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Summary

A commonly used method to improve the efficiency of industrial spraying processes
is electrostatic charging of the spray droplets. Charges of equal polarity repel each
other, resulting in improved spray dispersion. Furthermore, charged droplets are
attracted to grounded or oppositely charged objects, allowing the deposition of the
spray droplets to be controlled to a degree. This technology was initially developed
in the field of spray painting, but has spread to various applications. In a novel
development, electrostatic spraying systems are being introduced in food chilling
warehouses, to improve the rate of cooling while reducing the moisture loss that
would otherwise occur.

A challenging aspect of designing effective spraying systems is the difficulty of
measuring the behaviour of the spray. Most methods for tracking the motion of
droplets through space rely on high quality cameras and laser lighting, making
them expensive and impractical in industrial settings. Measurement techniques
that can determine droplet diameters can only do so inside a small investigated
area. Furthermore, setting up experiments in general is expensive and time
consuming.

Numerical simulations have over the past decades become a popular tool for
rapidly evaluating system designs, replacing experimental tests. At present, models
to simulate the flow of gases and liquids are well understood, as is the motion of
particles suspended in a liquid or gas stream. Less well documented are the phe-
nomena that occur near the sprayer nozzle. Spray formation in pneumatic sprayers
is a highly dynamic process, as is the electric charging of the resulting droplets.
The objective of this thesis is to investigate these phenomena, and develop a
comprehensive modelling approach for charged sprays in the context of food chilling.

The work needed to achieve this objective is split into two lines; one of
numerical simulations, and one of experimental measurement. The first line starts
with the construction of a simulation framework. Models to simulate fluid flow,
heat transfer, droplet motion and electrostatic fields are selected based on existing
literature, and implemented in the Fluent Computational Fluid Dynamics solver.
The resulting Eulerian-Lagrangian model is validated against experimental data,
and found to match previously obtained results. A model case is simulated, and it
is found that using a charged spray significantly improves the fraction of liquid
transferred to the target. Furthermore, the self-dispersing properties of the charged
spray increase the fraction of evaporated liquid, and thereby the rate of cooling.
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The second part of the numerical research line is the development of a model
to predict the charge imparted on spray droplets. In previous works, the droplet
charge is typically derived from experimental results, and assumed constant for a
given sprayer nozzle. The need for experimental testing undercuts the benefits of
numerical simulations, and moreover, neglects the fact that the droplet charge
depends not only on the nozzle, but also on the surroundings. A model that
takes these effects into account is developed from two main physical principles.
First, the charge induced on a droplet depends on the electric field strength
at the nozzle. Second, the presence of charged droplets between the nozzle
and electric ground effectively “pushes back” against charge accumulating on
subsequent droplets. The former effect is calculated using an analytical derivation
based on the sprayer nozzle geometry, while an algorithm computing the latter
effect is implemented in the numerical simulation. The implemented model is
validated by simulating several cases for which experimental data is available,
and is found to predict the droplet charge with an error below 20% for all cases.
This is significant in particular because the model does not need to be tuned for
any sprayer or geometry in particular, instead working on purely physical principles.

The models developed thus far can predict droplet motion and droplet charging,
leaving the remaining aspect of droplet formation. Present models that predict
the size and velocity distribution of sprays use empirical relationships, with
the fitting constants varying for different models of sprayer. Thus, to model
the pneumatic electrostatic sprayer that is to be used to assist food chilling,
an experimental parametric study is carried out using a droplet shadowgraphy
method. Pulsed laser illumination and a high-speed camera with a long-distance
microscopic lens are used to record images of the shadows of the spray droplets.
The diameters of the recorded droplets are extracted from the images, and
successive images are correlated to find the droplet velocities. It is found that
the investigated sprayer is capable of producing a fine spray of water, with a
Sauter Mean Diameter of 40 µm, with water and air supplied at two bar gauge
pressure. The droplet size distribution follows a Rosin-Rammler curve, and is
relatively wide with a spread factor of 2. Increasing the air supply pressure
increases the energy available for atomisation, and results in finer droplets being
produced. An empirical relation between the Sauter Mean Diameter of the
spray and the air- and water supply rates is calculated, based on conservation
of energy. A surprising finding is that the electric potential applied to the
sprayer nozzle does not influence the droplet size distribution or the droplet
velocity. This is not generally the case for electrostatic sprayers, but may be
explained by the fact that pneumatic sprayers supply far more energy to the spray
formation region in the form of high pressure air than in the form of electrical energy.

