the 

resultant field is higher for the same applied potential compared to the ringup 

configuration. This might ultimately reflect on different droplets dispersion or 

thinner jets and consequently smaller droplets for the same potential. 
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Chapter 4 

Monodisperse sprays
2
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 This chapter is based on the publication: 

Agostinho, L.L.F., C.U. Yurteri, E. C. Fuchs, and J.C.M. Marijnissen, Monodisperse Water 

Microdroplets Generated by Electrohydordynamic Atomization in the Simple-Jet mode. 
Applied Physics Letters, 2012. 100(24): p. 4. 
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1. Introduction 

The generation of monodisperse sprays is crucial for many industrial and 

medical applications1-7. Among others, such sprays can be used to control droplet 

deposition in ink-jet printing 8, to improve lung targeting in drug inhalation 

technology 9, 10 and they are known to enhance the evaporation rate in 

combustion systems 11. 

Commonly, the droplets generated in these processes are formed from the 

breakup of a liquid ligament. The process is named after the mechanism used to 

create the filament, e.g. pressure gradients (pressure atomizers), gas streams (air 

assisted atomizers), centrifugal forces (rotary atomizers) and electrostatic forces 

(electrohydrodynamic atomizers) 1, 12, 13. Empirical and theoretical investigations 

have been done to understand the mechanism responsible for the formation of 

such sprays. Among them, the most famous one is the study done by Rayleigh 14 

who found that non-compressible inviscid liquid jets are unstable regarding 

axisymmetric disturbances of wave number (k) less than a certain cut-off wave 

number, i.e. the critical wave number (kc) and calculated that the diameter of the 

formed droplet (d) is related to the jet diameter (D) as d ≈ 1.89×D. It is known 

nowadays that for each disturbance forming a main droplet one or more usually 

smaller droplets (satellite or secondary droplets) can be formed 1. However, it is 

possible to disturb the jet such that these satellite droplets are not formed, 

thereby generating a monodisperse spray 1, 15. 

From all the above mentioned atomization methods electrohydrodynamic 

atomization (EHDA) is one of the few which is capable to generate monodisperse 

micrometer size droplets. Another unique feature of this method is the electric 

charge acquired by the droplets which provides self dispersion and prevents 

coalescence 3, 16. In view of these appealing characteristics the production of 

monodisperse sprays using EHDA has attracted considerable attention in the 

literature 2-7, 10, 12, 17, 18. Some examples are the works of Tang and Gomez (1994), 

who investigated monodisperse electrosprayed water droplets for targeted drug 

delivery 7 and monodisperse sprays of low conductivity liquids 3 as well as the 

works of Deng et al (2009) and Arnanthigo et al (2011) who have developed 

multiplex systems for the production of such sprays 6, 19. These papers consider 

electrospray in the cone-jet mode largely due to the fact that droplets generated 
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in this mode are monodisperse and much smaller than the nozzle diameter; thus, 

allowing the usage of big nozzles, which has advantages, i.e. less clogging. 

However such a mode operates at very low flow rates 3, 20-22 which is a limitation 

for applications requiring high throughput 19, e.g. cooling towers, thermal 

desalination and spray drying. A solution for this problem is to operate at higher 

flow rates, therefore, in a different mode. According to the classifications 

presented by Cloupeau and Prunet Foch 23 and Grace and Marijnissen 24, one 

option would be the simple-jet mode. 

In the present work we studied the production of monodisperse aqueous 

electrosprays in the simple-jet mode. The effects of flow rate, applied voltage and 

electric conductivity on monodispersity and droplet size were investigated. The 

liquids used were deionized water and a solution of sodium chloride in deionized 

water. The focus is on applications which require monodisperse sprays with high 

throughput and droplets in the hundreds of micrometers size. 

 

2. Materials and Method 

To conduct the investigations electrospray was studied using a nozzle to 

ring configuration (Figure 4.1). A blunt ended, polished, stainless steel needle (FED 

Inc.) was used as nozzle (gauge number 22, 250 µm ID and 510 µm OD, uncoated). 

A pump type SIMDOS® Model: FEM 1.10 KT.18S was used to create a constant 

flow rate (Q) through the nozzle. The liquids used in the experiments were 

deionized water (~18 MΩ·cm, Millipore system), and a solution of deionized NaCl 

(99% Sigma Tech) in deionized water with a concentration of 35 g/L, from now on 

referred to as Dwater and NaClaq respectively. Viscosity, density, relative 

permittivity, conductivity and surface tension (liquid-air interface) of the liquids 

are given in table 4.1. 
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Table 4.1: Viscosity, density, relative permittivity, conductivity and surface tension 
(liquid-air interface) of the liquids. 

 

High voltage was applied with a FUG HCP 35-35000 DC high voltage power 

supply. In all experiments the counter electrode was set on a negative potential 

(Φ) whereas the nozzle was grounded. The distance between nozzle and ring was 

kept constant with the ring placed 1.7 cm above the nozzle tip as done by Geerse 
25. A multi-meter (Fluke 8846A 6.5 digit precision multimeter) connected in series 

with the nozzle and the ground (not shown in the picture) was used to measure 

the electric current through the liquid jet. An optical system consisting of a 

Photron SA-1 high speed camera (HS camera) and diffused backlight illumination 

(Microscope light source Karl Storz Technolight 270 with liquid light guide and 

diffuser) was employed to record the experiments. ImageJ® was used for image 

processing; brightness and contrast corrections were done using Corel Photopaint® 

15. After being processed the image data were analyzed statistically using a self 

made Matlab routine. 

The liquid Weber number 
γ

ρ 2vr
We l ××=  (where ρl is the liquid density, r 

is the nozzle inner radius, ν is the liquid velocity and γ is the liquid surface tension) 

was chosen as an indicator ascertaining the system’s operation in the simple-jet 

mode. From the literature it is known that, for uncharged jets with We ≥ 4, the 

droplet formation mechanism happens in the jetting regime26-33. Just below this 

value it happens in the so called transition regime
28, i.e. in between the dripping 

and the jetting regime. As mentioned by Cloupeau and Prunet-Foch 23 for 

electrified jets this transition is expected to happen at lower Weber number 

values, corresponding to the transition regime, because the tangential component 

of the electric field increases liquid acceleration. We consider the simple-jet mode 

as the mode in which the breakup happens from an electrified jet but at flow rates 

in the order of the jetting regime and the transition regime. 
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Figure 4.1 – Electrospray and optical system scheme. 

 

The characteristics and definition of this mode has also been reported by 

Agostinho et al
34. According to the authors it can be obtained when the liquid is 

electrosprayed at We ≥ 4 (jetting regime) or at lower values of We (transition 

regime) for certain values of the electric field. The spray size distribution was 

determined for three different flows 6.8×10-8 m3·s-1 (We = 3.3), 1.02×10-7 m3·s-1 

(We = 7.4) and 1.36×10-7 m3·s-1 (We = 13.4) for both liquids at different potentials 

(from 0 to -10kV). The lower flow (We = 3.3) was chosen expressly to investigate 

whether the simple-jet mode could be imposed at We ≤ 4 and whether 

monodispersity could be achieved under these conditions. 

 

3. Results and Discussion 

The curves shown in Figure 4.2 are the particle size distribution of the 

electrosprayed droplets. They are plotted for two different values of We (3.3 and 

13.4) at different potentials (from 0 to 10 kV) for the two tested liquids (Dwater 

and NaClaq). 
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From the curves it is possible to see that inside the transition regime (We 

= 3.3) the breakup at Φ = 0 creates a bimodal distribution (two peaks with similar 

frequencies). With the increase of the applied potential the two peaks start to 

merge and a more monodisperse distribution is formed. We repeated this 

experiment for other values of the Weber number inside the transition regime 

(We = 3 and 3.6) and the same effect was observed. 

 

 

Figure 4.2(a-d) - Particle size distribution of the droplet diameters for deionized 
water at We = 3.3 (4.2a) and 13.4 (4.2b) and NaCl aqueous solution at We = 3.3 
(4.2c) and We = 13.4 (4.2d) for different potentials. 

  

Inside the jetting regime (We ≥ 4) the effect of the applied potential on 

droplet size distribution is noticeable but not strongly pronounced. As can be seen 

in figure 4.2b and 4.2d, for We = 13.4 the breakup of the uncharged jet is already 
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rather monodisperse. Longer critical wavelengths (λc) are expected at this Weber 

number and, as a consequence, the formation of secondary or satellite droplets is 

likely 1, 15, 35. The presence of satellite droplets compromises the monodispersity 

because they cause a second class of diameters (smaller than the primary 

droplets) and they can coalesce with the main droplets generating a third (and 

bigger) class of diameters (tertiary droplets). This is seen in figure 4.2b and 4.2d 

by the presence of the two extra peaks (left and right side of the primary droplet’s 

peak). An effect of the electric potential is decreasing the third peak (tertiary 

droplets). This result is due to the electric charge acquired by the droplets during 

atomization which causes columbic repulsion and decreases coalescence effects.    

In general we noticed that an increase in potential causes a decrease of 

the satellite and primary droplet diameters. Regarding the primary droplets this 

happens because the electrostatic stresses decrease the jet radius 15, 36, 37, which 

shortens the wavelength of the fastest growing perturbation and consequently 

the droplet size. Similar phenomena were experimentally observed by Tang and 

Gomez for monodisperse sprays generated in the cone-jet mode 3, 7. The influence 

of the applied potential on the satellite droplets has not been much explored in 

the literature. Some examples are the work of Collins et al 37 who have modelled 

the breakup of electrified jets and mentioned that the electrostatic stress 

increases the size of the satellite droplets; and the work of Hartman et al 35 who 

reported that the presence and size of these droplets is a function of the electric 

current through the liquid jet in the cone-jet mode.  

In the case of deionised water (figure 4.2b) it was remarkable to observe 

that the peak associated with satellite droplets has almost disappeared for Φ = 9 

kV and has returned at Φ = 10 kV. This observation was reproducible and further 

investigations will be carried out to verify whether different electric fields 

(magnitude and direction) can be used to suppress the formation of satellite 

droplets and to change size distribution. 

The broad size distribution presented for the two liquids for We = 3.3 at Φ 

= 9 kV (figure 4.2a and 4.2c) and for the NaClaq for We = 13.4 at Φ = 10 kV (figure 

4.2d) is a consequence of whipping instabilities in the jet. As presented in 

literature 35, if the ratio between electrical and surface tension stresses 
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overcomes a certain threshold, off axis instabilities develop in parallel to the 

axisymmetric instabilities making the size distribution broader. Figure 4.3 shows 

images of some sprays represented in figure 4.2. 

 

 

Figure 4.3 - Sprays at different potential and Weber number for Dwater and NaCl. 

 

The bimodal distribution represented in figures 4.2a and 4.2c can clearly 

be seen for We = 3.3 and Φ = 0. For the same value of We, the figure also shows a 

good monodispersity at Φ = 7 kV and the whipping instabilities with a very broad 

size distribution for Φ = 10 kV. For We = 13.4 the figure shows that the ligament 

between two main droplets decreases as the potential increases. Also, in the 

same sequence, the reduction on the primary droplet size for increasing 

potentials is noticeable especially for We = 3.3 (see also figure 4.2a). 

To quantitatively describe the influence of the applied potential on the 

droplets size distribution we use the Relative Standard Deviation (RSD)2, 3, 7. 

Figure 4.4 shows that the RSD decreases with increasing potential for We = 

3.3 and 13.4 for both liquids. The most significant reduction happens for We = 3.3 

where the RSD decreases from 0.5 to 0.18. Sprays with RSD smaller than 0.2 are 
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considered monodisperse 7, 38. For We = 7.5 the influence of the applied potential 

on the RSD is very small. This is due to the fact that such a spray is already rather 

monodisperse without the application of an electrical potential. Therefore, 

electrospraying the liquid under these conditions does not improve the droplet 

size distribution significantly. Comparing figures 4.4a with 4.4b shows that the 

influence of the liquid’s electrical conductivity on the RSD is not very pronounced 

as the values are similar for both liquids. Extra experiments (not shown) have 

indicated that higher conductivities cause whipping instabilities at slightly lower 

potentials, meaning that the potential range wherein a monodisperse distribution 

can be achieved decreases with increasing conductivity. RSDs above 0.6 indicate a 

whipping breakup. 

 

Figure 4.4 - Relative Standard Deviation (RSD) of the analyzed distributions for 

NaClaq (4.4a) and Dwater (4.4b) for different values of We and Φ. 
 

For the specific kind of nozzle used in our experiments it was observed 

that, inside the jetting regime (We > 4), for the uncharged condition (Φ = 0), the 

diameter of the primary droplets is between 2.1 and 2.2 times bigger than the 

nozzle’s inner diameter. The application of the electric potential reduces their 

diameter by approximately 20% at Φ  = 5 kV. In the transition regime (We = 3.3) 

the reduction of the primary droplet size was up to 50% when compared to the 

uncharged situation. A similar result was found for the diameters of the satellite 

droplets which were also reduced up to 50%.  
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4. Conclusions 

These findings lead us to infer that the electric potential can significantly 

change the droplet size distribution in electrosprays operating in the simple-jet 

mode, especially for the transition regime, i.e. for We < 4. We have shown that for 

We = 3.3 the RSD of the distributions can be decreased from 0.5 in the uncharged 

situation to 0.18 at 5 kV, values comparable to those found for monodisperse 

electrosprays in the cone-jet mode 2, 3, 7. Sprays in the jetting regime already 

exhibited RSD ≅ 0.2, but the application of an electrical potential could still 

decrease these values. 

Simple-jet mode sprays are a very good option for applications which 

require monodispersity of droplets in the hundreds of micrometers range with 

much higher throughput as the flow required for the cone-jet mode. 
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Appendix 4A 

Droplets position and velocity 

 

 To provide a better understanding of the droplets generated by the 

investigated sprays and their behaviour, we developed a routine which was able to 

split the droplets from an image sequence and determine their diameter, position 

(x and y), velocity and Reynolds number. The results of this analysis were 

presented orally during the 2009 European Aerosol Conference in Thessaloniki, 

Greece. 

 Firstly we used ImageJ to treat a recorded image sequence. With the 

program we could isolate different droplets present in a given frame and 

determine their diameter (Ferrets diameter) and the position of their centroid 

(x,y). The position of the centroid was given in relation to a coordinate system 

defined as presented in figure 4A.1. 

 

Figure 4A.1 - Axis directions and origin. 

   

A homemade routine was then written in MatLab to treat the data 

generated by ImageJ after analyzing the complete set of images. 

In this routine three matrixes were initially generated, matrix D (diameter), 
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Y (axial position of the droplet centroid) and X (radial position of the droplet 

centroid). The data about each droplet were positioned in the matrices according 

to their appearance in the sequence of images. These matrices were defined as 

follows: 
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The subscript indices i and j are respectively the number of times a droplet 

appeared in the image treatment field of interest (FOI) and the droplet number 

(droplets were numbered by appearance).  

The droplet number (j) corresponds to the number of droplets analyzed in 

the whole image sequence, starting from 1 until m. 

From these, two new matrices (X2 and Y2) were defined. Their elements 

were calculated as follows: 

2
,1

2
,1

)(2

)(2

ijjiij

ijjiij

YYY

XXX

−=

−=

+

+
 , i = 1...(n-1) and j = 1…m  (4.1) 

 

The space travelled by each droplet was defined as a new matrix (S) with 

elements calculated as: 

 

ijijij YXS 22 += , i = 1…n-1 and j = 1…m  (4.2) 

 

The velocity of each droplet was defined as another matrix (V). Its 

elements were calculated using the elements from S and the camera frame rate as 

follows: 
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fpsSV ijij ·=  , i = 1…n-1 and j = 1…m for 0>ijV   (4.3) 

Where fps is the camera frame rate.  

The results obtained for the diameter of the droplets generated by a single 

nozzle electrospray running with 1.2mL·h-1 and 4.5kV are presented in figure 4A.1. 

 

  Figure 4A.2 – Droplets Ferrets diameters in a single nozzle electrospray. 

  

For this experiment the used camera frame rate was 36k images per 

second in which ∼3000 frames were recorded. Approximately 55 droplets were 

isolated in that case. The electrospray configuration was nozzle to ring with nozzle 

grounded and ring charged. The liquid is a solution of sodium chloride and 

deionized water (35 g·L-1) and the nozzle dimensions are 0.25 mm and 0.51 mm 

inner and outer diameters respectively.  

From the figure it is possible to see the variation of the droplet Ferrets 
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diameters created by capillary waves on the droplet surface. As expected, the 

oscillations are stronger after breakup and are dissipated ∼0.83ms after the 

breakup when the diameter gets stable around 80µm. The data also show that, for 

the examined time, the generated spray presented a narrow size distribution. 

Figure 4A.3 shows the calculated velocity for the same droplets. 

 

Figure 4A.3 - Droplets velocities. 

  

It is possible to see that the droplets start their movement after the 

breakup with approximately 2m/s and are accelerated by the electric field and 

gravitational forces. After ∼1.1ms they reach 4m/s, which is probably very close to 

their final velocity. 

 Using the droplets diameter and velocities we defined another matrix with 

elements calculated as follows: 

 

jiijji DVM ,1· += , i = 1…n-1 and j = 1…m   (4.4) 
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And from that matrix we could define a matrix composed by the droplets 

Reynolds number with the elements defined as: 

air

air
jiij M

η
ρ

·Re = , i = 1…n-1 and j = 1…m  (4.5) 

 Where ρair and ηair are respectively the surrounding air density and 

viscosity. The result is shown in figure 4A.3. 

 

 

 
Figure 4A.4 - Droplets Reynolds numbers. 
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Chapter 5 

Process out-scaling
3
 

 
 

 
 

Picture by Luewton L. F. Agostinho and Siebren Brouwer 

 
 
                                                 
3 This chapter is based on the publication: 
Agostinho, L.L.F., S. Brouwer, C.U. Yurteri, E.C. Fuchs, and J.C.M. Marijnissen, Insulated 

multinozzle system for electrohydrodynamic atomization in the simple-jet mode. Submitted 
to Applied Physics Letters, 2012. 
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1. Introduction 

Electrohydrodynamic atomization (EHDA), shortly electrospraying, is the 

atomization of a bulk liquid under the influence of electrical forces1-3. The different 

droplet formation mechanisms in this atomization method, also known as 

electrospray modes, are mainly related to the flow rate and the characteristics of 

the electric field 4. Many authors have reported about the different modes in 

electrospray1, 2, 5-7. Among them, Grace and Marijnissen 2 showed that they can be 

divided into two general categories: continuous and non continuous modes. The 

former consist of the simple-jet, the cone-jet and the ramified jet mode; the latter 

of the dripping, the microdripping, the spindle and the intermittent cone-jet 

mode. Recently Agostinho et al. 8 have related the electrospray modes with the 

different regimes used in non-charged situations to classify the formation of the 

droplets, i.e. dripping regime, jetting regime and transition regime 9-11. The 

authors said that the electrospraying modes known as dripping, microdripping, 

spindle, intermittent cone-jet and cone-jet mode happen when the flow is 

adjusted to a level comparable to the dripping regime (low flow rates) and the 

simple-jet mode happens when the flow rate is adjusted to a level comparable to 

the transition and jetting regimes (higher flow rates). 

EHDA in the so called cone-jet mode is widely used in processes which 

require droplets in the nano and micrometer size range with narrow size 

distribution.  However, key drawbacks that have hampered its application are, 

first, the low flow rates and, to a lesser extent, the restrictions on the physical 

properties of the liquids that can be atomized with this technique 12. Good reviews 

about the different applications of EHDA and their characteristics can be found in 

the literature 3, 13, 14.  

Many studies have been done on out-scaling electrospraying in the cone-

jet mode. The most explored option is the design of multinozzle devices. Some 

examples are the works presented by Bocanegra et al. 15, Deng et al. 12 and 

Arnanthigo et al. 4. The first authors reported on the construction and operation of 

a multi-hole electrospray atomizer, bearing up to 37 holes with a packing density 

of up to 115 emitters per square centimeter. The second reported the successful 

operation of a multiplexed electrospray system with a packing density of up to 

11.547 sources per square centimeter. The third designed a multinozzle 
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electrospray device operating with high precision pumps and using a hydraulic 

head.  

Out-scaling of EHDA by increasing the number of capillary nozzles seems 

to be a simple way to increase the throughput of these systems. However, factors 

such as electrical interferences between the neighboring sprays and non-

uniformity of the liquid flow rate to all nozzles are problems that have to be 

overcome 4. 

Increasing the flow rate per nozzle in the cone-jet mode is not an option 

for out-scaling as the droplet size is a function of this parameter. It is however 

possible to electrospray in another mode, the simple-jet mode, which operates at 

much higher flow rate 1, 2, 6. Some information about this mode has been reported 

in the literature8, 16, 17 but it is not largely applied because it forms much bigger 

droplets than the cone-jet mode for the same nozzle geometry 6. However, 

Agostinho et al 
17

  have shown that the application of an electric field in that case 

can decrease the droplet diameter up to 20% in relation to the uncharged 

situation for the jetting regime and up to 50% in the transition regime, produces 

droplets with a charge of 5-10% of their Rayleigh limit and can create 

monodisperse sprays 18. Additionally, it also provides dispersion of the droplets 

after the breakup 17 . The authors concluded that such mode is a good option for 

applications which require high throughput with droplets on the hundreds of 

micrometers range. 

Taking into consideration the two options mentioned above one can 

expect that multinozzle systems operating in the simple-jet mode would provide a 

very high throughput without requiring a high packing density. 

In this work we designed a multinozzle device for electrospraying in the 

simple-jet mode. We show that the device proposed can operate in this mode and 

that the characteristics of each individual nozzle are similar regarding flow per 

nozzle and produced droplet diameter. Additionally, an insulation layer was 

applied between the nozzle tip and the counter electrode to allow its operation 

under high humidity levels without current leakages. The proposed configuration 

works with the mode which presents the highest flow rate per nozzle in EHDA, 

therefore it offers very high throughput with very low packing density. 
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2. Materials and Method 

Figure 5.1 is a representation of the multinozzle device. We chose for a 

nozzle-ring electrospray configuration with the nozzle grounded and the counter 

electrodes (rings) charged. The device is composed of 4 nozzles arranged in a 

circular configuration around a central nozzle. The configuration was chosen for its 

symmetry and to study the influence of neighboring nozzles on a central one. The 

five nozzles (EFD precision tips ID = 250 µm and OD = 510 µm) are located in a 

36mm radius circumference, which gives a packing density (PD) of 2·103 nozzles·m-

2. Each nozzle is isolated by a cylindrical chamber to avoid possible contact with 

the counter electrodes. The counter electrodes are copper rings positioned 

concentrically with each nozzle and placed 1.7 cm above the nozzle tip. An 

insulation layer (circuit board, FR-4) is placed in between the nozzle tips and the 

rings (figure 5.1 caption 5) in order to keep the charged rings isolated from other 

parts of the device (the evaporation chamber).  

The liquid used for the experiments was an aqueous solution of NaCl 

(Sigma Aldrich) at 35 g·L-1 (physical properties listed in table 1). It was forced 

through an aperture on the top part of the chamber using a pump (SIMDOS® 

Model: FEM 1.10 KT.18S). To maintain a constant and equal flow rate through each 

nozzle and decrease possible oscillations from the pump a gas column was kept 

above the liquid/gas interface inside the pre-heating chamber. This chamber gets 

pressurized (1.2 - 1.6 bar) due to the action of the pump. 

Table 5.1. Physical properties of the liquid. 