The final work discussed in this thesis is an effort to use numerical simulation
to resolve the spray formation process, in the same type of sprayer previously
investigated experimentally. This is made possible by a combination of recently
developed methods and algorithms. The Volume of Fluid method that can be
used to simulate the interaction of water and air in the sprayer nozzle cannot
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resolve droplets that are smaller than several times the grid resolution. Filling a
volume the size of the sprayer nozzle with grid cells small enough to model droplets
as small as ten micrometres would exceed the capability of the most powerful
computational hardware available. However, using a coarse grid resolution, and
only refining the cells near the water-air interface reduces the number of grid cells
dramatically. An algorithm that recognises stable droplets and converts those
into Lagrangian point-particles is applied, avoiding the need for fine grid cells to
exist anywhere except in the spray formation region. Simulating spray formation
with this approach is successful, and the resulting spray has physically plausible
properties. There are notable differences with the experimentally obtained data
however, as the simulated spray contains far fewer large droplets, and the Sauter
Mean Diameter is off by 30%. The results suggest that using a finer grid resolution
and smaller time steps would improve the results. Doing so would come with a
substantial computational cost, as even the present simulation took over a month
to compute.

In conclusion, the methods described and developed in this thesis can be used
to numerically simulate the use of electrically charged sprays in industrial contexts.
The presented method for determining the charge of spray droplets in particular
is novel and useful for simulating sprayers in systems with changing or moving
geometry. The performance of a pneumatic electrostatic sprayer is analysed, and
an empirical model for the spray properties is presented. Advances are made
toward a numerical simulation of the spray formation in said sprayer, showing the
capabilities of recent developments in computational fluid dynamics. The use of
these modelling methods is recommended for future research into the fundamentals
of spray formation.
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Samenvatting

Het elektrisch laden van vernevelde vloeistoffen is een beproefde methode voor
het verbeteren van de effectiviteit van (industriële) spuitprocessen. Elektrische
ladingen van gelijke polariteit stoten elkaar af, wat maakt dat een geladen
nevel zich beter uitspreidt dan een ongeladen nevel. Daarbij worden geladen
deeltjes aangetrokken door geaarde of tegengesteld geladen objecten, waarmee het
neerslaan van een aerosol kan worden beïnvloed. Deze technologie is oorspronkelijk
ontwikkeld voor het spuiten van verf, maar is sindsdien in verscheidene andere
processen aangewend. Een recente toepassing van geladen sprays is in koelruimtes
in de voedingsindustrie; waar het vernevelen van water het koelproces versnelt
en tegelijkertijd uitdroging van de producten tegengaat. Het ontwerpen van
effectieve spuit- en vernevel-systemen wordt bemoeilijkt door het feit dat het
gedrag van een aerosol niet eenvoudig te meten is. Methodes die de locatie en
snelheid van druppeltjes verspreid in de ruimte kunnen volgen maken gebruik
van gespecialiseerde camera’s en laser-verlichting, waardoor ze niet eenvoudig in
een industriële omgeving kunnen worden ingezet. Het bepalen van de grootte
van aerosol-druppels vergt gespecialiseerde instrumenten met een zeer beperkt
meetbereik. Daarnaast is het opzetten van experimenten in algemene zin een duur
en tijdrovend proces.

In de afgelopen jaren is het gebruik van numerieke simulaties ter vervanging
van experimenten sterk toegenomen. Modellen waarmee de stroming van gassen en
vloeistoffen gesimuleerd kan worden zijn inmiddels welbeproefd, en het gedrag
van druppels of deeltjes in suspensie is tevens bekend. Er is echter minder
kennis beschikbaar over de processen die in en rondom verstuivers optreden. Het
vernevelen van vloeistoffen in een pneumatisch spuitmondstuk gaat met hoge
snelheden en krachten gepaard, en de dynamica van het vernevelen beïnvloedt ook
direct het elektrisch laden van de gevormde druppels. Het doel van dit proefschrift
is om deze processen te onderzoeken, en een alomvattend model samen te stellen
voor het simuleren van elektrisch geladen vernevelaars toegepast op het koelen van
voedingsmiddelen.

Om het gestelde doel te bereiken zijn er twee onderzoekstrajecten gedefinieerd;
één gericht op numeriek simulaties, en één gericht op experimentele metingen. Het
eerste traject begint met het samenstellen van een raamwerk van simulatiemodellen.
Op basis van bestaande literatuur worden functies voor het modelleren van
stroming, warmteoverdracht, elektrostatische velden, en de beweging van druppels
geselecteerd, en samengevoegd in het numerieke rekenpakket “Fluent”. Het
samengestelde Euler-Lagrange model wordt gevalideerd met experimentele data,
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en daarna gebruikt om een aantal vereenvoudigde modelscenario’s door te rekenen.
Deze laten zien dat elektrisch geladen vernevelaars meer water op het beoogde
doel deponeren, en de grotere spreiding van de geladen nevel tevens voor meer
verdamping en daardoor versnelde koeling zorgt.