Liquid µ [Pa·s] Ξ [kg·m-3] Ξr K [S·m-1] Ξ [N·m-1]

NaCl aq. 9.21·10-4 1.05·103 7.35·101 4.5·100 7.37·10-2

 
In all experiments the high potential was supplied to the rings by a FUG 

HCP 35-35000 DC power supply while nozzles and liquid were grounded. To 

measure the electric current through the spray an electrometer (Fluke 8846A 6.5) 

was connected between the ground and the nozzles. The body of the multinozzle 

device (8) was made of Polyoximethylene (DELRIN) because of its high resistivity, 

resistance to corrosion and thermal resistance. The pressurized chamber was 

made of glass to allow visualization of the liquid/gas interface. 
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Figure 5.1 - Multinozzle configuration. (1) Gas column, (2) liquid column, (3) 
metallic nozzles, (4) counter electrodes (rings), (5) protective layer (insulation), (6) 
multinozzle array, (7) 3D view of the glass heating jacket and the multinozzle body 
without the insulative layer. The break-up length is represented by L and the 
distance between two nozzles (18mm) by B. 

 
To define the dimensions and general characteristics of the device a 

theoretical analysis of its electric field was initially made using Comsol 

Multiphysics 4.2. The sprays and their similarities were investigated by measuring 

the droplet size and breakup length (L) at each nozzle using high speed imaging 

(Photron SA1). After being recorded the pictures were analyzed using ImageJ 

software and a homemade routine developed in Matlab. 

The experiments were done for three different flow rates (300, 360 and 

420 mL/h·nozzle). For each flow rate the potential difference between nozzle and 

counter electrode was varied between 0 and 8 kV. The electric current for each 

applied potential was defined as the average value measured each 2 seconds 

during 10 minutes of uninterrupted spray time. The spray symmetry, droplet size 

distribution and droplet dispersion were investigated with respect to the applied 

flow rate and the potential difference by taking photographs of the spray from 
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large distances (4 m) using a Canon EOS 550d digital camera with frontal 

illumination.  

A long term experiment was designed to evaluate the effectiveness of the 

insulation layer which was made to avoid electrical contact between the rings and 

other parts of the device when the spray operated at very high humidity levels. For 

that experiment the multinozzle device was coupled to a closed glass chamber 

(evaporation chamber, not shown in figure 5.1). The influent was pre-heated to 

80°C and the spray was running uninterruptedly for approximately 13 hours. 

Humidity inside the chamber was measured using a humidity probe. The electric 

current, inlet temperature and the humidity inside the chamber were monitored 

online during the whole experiment. The experiment was repeated for 4 different 

potentials (2, 4 and 6 and 7 kV). 

 

3. Results and Discussions 

 
3.1 Breakup length and droplet size and size distribution 

Figures 5.2 and 5.3 show the spray breakup length and droplet average 

diameter measurements, respectively, in each nozzle obtained by high speed 

imaging. Each data point is an average measurement of 20.000 images recorded at 

1000 frames per second of the spray in each nozzle. The experiments were done in 

duplicate for three different flow rates (300, 360 and 420 mL·h-1·nozzle-1) and two 

different potentials (0 and 3 kV). 
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Figure 5.2 – Breakup length (L) in each nozzle at different flow rates (300 mL·h-

1·nozzle-1, 360 mL·h-1·nozzle-1 and 420 mL·h-1·nozzle-1) for 0 (5.2a) and 3 kV (5.2b). 
Error bars represent the standard error of each measurement. 
 

Figure 5.2 shows a constant breakup length for each nozzle which 

indicates a similar flow rate through each of them for both situations (with and 

without the application of the electric potential). The similar breakup length found 

at each nozzle for the uncharged situation (Φ = 0) is an indication that the flow 

rate is equally distributed over them. The fact that the same behavior is seen for 

the charged situation (Φ = 3kV) might be an indication that the magnitude and 

characteristics of the electric field are similar in each nozzle.  

As expected L increases with increasing flow rate 3, 19, 20 and a small 

decrease is observed with the application of an electric potential. This reduction is 

probably caused by the reduction of the jet radius due to the influence of the 

electric field 21. Such behavior is known and was recently reported by Agostinho et 

al. in a study about the characteristics of the simple-jet mode 17. 
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Figure 5.3 – Droplet average diameter in each nozzle at different flow rates (300 
mL·h-1·nozzle-1, 360 mL·h-1·nozzle-1 and 420 mL·h-1·nozzle-1) for 0 (5.3a) and 3 kV 
(5.3b). Error bars represent the standard error of each measurement. 

 
 Figure 5.3 shows similar average droplet diameters for all the nozzles for 

the different flow rates and potential differences. This is expected as the diameter 

of the droplets generated under such conditions is a function of the jet radius 

which also determines the breakup length 3. Additionally, the data show a small 

decrease of the droplet diameter with the application of the electric potential and 

an increase of the same parameter for higher flow rates. 

 

 
Figure 5.4 – Relative standard deviation of the generated droplets in each nozzle 

at different flow rates (300 mL·h-1·nozzle-1, 360 mL·h-1·nozzle-1 and 420 mL·h-

1·nozzle-1) for 0 (5.4a) and 3 kV (5.4b). Error bars are calculated error based on the 

distributions. 
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The influence of the applied potential on the droplet size distribution is 

shown in figure 5.4. It is possible to see that the spray initially present a relative 

standard deviation (RSD), i.e. ratio between the standard deviation and the 

droplet average size, of approximately 0.4 for the 300 and 420 mL·h-1·nozzle-1 and 

0.25 for 360 mL·h-1·nozzle-1. After the application of the electric potential (3kV) the 

RSD of the three flow rates decreases to ∼0.22.  This is an indication that the 

application of the electric potential improves size distribution, i.e. it favors the 

production of monodisperse sprays. The plot also shows RSD values comparable 

for all nozzles.  

 
3.2 – Droplet dispersion 

The multinozzle spray was also studied regarding the dispersion of the 

produced droplets. Figure 5.5 is a view of the spray for a constant flow rate (300 

mL·h-1·nozzle-1) and different electric potentials (0 to 7.5 kV). The influence of the 

applied potential is immediately seen because the dispersion of the droplets is 

enhanced as it increases. The figure also shows that the droplets produced by the 

outside nozzles are similarly dispersed in relation to the central nozzle for all the 

applied potentials. This can be related to the previously mentioned facts that the 

spray behaves identically for all nozzles. 
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Figure 5.5 – Overview of the multinozzle spray. The flow was stabilized at 300 
mL·h-1·nozzle-1 and the potential was increased from 0 (5.5a) to 7.5 kV (5.5f) in 
steps of 1.5 kV. 
 

 
3.3 – Effect of the insulation layer 

In some experiments performed without the insulation layer and with the 

application of an electric potential we observed that under these conditions some 

droplets, after being sprayed, were returning attracted by the charged rings. These 

droplets were eventually short circuiting the region between nozzle and ring and 
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high current peaks (some times sparks) could be detected which ultimately 

interrupted the functioning of the spray. The same problem happened much faster 

when the multinozzle device was coupled to an evaporation chamber. But in this 

case it was also due to the accumulation of condensed water vapor in the region 

between nozzle and ring.  

To verify whether the presence of the insulation layer could guarantee a 

stable operation of the multinozzle system under the mentioned conditions we 

ran the electrospray inside an evaporation chamber for 13 hours with a flow rate 

of 360 mL·h-1·nozzle-1 and a potential difference of 7 kV.  

 
Figure 5.6 – Plot of electric current and liquid influent temperature against time. 

  

Figure 5.6 shows that the presence of the insulation layer effectively 

avoids high oscillations of the electric current during the operation of the spray. 

The oscillation of the electric current observed during the first 200 minutes (red 

curve) was most probably due to the unstable temperature of the liquid influent 

during the same time interval (black curve). After this period the electric current 

stabilized around ∼2µA. Other experiments were performed for different flow 

rates (300 and 420 mL·h-1·nozzle-1) and electrical potentials (3 and 5 kV); and 

similar results were obtained. 
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4. Conclusions 

We present a novel multinozzle spraying device having 4 nozzles placed in 

a circular array around a central nozzle electrospraying in the simple-jet mode. 

Electrospraying in this mode with only 5 nozzles has provided throughputs of 2.2 

L·h-1 with rather low packing density 12. Additionally, the presence of an insulation 

layer between nozzle tips and counter electrodes allowed a stable operation of the 

device under high relative humidity levels. Droplet size and jet breakup length 

measurements proved that all nozzles are operating at very similar conditions. 

Long distance images showed that the electric potential causes a significant 

dispersion of the droplets. Results indicate that such configuration can be a good 

option for processes which require high throughput, droplets with diameter in the 

sub-millimeter range and aim at the evaporation of the influent after atomization. 
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Chapter 6 

Single-effect evaporator
4
 

 

 
Drawing by Caio Newton Abreu Agostinho 
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 This paper is based on the publication: 

Agostinho, L.L.F., A. Kamau, S. Brouwer, C.U. Yurteri, E.C. Fuchs, and J.C.M. Marijnissen, 

Application of a multinozzle electrohydrodynamic atomizer to enhance evaporation in a 

single-effect evaporator. Submited to Desalination, 2012. 
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1. Introduction 

Desalination technologies are increasingly becoming a reliable approach 

for producing freshwater 1. It accounts nowadays to a biggest part of the total 

fresh water production 2-4. The processes can be mainly categorized as thermal or 

membrane processes of which Multi-Stage Flash (MSF) and Reverse Osmosis (RO) 

are respectively the most explored of each category 5, 6.  

In thermal desalination, freshwater is produced by different methods of 

evaporation of brackish or saline water. For instance, in Multiple Effect Distillation 

(MED), the feed is sprayed onto the surface of hot tubes and forms a thin film 

where evaporation takes place 7, 8. For MSF, seawater is evaporated by reducing 

the pressure in the flashing chamber/stage 9.  

Some developments have been done in order to optimize the 

performance of the thermal processes. Some examples are the implementation of 

hybrid processes 10, 11, the application of renewable energy 12 and the study and 

application of new materials 6. Particularly  for MED units, new trends are the 

optimization of the systems by decreasing the top brine temperature 6 and for 

MSF, the process efficiency was improved by spraying the influent inside the 

evaporation chamber and enhancing turbulence in the low temperature stage 13.  

An increasingly explored topic for thermal processes where a spraying 

system is involved is the proper selection of the spraying method, i.e. liquid 

atomization, and its influence on the dynamics of the spray evaporation. Some of 

these studies are mentioned below.  

Jingwei et al. 
14 have shown that a careful selection of the atomization 

method in thermal desalination can produce recovery rates as high as 90%. Osamu 

Miyatake 15 conducted experiments on spray flash evaporation and showed that 

the efficiency is enhanced when a superheated liquid was ejected through nozzles 

into a decompressed chamber. Kalogirou 16 designed a low cost spray evaporator 

that incorporates fewer heat exchange areas by spraying seawater into droplets 

finer than normally found in desalination processes. Lastly, a technology called 

Rapid Spray EvaporationTM (RSE) ejects the feed  through nozzles at high velocities 

whereby evaporation is determined by the size and the velocity of the droplets 17.  
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The disintegration of a liquid into droplets can happen by various means. 

The most applied mechanisms are pressure 18, ultrasonic oscillations 19 and 

centrifugal forces 19. Normally these methods produce polydisperse sprays and 

don’t offer a good control regarding the size distribution and/or the dispersion of 

the droplets. However it is known that for evaporation methods small, well 

dispersed and monosized droplets are desirable 20. Thus, a method which could 

provide small droplets, narrow size distribution and a good droplet dispersion 

inside the chamber would certainly enhance evaporation.  

A process which can achieve this is electrohydrodynamic atomization 

(EHDA), also known as electrospraying. EHDA produces charged droplets formed 

from the breakup of a liquid in the presence of a strong electric field 21-24. When 

applied in the so called cone-jet mode this process is known by its fine control 

over the generated droplets size and the production of monodispersed sprays 25. It 

is commonly used in applications that require nanometer to micrometer-sized 

droplets like mass spectrometry 26, production of thin films 27 and drug inhalation 
28. A known draw back of EHDA in this mode is the fact that it operates at very low 

flow rates. Focusing on this problem, Agostinho et al 29 recently published that 

electrospraying in another mode, i.e. the simple-jet mode, is a good option for 

systems which require a high throughput and charged droplets in the sub-

millimeter range. Additionally, the authors have shown that this mode also allows 

droplet size control and creates good dispersion, making it a very good option for 

some evaporation-distillation processes 30. Aiming on even higher throughputs, 

the same authors have published another work 31 reporting a novel multi nozzle 

device for electrospraying in the simple-jet mode. The proposed design was able 

to produce droplets with the same average size for all nozzles and to operate 

inside chambers with a high relative humidity level (95%).  

In this paper we report on the usage of an electrohydrodynamic 

multinozzle atomizer in a single step evaporation chamber. The main objective is 

to evaluate whether such atomizers can enhance the spray evaporation and 

decrease the overall energy consumption in thermal desalination and related 

processes. The relation between the applied electric potential (Φ) and the spray 

evaporation was studied. The influences of other operating conditions like the 

application of forced convection (injected dry air in a counter flow) and the 
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influent temperature were also explored.  

  

2. Experimental method 

For the spray evaporation experiments we coupled an EHDA multi-nozzle 

device to a single-effect evaporator. A general scheme of the device is shown in 

Figure 6.1.  

The device is composed of two chambers, chamber A and B. Chamber A is 

the multi-nozzle atomizer and the preheating chamber and chamber B is the 

evaporation chamber. 

 

Figure 6.1 - Complete multi-nozzle EHD atomizer coupled with single-effect 
evaporator with chamber A and B (not in scale). Thermal baths for pre-heating oil 
and for the jacket are not shown in the diagram. 
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The multinozzle device and pre-heating chamber are the same as used in a 

previous work 31. It is composed of 4 nozzles placed around a central nozzle in a 

36mm radius circle which gives a packing density of 2·103 nozzles per m2 (figure 

6.2). Each nozzle is isolated from the rings by a cylindrical chamber of radius 

6.5·10-3 m. The counter electrodes are copper rings positioned 1.7 cm above the 

nozzle tip and connected together. High voltage (FUG HCP 14-20000 DC) is applied 

to the rings while the liquid (and nozzles) is kept grounded. The nozzles are blunt 

ended, polished, stainless steel needles (FED Inc.) gauge number 22, 250 µm ID 

and 510 µm OD, uncoated. An insulating layer (circuit board FR-4) is placed 

between the rings and the nozzles to isolate the rings from the rest of the device 

to prevent transfer of charge to the evaporation chamber, i.e. possible current 

leakage which could electrify the interior of the reactor.  To assure an uniform 

liquid flow through the nozzles and to decrease possible oscillations from the 

pump, an air gap was kept above the liquid/air interface inside the pre-heating 

chamber which gets pressurized (1.2-1.6 bar) due to the action of the pump. The 

liquid was pumped (SIMDOS® FEM 1.10 KT.18S model) from a tank and filtered 

with a carbon filter (BOSCH F4058) to prevent blockage of the nozzles. A 

temperature probe (PT100) indicated by T1 is used to measure the initial 

temperature of the inlet before electrospraying. 

 

Figure 6.2 - Schematic diagram of chamber A (not in scale). The chamber is made 
out of glass and polypropylene (PP). The specified parts are: Gas column (1), salt 
solution (2), nozzles (3), cooper rings (4), insulation layer (5). The nozzles and rings 
are organized in a circular pattern (6)32.  
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Chamber B (figure 6.1) was made of glass (h = 30cm and D = 10 cm) to 

allow visualization of the spray. Previous experiments allowed us to measure the 

diameter of the spray at the highest used potential (4 kV) and the diameter of the 

chamber was made to be greater than that to avoid the droplets from contacting 

the wall (see also Agostinho et al 31 about the dispersion of the electrosprayed 

droplets at different applied potentials). A PT100 temperature probe (shown as T2) 

was used to measure the temperature inside the chamber and a humidity meter 

(Michel MDM25) was used to measure the relative humidity. A heating jacket was 

used to provide a constant temperature of the evaporation chamber wall 

(chamber B) throughout the experiments (25°C). Dry air was introduced from 

below counter-currently with the spray using a T-shaped air diffuser to provide 

forced convection and its flow rate could be adjusted and measured with a flow 

meter (KOBOLD KFR-2218NO). The electrical conductivities and temperatures of 

the influent and brine were measured using a SMARTEC–T CLD 633 conductivity 

meter. All the mentioned sensors were connected to a Data logger (ENDRESS-

HAUSSER RSG30) which allowed online determination of the parameters. In all the 

experiments, the condensate was blown out and the brine was collected. 

The liquid used for the experiments was a solution of deionized water with 

NaCl of concentration 35g/L to simulate sea water. Some of its physical properties 

are shown in table 6.1. 

Table 6.1: Physical properties of NaCl with concentration of 35g/l. 

Liquid µ [Pa·s] Ξ [kg·m-3] Ξr K [S·m-1] Ξ [N·m-1]

NaCl aq. 9.21·10-4 1.05·103 7.35·101 4.5·100 7.37·10-2

 

In all experiments the liquid was pre-heated before electrospraying.  Four 

different flow rates were used in the experiments 240, 300, 360 and 420 mL·h-

1·nozzle-1. The potential difference was varied from 0 to 4 kV (for each flow rate) 

following the data reported by Wartena 33 who reported that, for single nozzle 

electrosprays operating in the simple-jet mode, the maximum evaporation rate 

was reached at ∼4 kV for similar flows. The author performed experiments in open 

air and with a closed chamber similar to chamber B. 



 119 

For each combination of flow and potential, the evaporation was measured 

using a general mass balance, assuming steady-state conditions; 

    %100
)(

% x
m

mm
evaporated

i

bi −=    (6.1) 

Where mi is the inflow mass flow rate (kg·h-1), mb is the mass flow rate of 

the brine (kg·h-1). 

The influence of forced convection on the evaporation level was also 

studied. For that dry air was injected at different flow rates (35, 45, 75 and 85 

L/min) for the different flow rates and electric potentials. Lastly we also studied 

the influence of the spray initial temperature (60 and 80oC) on the evaporation 

rate at different applied potentials. The spray electric current was measured 

continuously in all experiments with an electrometer (Fluke 8846A 6.5) connected 

between the ground and the nozzles to verify the stability of the spraying system 

during the experiments. All experiments were done in duplicate. 

 

3. Results and discussion 

Figure 6.3 shows online measurements of the inlet and brine electric 

conductivity during experiments with two flows rates (360 and 420 mL·h-1·nozzle-1) 

and the electrical potential varying from 0 until 3 kV. The applied potential was 

programmed to shift automatically. The observed increase of the brine electrical 

conductivity for higher electrical potentials, while the inlet conductivity remains 

constant, is an indication that the electrical potential enhances spray evaporation. 

The picture also shows that higher flow rates decrease the influence of the electric 

potential on the evaporation rate. This is expected as higher flow rates generally 

reduce droplets dispersion and increase droplet diameters as reported in previous 

works 29, 30. 
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Figure 6.3 - Online measurements of the brine conductivity (solid line) and inlet 
conductivity (small dashed line) for different potentials (long dashed line) and two 

different flow rates. In this experiments T1 = 80°C, T2 = 25°C and dry air counter 
flow 75 L·min-1 

 

To check for possible current leakages or sparking the electric current was 

monitored online in all experiments. Additionally, some extra experiments were 

performed with different combinations of potentials and flow rates for a 72 hours 

uninterrupted operation period. In all situations the reactor performed stable until 

4kV. 

To quantify the influence of the electric potential on enhancing the spray 

evaporation we performed some experiments with four different flow rates. For 

each the potential was varied from 0 until 4 kV. The liquid inlet temperature was 

fixed at ∼ 80°C and dry air was injected in a counter flow to provide relative 

humidity inside the reactor ∼ 95% (45 Ldair·min-1). The results of these experiments 

are shown in figure 6.4. 
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Figure 6.4 - Relative evaporation at different potentials (0 to 4kV) for different flow 
rates (240, 300, 360 and 420 mL·h-1·nozzle-1). Spray temperature (T1) was fixed at 

∼80°C, dry air was inject in a counter flow at 45 L·min-1 and reactor jacket 

temperature was kept at 25°C (T2). Each data point represents the average of the 
two measurements with the error bar representing the minimum and maximum 
measured values. 
 

In this figure the shown relative evaporation (RExkV) is the ratio between 

the evaporation of the spray at a certain potential (ExkV) and its value for Φ = 0 kV 

(E0kV) and it is expressed as a percentage as follows,  

%100)·1(
0

−=
kV

XkV
XkV E

E
RE     (6.2) 

 In general, for the conditions of the experiments, the evaporation of the 

uncharged spray was between 6 and 7% of the total atomized volume.  

From the plot it is seen that the application of the electric potential 

enhances the spray evaporation compared to the uncharged situation up to 22% 

(∼ 8.5% of the total atomized volume). The best results were obtained with a flow 

rate of 360 mL·h-1·nozzle-1 and a potential difference of 4 kV. Wartena 33 has also 

reported this flow rate as the one which presented the best performance when 
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investigating the same relation with single nozzle electrosprays in the simple-jet 

mode. We observed that for this flow rate the spray is already rather 

monodisperse without the application of the electric field (see also Agostinho et al 
30). The good results found when an electric field is applied are probably a 

consequence of the enhanced dispersion and smaller droplets. 

Regarding 240 mL·h-1·nozzle-1 it is important to mention that the level of 

evaporation for the uncharged situation (Φ = 0) at this flow rate was the lowest 

measured (5.8%). However, after subjected to the application of the electric 

potential, it increased to levels similar to those found for 300 and 360 mL·h-

1·nozzle-1 (∼8.5%). This can be explained because the influence of the electrical 

potential on reducing the droplet size for this flow rate is much more pronounced 

than for the others, i.e. it can reduce the average main droplet size up to 50% 30. 

Additionally, it has been proved that droplet dispersion for this flow rate is more 

pronounced at the same potential level than for the other investigated flow 

rates29. 

 

Figure 6.5 – Influence of different flow rates of the injected dry air with the liquid 
pre-heated to 80ºC (6.5a) and influence of the different spray initial temperature 
(6.5b) on the spray relative evaporation. Both experiments were done for 360 
mL·h-1·nozzle-1. The experiments presented in figure 5b were done for a constant 
air flow rate of 75 L·min-1. Each data point represents the average of the two 
measurements with the error bar representing the minimum and maximum 
measured values. 
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For 300 mL·h-1·nozzle-1 the situation is very similar to 240 mL·h-1·nozzle-1 

but the evaporation level for the initial potentials (1 until 3kV) was lower. This can 

be explained because for these electric potentials the sprays produce droplets 

with similar diameter but the higher inertia of the droplets at 300 mL·h-1·nozzle-1 

decreases their dispersion inside the chamber 30.  

The low values found for 420 mL·h-1·nozzle-1 are probably a combined 

effect of the higher inertia of the droplets and the presence of satellite droplets30. 

The influence of the spray initial temperature and different forced 

convection flow rates were also evaluated. For these experiments the liquid flow 

rate was kept at 360 mL·h-1·nozzle-1 while the potential varied from 0 until 4kV. 

The sequences were done for two different initial temperatures of the spray (60 

and 80°C) and four different air flows (35, 45, 75, 85 L·min-1). The results are 

shown in figure 6.5. 

Figure 6.5a shows the influence of the injected dry air flow rate on the 

evaporation level. This injection influences the evaporation level because it 

reduces the relative humidly inside the chamber by enhancing the convection of 

the generated vapor. Additionally the droplets residence time, i.e. time inside the 

reactor, is increased. For a constant air flow, this influence increases with the 

electric potential. This can be related to the fact that higher potentials create a 

broader dispersion of the spray, i.e. bigger droplet to droplet distances, favoring 

the removal of the produced vapor around the droplets liquid air interface.  

For 75 L·min-1 and 4 kV the relative evaporation was ∼ 40% higher than 

obtained for the uncharged situation (∼ 10% of the total atomized volume). The 

relative humidity inside the chamber for the same air flow was ∼16%, whereas for 

35 L·min-1 it reached up to 90%.  

For the highest air flow (85 L·min-1) it was observed that the relative 

evaporation is reduced when the potential reaches 4 kV. This phenomenon needs 

more investigation. 