De tweede stap in het numerieke traject is het ontwikkelen van een model
dat de hoeveelheid elektrische lading in het vernevelde water kan voorspellen. In
bestaande literatuur wordt deze lading meestal bepaald op basis van experimentele
metingen, en wordt vaak aangenomen dat deze lading puur een eigenschap is
van het gebruikte mondstuk. Deze aanpak gaat ten koste van de voordelen van
simuleren ter vervanging van experimenteren, en houdt bovendien geen rekening
met de invloed die de omgeving van de sproeier heeft op het elektrische veld.
Het model dat in dit proefschrift wordt ontwikkeld is gebaseerd op twee fysische
principes. Ten eerste, de elektrische lading op een gecreëerde druppel is direct
afhankelijk van de elektrische veldsterkte rondom het sproeimondstuk. Ten
tweede, de ophoping van elektrisch geladen nevel tussen het mondstuk en de
elektrische aarde levert een elektrostatische “tegendruk” tegen het laden van
iedere vervolgdruppel. De sterkte van het eerste effect wordt berekend met een
analytische afleiding gebaseerd op de geometrie van het sproeimondstuk. De
sterkte van het “tegeneffect” kan op basis van een extra algoritme in het numerieke
rekenmodel worden bepaald. Het ontwikkelde model word getest door een aantal
spuitpistolen te simuleren waarvan de elektrische ladingskarakteristiek reeds eerder
experimenteel bepaald is. Het simulatiemodel voorspelt de lading in alle gevallen
met een fout kleiner dan 20%. Dit is een belangrijke stap voor het vervangen van
experimenten, gezien dit simulatiemodel niet op basis van meetdata fijngesteld
hoeft te worden voor iedere verschillende sproeier, maar volledig gebaseerd is op de
onderliggende natuurkundige principes.

Na het ontwikkelen van de modellen die het elektrisch laden van druppels
en de beweging van druppels voorspellen blijft er één aspect over, namelijk het
ontstaan van de druppels in het vernevelingsproces. De gebruikelijke aanpak om
de afmetingen en snelheden van aerosoldruppels te bepalen maakt gebruik van
empirische relaties, met aparte constanten en coëfficiënten voor ieder model sproeier.
Om de sproeier die in dit onderzoek gebruikt wordt goed te kunnen simuleren
moet deze dus eerst experimenteel geanalyseerd worden. Dit wordt gedaan met
een schaduwfotografie methode, waarbij de spray kortstondig verlicht wordt met
een laser, en foto’s tegen het licht worden genomen met een hogesnelheidscamera
met een langeafstand-microscooplens. Met beeldherkenningssoftware worden
scherpe druppels op de foto herkend, en de diameters gemeten. Door twee
opvolgende foto’s met korte tussentijd te vergelijken kan ook de snelheid van de
gefotografeerde druppels gemeten worden. Uit de resultaten blijkt dat dit type
perslucht-aangedreven sproeier in staat is om water fijn te vernevelen, met een
Sauter-gemiddelde druppeldiameter van 40 µm, bij een aanvoerdruk van 2 bar.
De gemeten diameters volgen de theoretische Rosin Rammler verdeling, met een
relatief grote verhouding tussen de grootst en kleinst gemeten druppel.
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De meetdata wordt gebruikt om een empirische relatie op te stellen tussen
de aanvoerdruk van lucht en water naar het mondstuk, en de druppeldiameters
van de resulterende nevel. Deze relatie is gebaseerd op energiebehoud, waarbij
het toevoeren van meer perslucht leidt tot sterkere verneveling en dus kleinere
druppels. Een opvallende conclusie uit de meetdata is dat het aanbrengen van een
elektrische spanning tot 40 kilovolt geen meetbare invloed heeft op de diameters
en snelheden van de geproduceerde druppels. Bij elektrostatische vernevelaars
hangen de druppeleigenschappen wel sterk af van de spanning, maar dat geldt
dus niet voor een perslucht aangedreven vernevelaar. De energiebalans van het
systeem ondersteunt deze conclusie, het vermogen van de toegevoerde perslucht
is beduidend groter dan het elektrische vermogen waarmee de aerosol wordt geladen.