When applying the flow rate which presented the best results (75 L·min-1) 

and experimenting with different spray initial temperatures (60 and 80°C) it is 

seen, as expected, that the evaporation ratio is higher for the higher temperature 
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(figure 6.5b).  

To have an idea about the energy performance of the proposed device we 

calculated its droplet generation efficiency.  

The theoretical energy required to generate droplets from a liquid, can be 

estimated by the energy needed to create the surface of the droplets, i.e. the 

product of droplet surface area and surface tension (eq. 6.3)34. 

2·· DE πσ=      (6.3) 

Where D is the droplet average diameter and σ is the surface tension of 

the liquid. In the above estimation the energy needed to overcome viscous forces 

during liquid breakup is neglected. Doing this for aqueous solutions as opposed to 

e.g. oils, is a valid assumption34. 

With high speed imaging we could estimate the number of droplets (N) 

generated in a certain time interval and measure their individual diameters. For 

each droplet the above mentioned equation was applied and the system 

“theoretical energy input” was calculated as follows: 

∑
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iT EE
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     (6.4) 

Using the spray current and the electric potential difference for the same 

time interval needed to produce the N droplets we calculated the electrical energy 

input of the system (EE). From the pressure difference inside chamber A, the flow 

rate and the pump efficiency we estimated the energy input for the pumping 

system for the same time interval (EP). We then considered the atomizer “actual 

energy input” as: 

PEA EEE +=      (6.5) 

 Thus, the theoretical energy efficiency of our atomization method was 

calculated as: 

 

A

T

E

E=η      (6.6) 
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In general such efficiency is very small because only a very small part of 

the input energy is converted into surface energy to generate the droplets. A large 

percentage is converted into kinetic energy and heat. 

From the above mentioned values we determined that the droplet 

efficiency energy of our systems is, in average, ∼0.43% while a typical efficiency for 

swirl atomizers running with water (∆P = 10 MPa driving force)  is ∼0.22% 34. 

Another author has mentioned that for old traditionally used atomizers the 

efficiency is very small, namely < 0.1%35. 

Regarding scaling problems we could observe that the nozzles remained 

operational after more than 72 hours of continuous running. After long term 

experiments some salt crystals were observed at approximately 1cm above the 

nozzle tip and were possibly formed due to evaporation of counter charged 

droplets attracted by the nozzle surface. This phenomenon has been previously 

mentioned by Agostinho et al for studies with the intermittent cone-jet mode 36. 

Further studies with real sea water are needed to better quantify and understand 

scaling problems. Additionally, nozzle based systems naturally require good pre-

treatment to remove suspended solids and avoid clogging. In this case, 

considering the nozzle inner diameter, microfiltration systems can be a good 

option. 

 

4. Conclusions 

The results have shown that a multinozzle electrohydrodynamic 

atomization device operating in the simple-jet mode enhances spray evaporation 

up to 40% when compared to the uncharged situation. Droplet efficiency energy 

was calculated as ∼0.43% which is two times more than calculated for swirl 

atomizers. Such systems can be applied if a high throughput is required with 

droplets in the sub-millimeter range.  Additionally, the produced droplets are 

electrically charged and can be manipulated to collide with heated surfaces. From 

the results it can be inferred that such systems might be a good option for 

processes like thermal desalination and spray drying. 
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Chapter 7 

Bouncing droplets and clouds
5
 

 

 
Picture by Luewton L. F. Agostinho 

 

                                                 
5 This paper is based on the publication: 
Agostinho, L.L.F., E.C. Fuchs, S.J. Metz, C.U. Yurteri, and J.C.M. Marijnissen, Reverse 

movement and coalescence of water microdroplets in electrohydrodynamic atomization. 
Physical Review E, 2011. 84(2): p. 026317. 
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1. Introduction 

Electrohydrodynamic atomization (EHDA), or simply Electrospray, is a 

physical process that concerns the disruption of a liquid into a spray of charged 

droplets when it is subjected to an intense electric field (EF). The history of 

electrospray research dates back to the late sixteenth century when William 

Gilbert discovered that in the presence of a charged piece of amber, a drop of 

water deformed into a cone 1. Almost 300 years later Lord Rayleigh estimated the 

maximum amount of charge a liquid droplet could carry 2, 3 based upon 

equilibrium between electrostatic repulsion and surface tension, the so called 

"Rayleigh limit". In the early 20th century, Zeleny published two important works 

about electrified liquid surfaces 4, 5, and in the 1960’s, Taylor paved the way for 

modern Electrohydrodynamics (EHD) 6. Examples of EHD based technologies 

include electrospray-ionization mass spectroscopy (ESI-MS) 7 and the production 

of particles for medical and agricultural purposes 8-10. A good overview of the field 

is given in the book by Bailey 11, in the review by Grace  & Marijnissen 12 and in the 

work of Eggers and Villermaux 13. The different kinds of electrosprays generated 

under different conditions are classified as “spray modes”. The classification and 

characteristics of the different modes in EHDA is a topic extensively explored by 

many authors 12, 14-18. Based on the reported classifications, we could identify that 

the phenomenon reported in this work was observed in a regime between the 

dripping and the cone-jet mode, which can be called as pulsating jet mode 12. The 

mode is sometimes differentiated into spindle mode and intermittent cone-jet 

mode 12, 15. We will not go into further details and we will refer to our spray as 

operating in a “pulsating jet” mode throughout the text. 

The recent advances done in the EHDA field are not only important for the 

development of the above mentioned technologies but also because it triggers a 

whole new group of phenomena based on the interaction of liquids with strong 

electric fields. Among these phenomena one can mention the work of Fuchs et 

al.
19, 20, who rediscovered Armstrong’s 21 rope of water and published a series of 

papers about this “floating water bridge”, the influences of EF on liquid/liquid 

coalescence 22-27, the work of Ristenpart et al. 28 who has reported on the non-

coalescence of oppositely charged droplets immersed in strong EF and the 

deformation of droplets immersed in strong electric fields 29, 30. The last three 
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examples are especially important for the good understanding of this paper; and 

therefore will be better explored in the following paragraphs. 

The influences of an external EF on liquid/liquid coalescence was probably 

firstly reported by 26 in 1961. They claimed that the application of strong electric 

fields increases the ratio of coalescence due to induced charge polarization. The 

same authors later also investigated coalescence of liquid droplets in electric and 

shear fields 24. They observed that oppositely charged water droplets immersed in 

silicone oil repelled one another below a critical separation distance. The authors 

could not completely explain the phenomenon and have said simply, based on the 

observation of some images that the reason was probably an “electrical discharge” 

between the droplets.  

Contrary to the assumption that EFs can enhance coalescence of droplets 

with opposite polarity, a recent report by Ristenpart et al 28 showed that above a 

critical EF strength charge transfer can take place before coalescence happens, and 

the droplets, instead of coalesce, bounce off each other. After that, Bird et al 25 

investigated electrically driven coalescence and recoil of water droplets and 

claimed that the EF has an important role distorting droplet’s surface prior to 

contact, and also that the subsequent dynamics depend predominantly on 

capillary forces. Apart from the experiments done by Allan and Manson, the other 

authors investigated coalescence for very low droplet velocities (e.g. v < 1 m·s-1) 

only. Allan and Manson took inertia into account but still could not explain the 

bouncing effect completely.  

Regarding the stability of droplets in an EF it is known that these fields 

cause droplets to develop conical structures oriented along the direction of the 

field lines. Many authors investigated these effects both for charged and 

uncharged droplets 29-31. Commonly referred to as Taylor Cones 
6  these structures 

result from a balance of charge induced pressure from the applied EF and surface 

tension stresses resisting interfacial deformation 25. In a situation where the 

physical characteristics of a droplet are constant (i.e. permittivity, surface tension 

and radius), the field is the critical factor to define whether the droplet will be 

stable or not. According to Grimm and Beauchamp 30, for critical values of the field, 

an uncharged single droplet will develop two opposing conical tips aligned with it. 

If the droplet is charged, instead of adopting a prolate spheroidal shape, it 



 132 

becomes distinctly tear-shaped.  

A direct consequence of these instabilities is the spraying of charged 

progeny droplets from the formed Taylor cones. Grimm and Beauchamp 30 also 

investigated the formation of these sprays. The authors found that neutral 

droplets exhibited the same prolate elongation mentioned by Brazier-Smith 29 with 

symmetric “cone-jets” of positive and negative progeny droplets. Droplets with a 

net charge q take the form of asymmetric tear-shapes and emit a single charged 

jet. According to the authors, sometimes the total charge loss can be greater than 

the original droplet charge resulting in oppositely charged droplets. These 

instabilities, even apparently similar, can not be directly related to the so called 

droplet Rayleigh limit. Both phenomena assume droplet’s disruption as a 

consequence of an unbalance between the cohesive forces due to surface tension 

and the repulsive electrostatic forces. The last one is a consequence of droplet 

charge density, which surpasses a certain threshold, the Rayleigh limit. The first 

one, on the other hand, explains that the strong electric field induces charge 

migration (electrokinetic movements) inside the droplet leading to some 

deformations on its spherical shape like the ones predicted by 30. These 

deformations can, eventually, end up with droplet disruption. Consequently, the 

instabilities mentioned by 29-31 can be seen even when the droplet charge is way 

below its Rayleigh Limit. 

Bird et al 25 suggested the nondimensional electrocapillary 

number
γ

εεε aE
C

⋅⋅⋅=
2

0 , where ε·ε0 is the permittivity of the liquid, E is the 

magnitude of the electric field at droplet’s surface, a is the droplet radius and γ 

surface tension, to predict whether a droplet will deform or not when immersed in 

a certain electric field. The number represents the ratio between charge induced 

pressure from the applied electric field and surface tension stress resisting 

interfacial deformation 25. If this ratio is bigger than one, a liquid droplet will 

deform inside the field. In the same paper they found that if εc>1.44 two 

oppositely charged water droplets failed to coalesce. The explanation for this is, 

according to them, that at higher values of εc the droplets became unstable prior 

to contact, causing electrospraying 25, and the electrospray will balance charges 
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causing the recoil. Due to these observations, they have concluded that 

electrospray may play an important role in the recoil of charged droplets.   

In this study, we report the unexpected observation of a reverse 

movement of EHDA produced water droplets back to the nozzle from which they 

were ejected. The phenomenon was observed in the pulsating jet mode. 

Considering that the returning of a sprayed droplet normally leads to contact 

between this droplet and the liquid meniscus, it is believed that this phenomenon 

can be used to better understand charged liquid-liquid coalescence and its 

implications. The importance of investigating the coalescence between droplet 

and meniscus under this specific situation is that, in addition to what has been 

reported in the literature, with EHDA we are able to verify whether droplet inertia 

also plays an important role in this situation or not. 

 
2. Experimental 

 

2.1 Electrospray configuration 

Electrospraying of water was studied using a capillary-plate configuration 

with variable nozzle to plate distances, i.e. between 2 cm and 4 cm (see Fig. 7.1). A 

blunt ended, polished, stainless steel needle (FED Inc.) was used as a nozzle (gauge 

number 22, 410 µm ID and 710 µm OD, uncoated). A syringe pump type SP-12S 

PRO AITEC was used to deliver the liquid to the nozzle. The flow rate was also 

variable, but generally established around 2 mL·h-1. High voltage was applied with 

a FUG HCP 35-35000 DC high voltage power supply. In some experiments the 

counter electrode (steel plate 4x4 cm²) was subjected to a high voltage (negative) 

with the nozzle grounded, in other experiments the nozzle was subjected to a high 

voltage (positive) with the counter electrode grounded. Configurations were 

always defined in order to allow the formation of positive droplets in the pulsating 

jet mode 12, 15, 32-35. The liquid used was deionized water (~18 MΩ·cm, Millipore). 

When required, simulations were done with the electrostatics module of Comsol® 

Multi Physics software bundle. In some cases the spray currents were measured 

using a 1 MΩ resistor (5% tolerance), which was placed between the ground and 

the nozzle (with the potential applied on the counter electrode).  To synchronize 
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the electric current signal with the recorded movies a CONTEC (16 channels) data 

acquisition board and a RIGOL oscilloscope DS1022C (not represented in fig. 7.1) 

were used. 

 

2.2 Optical system 

An optical system consisting of a high speed (HS) camera (Photron SA-1) 

and diffused backlight illumination (Microscope light source Karl Storz Technolight 

270 with liquid light guide and diffuser) was used to record the experiments (see 

Fig. 7.1). ImageJ® was used for image processing; brightness and contrast 

corrections were done using Corel Photopaint® 15. All experiments were 

performed under ambient conditions at a temperature of ~23ºC and ~55% relative 

humidity. 

 
 

 
 
Figure 7.1 - Electrospray and optical system scheme. 
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3. Results and Discussion 

 

3.1 Electrospray characteristics, droplet charge and velocity 

Under the experimental conditions different electrospray (ES) modes were 

observed using a constant flow rate while increasing the applied voltage. Due to 

the high surface tension of water it was not possible to reach a stable cone-jet 

mode. Therefore, the experiments were done in the pulsating jet mode.  

 

 
 
Figure 7.2 - Category C1 (complete coalescence) – a droplet returns to the cone 
after being formed from a liquid ligament. The diameter of the returning droplet is 
~ 80 µm, time frame between images is ~45 µs, applied potential is -5.67 kV on 
the counter electrode and used flow rate is 1 mL·h-1. 
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The basis of this classification is already addressed in the introduction. In 

the pulsating jet mode we observed some unexpected phenomena which will be 

described in this paper divided in three different categories. We saw some 

droplets returning (bouncing) to the meniscus and being completely re-integrated 

to it. This category will be named as returning followed by “complete coalescence” 

or category C1. 

Fig. 7.2 shows an example of the situation. The sequence starts with the 

meniscus assuming a conical shape (frame 1) from which a jet emerges and is 

atomized into fine droplets (frames 2-9). The jet starts to elongate and a liquid 

ligament is formed (frames 10-12). This ligament is then detached from the 

meniscus (frame 13) and subsequently breaks-up into droplets bigger than the 

previous ones (frames 14-16). These droplets descend due to gravity and electric 

forces (frames 17-20), but the uppermost droplet reverses its path (frames 21 - 28) 

and collides with the meniscus (frame 29) where they coalesce (frame 30).  

When considering the physical parameters of this experiment, a reverse 

movement of a droplet is most probably due to electrostatic attraction which is 

only possible if this returning droplet is negatively charged. But since the potential 

applied on the nozzle is positive, only positive droplets thus are expected. A 

polarization of the liquid ligament by the strong electric field is the most plausible 

assumption and also justifies why the phenomenon was seen in the pulsating jet 

mode only, where long ligaments are created (see figure 7.3). Checking the 

literature we found that charging by polarization of water was already reported at 

the end of the 19th century by Lenard 36. He was probably the first scientist to 

report accumulation of positive and negative charges on water droplets in nature 

next to water falls. Also Blanchard  37 observed that bubbles bursting over the 

ocean release positively charged droplets. Its is important to remark that both 

situations do not happen in the presence of a strong electric field, just the normal 

field found on Earth and still both authors have related the phenomena to charge 

separation on air-water interfaces. More recently Maze et al. 38 reported the 

existence of negative droplets created by positive electrosprays from purified 

water. However they do not elaborate on in which mode they were spraying. They 

have also considered that polarization would explain the existence of these 

negative droplets. 
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Figure 7.3 gives an overview of the mentioned charging mechanism. After 

detaching from the meniscus the liquid ligament becomes polarized causing the 

end nearest the nozzle to assume an opposite charge (Fig. 7.3a). Thus, the 

droplet(s) forming on this side may eventually carry less total charge or even 

opposite charge when compared to the charge of the initial ligament and the 

charge of the meniscus (Fig. 7.3b). 

It must be taken into account that polarization requires charge carriers to 

create a bipolar jet prior to break-up. However, the species that are actually 

transported in EHDA still comprehend a topic not very well understood 39. Many 

authors have reported about these carriers, but none of the presented theories 

are well accepted so far. Regardless the inconsistencies normally found about this 

matter, some attempts to verify the nature of these charges were done. 

Polarization could be caused by electroconvection of H3O
+ and OH- under the 

strong electric field. As the liquid used in all experiments was deionized water 

these would be the possible ionic entities to consider inside the liquid. The 

formation of hydronium cations solvated in water is known by self-ionization of 

water 40 and can be enhanced in the presence of strong electric fields 38. One way 

to verify this in the time frame of the event is by checking how long the ligament 

persists in the electric field before it breaks-up into droplets. A stable lifetime of 

~90 µs was calculated from the video capture frame rate. If it is assumed that H3O
+ 

and OH- are charge carriers inside the droplet, one can conclude that, due to their 

high mobility 41, this period is long enough to allow migration inside the ligament. 

This possibility would also have implications in changing the pH of the sprayed 

water. Experiments were done to verify water pH values before and after spraying. 

The pH measurements were done with WTW pH probes (340i series). The pH of 

the liquid was measured immediately after and immediately before the 

experiments. A nozzle-ring configuration was used to measure the pH after the 

spray, and the sprayed liquid was collected through a glass funnel into a glass 

bottle. Bottle and funnel were replaced each time, and each experiment was done 

in triplicate to confirm the results. No evidences of a pH change were found within 

the detection resolution of the equipment used.  

Additional charge carriers could also come from electrochemical reactions 

inside the nozzle. Some authors have investigated the presence of metal ions in ESI 
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and have successfully demonstrated that they can be generated by such processes 
42, e.g. 54 µg·L-1 of iron. As part of the experiments presented, an analysis of the 

sprayed liquid was done with ICP-OES (Perkin-Elmer Optima 5300 DV) to 

investigate the presence of metallic ions originating from the nozzle and metallic 

connector (see figure 7.1). This analysis did not indicate the presence of these ions 

in the sprayed liquid above the detection threshold of the instrument (50µg·L-1 for 

Fe and 25 µg·L-1 for Cr and Cu, respectively). 

   

 
 

Figure 7.3a (left) and 7.3b (right) - Magnification of frames 15 and 16 of Fig. 7.2 
showing the polarisation of the aqueous ligament which subsequently forms 
differently charged droplets. 

 

To verify whether the phenomenon would happen with other liquids 

under the same conditions we also performed experiments with mixtures of 

deionized water and NaCl (99% Sigma Aldrich) and deionized water and ethanol 

(Sigma Aldrich) at different concentrations. Experiments with these liquids have 

also shown some droplets returning toward the liquid meniscus but much less 

frequent than observed with deionized water only. This could be based on the fact 

that deionized water has the right combination of physical properties to allow the 

formation of long ligaments inside the electric field. It is indeed observed that 

ligaments with deionized water are longer than ligaments with solutions of 
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deionized water and NaCl and solutions of deionized water and ethanol. 

Returning to figure 7.3, it is expected that after polarization takes place 

the returning droplet will be charged oppositely with respect to the meniscus. 

Because the generation of big droplets (over 50µm) in pulsating modes is rather 

low, the returning droplet was almost always following its path towards the 

meniscus without interferences of other nearby droplets. A possible interference 

could be created by space charge, i.e. charged droplets sprayed before the 

ligament is formed. However in many of the studied cases the returning droplet 

was formed much after the cone-jet phase of the pulsating spray, i.e. when the 

space charges are formed, thus this possibility was also disregarded. Later on, we 

will also mention that the space charges might be the reason for the fact that 

some droplets never came in contact with the meniscus (another studied case).  

 

 
Figure 7.4 -  Cone tip position, droplet axial coordinate against droplet velocity 
from frame 18 to 29 and coordinate system (returning droplet represented in Fig. 
7.2). 

 

The non existence of extra droplets was seen as a good possibility to try 

aerosol mechanics to calculate the charge of this droplet. If aerosol mechanics is 

to be used, droplet position, velocity and trajectory must be known. Using high 

speed imaging these parameters were determined quite precisely and are 

presented in Fig. 7.4 (returning droplet represented on Fig. 7.2). By checking the 
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droplet image’s grey code it was possible to reduce the errors due to a possible 

movement perpendicular to the plane of observation (z axis). Nevertheless, a ~5% 

error is always expected due to the depth of field of the used lens.  

 

3.2 Droplet charge calculation 

The charge of the returning droplet was estimated from the 

experimentally observed trajectory using a vertical force balance. A critical 

parameter in this estimation was the electric field strength. The field close to the 

nozzle is particularly difficult to define for non-continuous ES modes due to the 

dynamics of the meniscus. For the present situation the model was simplified by 

neglecting the time variance of the electric field. After assuming a certain stable 

shape for the meniscus coherent with the analysed situation, the electric field 

strength was calculated using Comsol®.  

A method combining HS imaging with a computer routine based on 

droplet momentum was used to calculate droplet charge. First, an image 

sequence of a returning droplet was chosen. To minimize the positional error 

caused by a possible movement of the droplet along the axis of observation, an 

initial routine selected droplets moving in the same plane by verifying their grey 

code. This also reduces the contribution from the radial component of the electric 

field. From the chosen set of images (Fig. 7.2) the droplet trajectory and diameter 

were then determined. The droplet velocity was calculated from the trajectory and 

the camera frame rate. To determine droplet charge another routine was used 

which modeled a “theoretical droplet” with the same diameter, initial position and 

velocity, immersed in the same electric field as applied experimentally. In order to 

create an upward momentum, an electric attraction between the droplet and the 

meniscus is assumed. Then the droplet trajectory and velocity, assuming different 

charges, are calculated using charge quantities from 1 µC to 1 fC. The theoretical 

droplet trajectory and velocity are thus compared to the real droplet values, and 

the closest fit chosen. In the present case, the best fits showed a deviation from 

the experiment of less than 5%. For these calculations the momentum 

conservation law applied to electrospray droplets 43 was used. Droplet-droplet 

interaction due to Coulombic effects was disregarded considering the distance of 

other droplets during the returning movement. The drag force was calculated 



 141 

according to Hinds 44 assuming a normal atmosphere and stable conditions. 

Droplet’s mass was assumed to be constant in the studied trajectory and 

deformations on droplet’s surface were neglected. 

 

3.3 Droplet charge and trajectory 

The charge value adopted for a real droplet was the one which presented 

the best fit both for droplet axial position and droplet velocity. All selected 

droplets show an error smaller than 5% in relation to the fit.  

 
Figure 7.5(a, b, c, and d) -  Droplet velocities and axial position calculated from a 
sequence of frames and theoretically calculated correspondences for the same 
sequences. Fig. 7.5a and 7.5b show the best fit found for a theoretical droplet 
charged with ~0.46 pC; Fig. 7.5c and 7.5d show the best fit found for a theoretical 
droplet charged with ~0.12 pC. The used potential for both situations was 6 kV 
with 1 mL·h-1 and 2 cm nozzle to plate distance. 

Fig. 7.5 shows the comparison between measurement and model for axial 
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position and velocity of two different droplets with the adopted charge. Both 

cases are representative for bouncing with complete coalescence (C1). In the 

situation presented the resultant droplet charges were 0.12 pC and 0.46 pC, 

respectively. 

Overall we found charges ranging between 0.32·10-13 C (d∼30 µm) up to 

8.0·10-13 C (d∼90 µm) for the droplets as depicted in Fig. 7.6. Comparing the 

calculated droplet charge with the theoretical maximum charge a droplet can hold 

without disruption, the so-called “Rayleigh Limit”, we found charges between 2.5% 

and 19% of this limit. 

 

 
Figure 7.6 - Estimated droplet charges and respective percentage to Rayleigh Limit 
for different diameters. 
 

A charge far from the Rayleigh Limit is expected for pulsating jet modes 

because these modes do not require relatively low potentials to be formed. There 

were no reported experimental values available in the literature so far according 

to the knowledge of the authors which would provide data to compare with the 

presented results.  

We observed a direct correlation between droplet charge and diameter 
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indicating that droplets with a higher diameter would carry more charge. This is an 

expected trend considering that a larger surface would allow a bigger quantity of 

charge. 

Based on the measured diameter and calculated droplet charge we 

observed that droplets presented small variations on their surface charge density 

(SCD). This can be seen in Fig. 7.7 which shows droplet SCD against diameter with 

an average SCD of 3.9·10-5 C·m-2. 