In het laatste werk in dit proefschrift wordt teruggegrepen op de simulatie, met
als doel het volledig simuleren van het vernevelingsproces. Dit wordt mogelijk
gemaakt door een combinatie van recent ontwikkelde methodes en algoritmes.
De zogeheten ‘Volume of Fluid’ methode kan de interactie van vloeistof en gas
simuleren, maar kan geen druppels simuleren die kleiner zijn dan de cellen van
het numerieke raster dat gebruikt wordt. Een numeriek raster dat de ruimte
rondom de sproeikop vult met een fijn genoege resolutie om druppels tot tien
micrometer te kunnen vatten bestaat uit zo veel cellen dat zelfs de krachtigste
verkrijgbare computers er geen raad mee weten. Dit kan worden opgelost door
het grootste deel van de ruimte met grove cellen te vullen, en deze alleen te
verkleinen daar waar lucht en water elkaar raken. Vervolgens kan een algoritme
ingezet worden dat stabiele druppels herkent en omzet in punt-deeltjes die met een
Lagrangiaans model kunnen worden gesimuleerd. Hierdoor hoeft het oppervlak
van ieder aerosol-druppeltje niet langer met kleine cellen verrasterd te worden,
en zijn de kleine cellen alleen nodig daar waar de verneveling plaats vindt. Met
deze gecombineerde aanpak wordt het benodigde aantal cellen met een aantal
ordegroottes verminderd, en kan de simulatie op een conventioneel rekencluster
worden uitgevoerd. De simulatieresultaten voorspellen een geloofwaardig ogende
verneveling, en zijn daarmee gedeeltelijk succesvol. Er zijn wel een aantal duidelijke
verschillen met de meetdata, waaronder een gebrek aan ‘grote’ druppels in de
simulatiedata, en de gemiddelde druppelgrootte ligt 30% naast de meetwaarde.
Het gebruik van een fijner rekenraster en kleinere tijdstappen zou waarschijnlijk
tot betere resultaten leiden. Dit zou echter meer rekenkracht vereisen, en meer
rekentijd, terwijl er voor de huidige berekening al ruim een maand nodig was.

Samenvattend, de methodes die in dit proefschrift beschreven of ontwikkeld
worden kunnen worden gebruikt om de inzet van elektrisch geladen spuitprocessen
in industriële toepassingen te simuleren. Met name de ontwikkelde methode om de
lading die een vernevelde vloeistof mee krijgt te bepalen is nieuw, en nuttig voor
het simuleren van sproeisystemen met veranderende of bewegende geometrie. Een
pneumatisch-elektrostatisch spuitpistool wordt experimenteel gekarakteriseerd, en
een empirische relatie voor de eigenschappen van de geproduceerde nevel als functie
van de toevoerdruk wordt bepaald. Tevens worden er stappen gezet richting het
volledig simuleren van de verneveling in het betreffende spuitpistool, waarbij de
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kracht van een aantal recente ontwikkelingen in de numerieke stromingsleer wordt
getoond. Hiermee zal het in de nabije toekomst mogelijk zijn om nader onderzoek
te doen naar de grondslag van verneveling.
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Chapter 1. Introduction

Electrostatic charging of spray droplets is a well established method for improving
the effectiveness of various spraying processes. Indeed, patent applications for
the use of charged sprays in spray painting, powder coating, and gas scrubbing
date back to the early 1940’s[1–3]. Although much research and development has
happened since then, the basic premise of the technique remains the same. Charged
droplets and particles mutually repel each other while being attracted to neutral
or oppositely charged objects, which allows more control over the spray deposition.
Better control of spray dispersion and deposition naturally allows for the design
of more efficient or effective processes. This thesis forms part of the Crest*Cool
project, which has the goal of implementing charged sprays in a novel application:
the spray-chilling of meats.

1.1 On Charged Sprays

The general concept of using charged sprays in many industrial processes can be
summarised rather simply. Per the laws of electrostatics, like charges repel, and
unlike charges attract each other. Therefore, connecting a paint spray gun to a
high voltage source, and a conductive object to be painted to ground, will cause
the paint droplets to be attracted to the target. Not only does this result in less
wasted paint, the mutual repulsion of the droplets makes them coat the target
more evenly as well. For these same reasons charged sprays are being used in
agriculture[4], and recently drew significant interest in disinfectant application[5].
However, this explanation gives no insight in the underlying mechanics, nor does it
quantify the effects.

Research into the interaction of fluid dynamics and electrostatics dates back
significantly further than the use of charged sprays in industry. The oldest works
that still carry practical relevance are of the pens of Lord Rayleigh and Lord
Kelvin. The former first calculated the maximum charge a liquid droplet can
carry before electrostatic repulsion overcomes the surface tension[6], a value now
referred to as the Rayleigh Limit. The latter lends his name to “Lord Kelvin’s
Thunderstorm”, an experiment that creates a feedback loop of inductively charged
droplets in order to generate high voltages[7].