 

 
Figure 7.7 - Estimated droplet surface charge density for different diameters. 

 
 

3.4 Droplet interaction with the liquid meniscus 

Until now we explained a possible mechanism responsible for the return 

of a charged droplet against the electric field and a possible way to calculate these 

droplets’ charge. An observed consequence of this return is contact with the liquid 

meniscus. In such situations the contact is normally followed by coalescence 

between droplet and meniscus. However, as mentioned previously, two other 

situations have also been observed: In the second case, droplets reversed their 

path after being ejected from the nozzle, touched the meniscus and were not 

completely reintegrated but just transferred part of their mass after the contact 

and returned with a smaller radius. This interaction will be, therefore, named as a 



 144 

bouncing with “partial coalescence” or category C2. 

The above referred interaction can be seen in Fig. 7.8. The sequence starts 

with the meniscus progressing from its spherical shape to a conical shape (frame 1 

to 6). Some droplets from the previous cycle can be seen in the lower part of the 

image moving downwards. From frame 7 to frame 10 the jet starts from the 

meniscus tip. From frame 11 to frame 14 the jet starts to whip on its lower part 

and is about to detach from the meniscus in frame 15. It is also visible that from 

frame 8 till frame 15 small droplets are produced on the tip of the jet. The 

ligament break-up begins in frame 16. From frame 16 to frame 28 the uppermost 

droplet is formed, it moves down, stops and returns towards the meniscus. The 

droplet finally collides with the meniscus in frame 29, where it emits a spray of 

small droplets; and in frame 30 it goes back downwards with a smaller diameter. 

  

 
Figure 7.8 - Bouncing with “partial coalescence” or C2 – a droplet collides with the 
meniscus with mass exchange. The droplet diameter before collision with the 

meniscus is ~ 70 µm and after is ∼40 µm, time frame between images is ~50µs, 
applied potential is 5.0 kV on the nozzle and the flow rate is 1 mL·h-1. 
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In the third case, after the break-up, droplets decelerate as they move 

downwards and stop. After remaining in equilibrium for some time they re-start 

their downward movement. In rare cases some droplets, instead of just stopping, 

first decelerated, then stopped, then moved slightly upwards, stopped again and 

finally moved downwards. But no good set of images to exemplify this last 

situation could be recorded. Because droplet and meniscus are not getting in 

direct contact in this category, it will be called “non-coalescent” bouncing or C3.  

The sequence presented in Fig. 7.9 is a good example of category C3. The 

configuration applied was nozzle to plate, with 6 kV applied on the nozzle and a 

grounded plate placed 4 cm below. 

 
Figure 7.9 - Non-coalescent bouncing. Nozzle to plate configuration with 6 kV 
applied on the nozzle. Plate grounded and placed 4 cm below the nozzle. Dashed 

lines are arbitrarily placed to guide the eyes. Droplet’s diameter is ∼30 µm and the 
time frame between images is 40 µs. 
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In the first frame of this sequence the jet has already broken up and the 

droplets are formed. From frame 2 to 6 one can see that all droplets below the 

uppermost one are going down following the field lines. From frame 1 to 17, the 

uppermost droplet is moving downwards, too. From frame 18 to 27 the droplet 

seems to be in “equilibrium”, its position is not changing with time. Starting with 

frame 27 (and continuing to frame 36) the droplet gets out from its equilibrium 

and moves downwards. It is also important to remark that the liquid meniscus 

assumes a conical shape in frame 21. 

In order to better analyze this behavior, Fig. 7.10 is showing the axial 

coordinate of the droplet in each frame for the whole sequence. There are three 

different phases of the droplet’s movement. First, from frame 1 to 17, the droplet 

is moving downwards, from frame 18 to 27 the droplet’s axial coordinate is not 

changing corresponding to the “equilibrium” state mentioned before. After frame 

27 the droplet continues its downward movement. 

 
Figure 7.10 - Axial coordinate of the uppermost formed droplet represented in Fig. 
7.9 against frame number. The chosen origin for the coordinate system is the same 
as in Fig. 7.4. 
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3.5 Comments on each category. 

We believe that the situations described above depend on polarization 

and in some cases also on charge transfer between droplet and meniscus. It is 

possible that not only the applied electric field is an important factor to be 

considered in theses cases, as reported by 26, 29, 30, but also droplet’s inertia. To 

better understand these different interactions we examined the stability of these 

droplets in the applied electric field, the coalescence phenomenon and droplet 

mechanics.  

Concerning droplet stability it is known that from the shape assumed by 

the returning droplet during its movement, one can have a qualitative idea about 

its charge 26, 29, 30 before it contacts the meniscus. 

 

 
Figure 7.11 - Six examples of returning droplets assuming asymmetric tear-shapes 
immediately before contacting the meniscus (this is not a sequence). 
 

Fig. 7.11 shows a close look at different droplets, from different 

electrosprays, immediately before they touch the meniscus. The situations were 

all extracted from category C2 examples which allowed us to observe the 

variations of the droplet shape. It is easy to see that all droplets deform into an 

asymmetric tear-shape with the conical side pointing towards the meniscus. 

According to 30 this implies that they are charged oppositely in relation to the 

meniscus and corroborates our assumption that polarization is in fact inverting 

droplet charge during the ligament break-up. 
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To verify the role of droplet inertia in different categories we analysed 

categories C1 and C2. Such analyses consisted in a random selection of droplets of 

these two categories followed by the calculation of their velocity and momentum 

from the break up position until the moment immediately before they collide with 

the meniscus, i.e. last frame with no contact. To assure the situations were 

consistently comparable the droplets were extracted from the same electrospray, 

i.e. same applied flow rate and same electric field.  

 

 
Figure 7.12 (a, b, c, d) - 7.12a and 7.12b - Droplets velocity against time in 
categories C1 and C2 for sprays of 0.5mL·h-1 and 2mL·h-1 respectively. Figures 7.12c 
and 7.12d, droplets momentum against time in categories C1 and C2 for the same 
sprays. Both sequences were recorded with 40.000 fps, which represents a time 

frame of 25 µs between two images. The flow and potential applied on the sprays 
represented in figures 7.12a and 7.12c are respectively 0.5 mL·h-1 and 6 kV and on 
the sprays in figures 7.12b and 7.12d are 2 mL·h-1 and  5.5 kV. 
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Two different electrospray configurations were chosen for each group of 

droplets, 0.5 mL·h-1 with 6 kV and 2 mL·h-1 with 5.5 kV applied to the nozzle. In 

both situations the nozzle to plate distance was 2.5 cm and the spray mode was 

pulsating jet mode.  

Initially we studied possible differences between the variation of droplet’s 

momentum against time for droplets in category C1 and C2. Because C1 droplets 

were completely reintegrated and C2 droplets just partially, we firstly verified 

whether complete reintegration of C1 droplets could be attributed to a higher 

inertia. From the plot one can see that figures 7.12a and 7.12b show droplet’s 

velocities against time in category C1 and C2 for the two different sprays 

mentioned and figures 7.12c and 7.12d show droplet’s momentum against time 

for the same droplets. By observing figures 7.12a and 7.12b one can see that C1 

droplets and C2 droplets have different velocity profiles, i.e. final values of C1 

droplets velocities are normally higher and they reach these values in a shorter 

time interval when compared to C2 droplets. If the droplets in both categories 

would have similar masses, their momentum would be also categorized similarly. 

However, when their momentum is compared there is no difference between both 

categories (figures 7.12c and 7.12d). This situation is plausible if droplets in 

category C1 are smaller than droplets in category C2. If a rather similar charge 

level for every droplet is assumed (see section 3.3), smaller droplets immersed in 

the same electric field would consequently accelerate more but their momentum 

would not be significantly different. The similar inertia found for the droplets in 

the two different categories would be explained because droplet’s mass, in case 

C2, balances the higher values found for droplet’s velocities in category C1. This 

assumption is supported by Fig. 7.13 which shows the calculated droplet 

diameters of both C1 and C2 droplets. 
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Figure 7.13 - Diameters of category C1 and C2 droplets for the sprays analysed in 
Fig. 7.11 
 

The figure shows that droplets of category C1 have an average diameter of 

about 50 µm while droplets in category C2 have an average diameter of about 100 

µm, thus droplets of category C1 are indeed smaller than droplets of category C2. 

A direct consequence of this observation is that droplet inertia cannot be seen as 

a criterion to define whether situation C1 or C2 will happen. 

Contrary to that, the ligament break-up is an important factor which has to 

be considered because it defines both droplet size and position after polarization. 

Following this line it is now important to take some considerations into 

account in order to explain why C1 droplets are smaller than C2 droplets. First, it 

can be attributed to some oscillations normally found in infusion pumps, e.g. like 

the one used in these experiments. Once the infused flow is not constant within a 

certain time frame, the jet volume will be also different with time and different 

droplet sizes will appear after break-up. Secondly, the break-up process of the 

ligament is a very random phenomenon. Many external factors, which are 

responsible for the necessary perturbations needed to initiate the instabilities on 

the ligament surface, are directly influencing this break-up, e.g. ligament length, 

air currents, electric field, and once we take this into account it is not reasonable 

to assume that all the droplets will have similar diameters in this mode.  
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Since inertia does not make a difference on bouncing categories, we will 

consider the role of the electric field. In case of deionized water, despite its high 

resistivity, hydraulic characteristic time can not be shorter than electric 

characteristic time 45. Nevertheless, we could see that droplets in category C1 

were completely reintegrated, indicating that the hydraulic effect is dominating in 

this category. According to 25, 28, the EF can provide bouncing of oppositely charged 

droplets but there is a threshold to consider in this case for the magnitude of the 

EF. This would imply in our case that electric field values are consistently different 

for C1 and C2 droplets at the moment they approach the liquid meniscus. This can 

be explained if we look into the intrinsic behaviour of the liquid meniscus in the 

pulsating jet mode. In this mode, the electric field oscillates continuously due to 

change of space charge density, which is visible in the changing of the meniscus 

shape. For pulsating jet modes this oscillation period is rather constant. A direct 

consequence of these oscillations is the fact that, depending on how long the 

droplet takes to complete its returning movement, it approaches the meniscus in a 

period of higher or lower electric field strength. It is straight forward that a 

collision with a more conical meniscus would imply that the field strength on that 

moment is close to its maximum value. This hypothesis can be verified from Figs 

7.2 and 7.8 when, for the situation where the droplet is completely reintegrated to 

the meniscus (category C1, Fig. 7.2) the meniscus shape is still round and, for the 

partial coalescence situation (category C2, Fig. 7.8), the meniscus is more conical. 

Still, to test if this is true for all the other observed droplets we calculated the time 

interval the droplets remained in the air in each one of the mentioned categories, 

i.e. the droplets retention time. For C1 and C2 droplets the retention time is the 

time interval between the initial position after break-up to the last frame before 

contacting the meniscus. We also calculated the retention time for C3 droplets. In 

that case, since the droplet is not touching the meniscus, we define retention time 

as the time interval between the initial position after break-up and the position 

immediately after the droplet leaves its equilibrium. The droplets were extracted 

from sprays with three different flow rates, 0.5 mL·h-1, 1 mL·h-1 and 2 mL·h-1 in the 

pulsating jet mode. The droplet retention time can be used to have an idea if 

droplets will be exposed to high electric field intensity for a prolonged time or not. 

In order to have a quantitative confirmation, we compared the droplet’s retention 

time with the half period of the oscillation of the meniscus. It’s clear from Fig. 7.14 
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that the retention time for the C2 case is closer to the half period than the C1 

case. The meaning is that C2 droplets are exposed to a higher electric field. It is 

important to note that the C3 case is even closer to the half period time however 

in this case the distance from meniscus to the droplets is much higher than in the 

other cases. As follows from the definitions of retention times, C3 can not be 

directly compared to C1 and C2.  

 
Figure 7.14 - Average retention time for droplets of category C1, C2 and C3 for 
three different flow rates (0.5 mL·h-1, 1 mL·h-1 and 2 mL·h-1) compared with the 
average oscillation time of the liquid meniscus. 

 

Looking now into category C3, a possible explanation for this situation 

would be the following: First the droplet initial velocity is caused by the ligament 

downwards momentum. After break-up the oppositely charged droplet starts its 

movement downwards and stops. The meniscus deforms into a conical shape, i.e. 

the EF intensity increases. As the electric field intensity increases, the electric force 

balances droplet gravity and the droplet reaches an equilibrium. The meniscus 

starts to retract indicating a reduction of the EF intensity. Electric forces also 

decrease and gravity moves the droplet downwards again. 

It was further noticed that the reason for the downward movement is not 

only gravity because settling velocity of a droplet of this size is expected to be 
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around 2.72·10-2 m·s-1 while our droplet moves with 1.2 m·s-1. This high velocity 

can be explained if the droplet is having its charge inverted by a short electrical 

discharge originating from the cone tip 46. This suggestion is corroborated by the 

fact that the droplet retention time is bigger than the half oscillation period as can 

be seen in figure 7.14 and also by the current vs. time graph showed in figure 7.15. 

This graph shows a current peak at the moment that the meniscus assumes its 

conical shape, which indicates a possible electrical discharge.  

 

 
Figure 7.15 - Electric current against time synchronized with the spray movie. The 
spray flow was 1mL·h-1 with -5 kV applied on the counter electrode. Time frame 
between two images is 27 µs. The meniscus shape is represented by the images of 
some frames and the respective electric current signal for each frame is presented 
in the plot. 
 

4. Conclusions 

The presented experiments resembled classical EHDA: A DC electric field 

interacts with deionized water and creates an electrospray in different modes, 

dependent on the field strength. What was hitherto unknown, however, is that in 

the pulsating jet mode polarization forces can create oppositely charged droplets, 

thus changing repulsion into attraction, and making them return to the cone from 
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which they were ejected.  Once there, there are different possibilities: 

coalescence, partial coalescence or non-coalescence. We found that the different 

categories depend on the retention time of the droplet in relation to the meniscus 

oscillation period, i.e. the changing of the electric field strength. We believe that 

these results can be used to better understand phenomena like the Lenard’s effect 
36 and the build up of the electric field inside thunderstorm clouds 47. 
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Appendix 7A 

Calculation of a single droplet charge 

 
To calculate the electric charge of a single isolated droplet returning to the 

liquid meniscus and sprayed in the intermittent cone-jet mode (as described in 
chapter 7) the following routine was developed. Initially, an image sequence with 
N images of a certain droplet was chosen. From this set of images the droplet’s 
positions, i.e. position of its centroid, and diameter, i.e. droplet’s Ferrets diameter, 
were determined. The direction and origin of the coordinate axis were chosen as 
demonstrated in figure 7A.1. 

 
Figure 7A.1 - Axis direction and origin. 

 

Droplets moving in the direction of the z axis were excluded based on 

modifications on their grey code to minimize positional errors. After defining 

droplet’s positions its velocity was calculated according to 

dt

ds
v =      (7.1) 

Where ds is the space traveled by the droplet between two consecutive 

positions and dt is the elapsed time between these positions calculated using the 

camera frame rate. 
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Another routine was then used to model a “theoretical droplet” with the 

following boundary conditions: 
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Where Di is the diameter of theoretical droplet, dD is the Ferret diameter 

of the real droplet. S0i  and S0 are the initial positions of the theoretical droplet and 

the real droplet respectively and v0i and v0 are the initial velocities of the 

theoretical droplet and the real droplet respectively.  

After defining these values the routine attributed a certain value for the 

theoretical droplet charge (initially 1fC as previous calculations pointed for values 

in the order of 1pC) and a force balance was applied to calculate the resultant 

force acting on it using momentum conservation law applied to electrospray 

particles 1. For that the following forces were considered: 

The electrostatic field force 

The electrostatic field force is the interaction between the electric field 

and the charge on the droplet qi   given by 

EqF i
E

i

rr
·=     (7.2) 

The electric field strength was modeled with Comsol Multiphysics. As a 

result its strength is known at every position within the setup so the force on the 

droplet could be obtained for every position. The volume element of the field 

model was selected by defining a grid 2 times smaller than the smallest distance 

between two consecutive points measured for all the selected droplets. The 

electric field strength at a certain position is obtained by performing a grid-point 

search followed by interpolation of the volume elements closest to the position to 
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be found. 

 
The Coulomb interaction force 

 

The Coulomb interaction force can be defined as the result of influencing 
electric fields of individual droplets and it is defined as: 
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Where ε0 is the permittivity of free space (similar to air), rij is the distance 
between two droplets and N is the total number of droplets. 

 
 The Drag force 

 
The drag force is defined as the friction between the surrounding air and 

the droplet and is described as follows: 
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· 2ρπ
  (7.4) 

 

Where CD is the drag coefficient, ρair is the air density, airv
r

is the air 

velocity and iv
r

is the droplet velocity. CD is defined according to the regime the 

particle is moving in. This regime is defined by the particle’s Reynolds number 
calculated as: 

 

air

iiairair Dvv

η
ρ ·

Re
rr −

=    (7.5) 

 

In the laminar Stokes regime (Re ≤ 1) the drag coefficient is calculated as: 
 

Re
24=DC     (7.6) 
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For Reynolds numbers bigger than 1 this coefficient is different.  For cases 
where 1 > Re > 1000 the following correction can be applied 2: 

 

)·Re15.01·(
Re
24 687.0+=DC     (7.7) 

 
The droplets considered here were starting their movement inside the 

Stokes regime and some of them, in the last part of their trajectory only, reached 
Re > 1. Therefore we considered the droplets moving in the Stokes region. 

 
 

The gravitational force 

 

The gravitational force is the product between the particle mass by the 

gravitational constant g
r

. It was calculated as: 
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Where ρl is the liquid density. The resulting force was then calculated for 
the theoretical droplets assuming the previously mentioned initial conditions and 
a movement in each studied direction (x and y) using Newton’s law of motion as: 
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The following assumptions were taken: 
 

� Droplet-droplet interaction due to Coulomb effects was disregard because 
we worked with isolated droplets.  

� Data indicated small variation of the droplet diameter within the studied 
intervals (no evaporation). 

� Droplets were considered spherical (no surface deformations). 
� The charge on the droplet surface is constant. 
� Liquid properties are constant. 

� The ambient air has constant properties and is stagnant, .0=airv  
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As the theoretical droplet was assumed to be moving in the Stokes region 
we calculated its terminal velocity as: 

i

iR

if D

F
V

πη3
=      (7.10) 

And its relaxation time as: 
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Assuming straight line acceleration and a constant external force for the 

studied interval the theoretical droplet’s velocity at each subsequent point was 
calculated as: 

τ
t

ffj eVVVV
−

−−= )·( 0     (7.18) 

 
Where t is the time interval between two points. Finally its position at 

each subsequent point was calculated as: 
 

))1·()·(·( 01
ττ
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− −−++=   (7.19) 

 
The routine was repeated N-1 times in order to define the theoretical 

droplet’s velocity and position for all points after its assumed initial position and 
velocity. After that a new charge was attributed and the sequence was repeated. 

The charge values were attributed in steps from 1fC until 1µC. 
The theoretical droplet’s trajectory and velocity were then compared to 

the real droplet and the droplet charge was selected as the charge which 
presented the best fit. The calculated values showed good agreement within a 5% 
error. 

The effects of gravity were also checked by excluding the last term of 
equation 7.14 from the calculations and recalculating the droplet charge for these 
conditions. The modification did not cause big differences on the calculated 
charge of the droplet. 
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Chapter 8 

General conclusions and outlook 

 

 

 
Picture by Luewton L. F. Agostinho and Siebren Brouwer 
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Electrohydrodynamic atomization (EHDA), also known as electrospraying, 

is a technique which uses (primarily) an electric field to atomize a liquid. With this 

technique it is possible to produce monodisperse charged droplets in the micro 

and nanometer range. The monodispersity and the charge offer a variety of 

possibilities in which EHDA can be used. 

In this technique different combinations of potential and flow rate 

produce different modes, e.g. the cone-jet mode, the intermittent cone-jet mode 

and the simple-jet mode.  

Most of the scientific efforts invested on studying EHDA have been 

focused on the cone-jet mode. The reason for that is the capacity of this mode on 

producing droplets which are much smaller than the nozzle diameter and highly 

charged, i.e. approximately 70% of their Rayleigh limit. Among many other 

applications, the cone-jet mode is used in electrospray ionization for mass 

spectroscopy devices, to synthesize nanostructures and for the application of 

pesticides. 

In this thesis we investigated the characteristics and possible applications 

of another mode, the simple-jet mode. The simple-jet mode is known as the mode 

which operates at the highest flow rate in electrohydrodynamic atomization. If this 

specific parameter is pushed to its limit, the benefits of using an electric field to 

atomize the liquid become questionable. On the other hand, if it can be used, one 

of the main drawbacks of operating in the cone-jet mode will be overcome, i.e. 

the low throughputs.  

Atomization methods which can produce high throughputs and 

monodispersed (sub)millimeter droplets are necessary in many processes, e.g. 

spray drying and thermal desalination. In our work, the application of the simple-

jet mode was focused on thermal desalination. 

The current challenges faced on providing drinking water with enough 

quality and quantity in this world is briefly presented in chapter 1.  In this same 

chapter desalination is presented as one of the most promising solutions to 

overcome these challenges and some current techniques are discussed. 
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In chapter 2 electrohydrodynamic atomization is generally presented and 

the simple-jet mode is introduced. 

The investigations about the simple-jet mode start in chapter 3. In this 

chapter its intrinsic characteristics were analyzed for inviscid liquids. There it is 

possible to see that the influence of the electric field in this mode is still 

noticeable but highly depended on the flow rate and on the sparking limits of the 

chosen configuration. An important characteristic is the much larger electric 

potential and flow rate window, when compared to the cone-jet mode, within 

which the mode can happen. From the diagram shown in figure 3.7, it is possible 

to define theoretically the maximum flow rate at which the influences created by 

the application of an electric potential on the dispersion of the droplets practically 

disappear. Additionally, the droplets charge, dispersion and limits for off-axis 

instabilities (whipping breakup) are presented. 

The relation between applied potential and droplet diameter is further 

explored in chapter 4. There it was concluded that the application of the electric 

potential could reduce the droplets average diameter up to 40%. Additionally 

monodisperse sprays with relative standard deviation (RSD) < 0.20 could be 

created. 

A stable and efficient design for out-scaling is proposed in chapter 5. The 

combination of the high flow rates in the simple-jet mode with a multinozzle 

configuration allowed atomization with relatively high throughputs. The system 

was also designed to operate inside very humid chambers; therefore it can be 

used for evaporation. 

Chapter 6 is an investigation about the application of the device in a 

single-effect evaporator. The stability of the multinozzle regarding the presence of 

electric current peaks and sparking was evaluated. With this system it was shown 

that electrohydrodynamic atomization in the simple jet mode can enhance 

evaporation levels up to 40%. For the atomization step the energy efficiency prove 

to be 2 times lower than for swirl atomizers. 

Chapter 7 is an investigation about a phenomenon observed during the 

experimental work with another mode, the intermittent cone-jet mode. The use of 

high speed imaging during electrospraying in the intermittent cone-jet mode 
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allowed us to visualize some droplets which, after sprayed, were returning to 

collide with the charged meniscus. This returning behavior was unexpected 

regarding the fact that such droplet should be charged with the same charge as 

the meniscus, therefore should be repelled by it. Investigations have pointed out a 

possible polarization during the breakup process which explained the presence of 

negative droplets in positive electrosprays.  

Exploring the EHDA simple-jet mode has been proven interesting. The 

challenges we have been facing to produce water to a thirsty planet are enough to 

justify the efforts invested on bringing new and reliable technologies to the 

market. 
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Appendix 8 
Nozzles 

 
Figure 8A.1 - Nozzle with heat exchange for evaporation experiments. 
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Figure 8A.2 - Multinozzle design with internal heat exchange. 
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Figure 8A.3 – Multinozzle with heat exchange and insulation layer. 
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Figure 8A.4 – Electrospray inventory. 
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