1.1.1 Electrosprays

In conductive materials, charges are naturally carried near the surface. For
liquids, the mutual repulsion of these charges can deform the shape of the
surface, up to a critical point at which a jet of liquid may be ejected. This
is true for spherical droplets as calculated by Rayleigh, but equally so for
flat liquid surfaces. First photographed by Zeleny[8] and later analytically
computed by Taylor[9], the meniscus of a liquid subjected to a strong electric
field forms a cone, from which a jet or spray is emitted. Electrosprays generated
in this manner typically emit several millilitres of spray liquid per hour, and
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are used for nanoscale material deposition and as ion sources for mass spectroscophy.

Electrostatic break-up of free-floating droplets occurs when their charge exceeds
the Rayleigh limit. This limit scales with the square root of the droplets’ volume,
and therefore decreases as the droplet evaporates, while the droplet’s charge remains
roughly constant. Electrostatic splitting can effectively increase the rate of evapora-
tion of droplets, which can be an advantage in applications such as fuel injection[10].

1.1.2 Spray charging

In electrosprays, both the charging and the atomisation of the liquid are driven by
the electric potential. These functions can be decoupled, by combining a sprayer
that uses pressure or mechanical motion to atomise the liquid, with an electrical
system that charges the droplets without substantially influencing the spray
formation. Lord Kelvin’s water dropper operates in this manner, as illustrated in
Figure 1.1. The electric field at the surface of the water stream is not sufficiently
strong to break the surface tension, but it does induce a charge at the surface.
Once a droplet separates from the stream it is no longer conductively connected,
and will hold its charge until it drops in the bucket below. This method of charging
works for all sufficiently conductive liquids, and most if not all types of nozzle.
Here it is referred to as Direct charging, since the charges enter the liquid stream
from an electrode that is in direct contact with it. Jaworek[11] further distinguishes
Conductive charging, when a high voltage is applied to the sprayer nozzle and
liquid, from Inductive charging, when the sprayer is grounded and an electrified
electrode is placed near the nozzle.

Direct charging methods are commonly used in high volume industrial sprays,
since they scale well with high flow rates and can be used in conjunction with a
variety of sprayer types. Ransburg and Penney’s original patents use this method
of charging, and it is still used with modern rotary bell sprayers in automotive
industry[12, 13]. Conductive charging has the advantage of simplicity, since there is
no need for a dedicated induction electrode, as the grounded spray target already
fills that role. Inductive charging on the other hand keeps the sprayer and liquid
reservoir at ground potential, which may be desirable in certain cases.

An alternative to direct charging is indirect charging, where the spray droplets
are exposed to free ions and accumulate charge outside the sprayer head. The
free ions can be generated through corona discharge, and this system is used
in electrostatic precipitators and automated spray painting with water-based
paints[11, 14]. It has the advantage of requiring no current flow through the sprayer
and does not require the sprayed liquid to be conductive, but does involve exposed
high voltage electrodes and incidental production of ozone.
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Figure 1.1 Direct droplet charging illustrated. A potential difference between
the liquid nozzle and a nearby electrode creates an electric field, inducing charges
onto the liquid surface. Once separated from the nozzle, droplets maintain their
charge.

1.1.3 Spray generation

There are nigh limitless ways to convert a stream of liquid into a spray. Lefebrve[15]

categorises the various designs of sprayers into four main categories, with nearly
twenty subtypes. The main distinction between the categories is how the energy
necessary to disrupt the liquid surface is supplied. This energy can be supplied
through the pressure of the sprayed liquid, through a pressurised gas stream,
through mechanical motion, or in “other” ways - including electrospraying as
discussed previously. The plethora of existing sprayer types and design variations
means that there is no single equation or theory that describes “spray generation”
in general.

Most of the different types of sprayers are compatible with charged spray
generation. Pressure based sprayers are relatively simple in design and operation,
but require very high liquid pressures to produce fine sprays. Mechanical atomisers
using a rotating cup or disc to disperse the liquid are complex and expensive, but
produce very even spray patterns making them popular in automotive painting.
Gas-assisted sprayers are a middle ground in terms of complexity and performance,
and are still in use in handheld paint sprayers (as in Ransburg’s original patent for
charged spray painting[1]). Their need for high volumes of compressed air make
them relatively energy intensive, but for a development project the versatility such
a sprayer provides is well worth the cost.

A sketch and photo of the sprayer used in this research are shown in Figure
1.2. The sprayer uses high velocity compressed air to disrupt a jet of liquid, with
further air-jets forming the spray-cone into the desired shape. A needle electrode
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is located inside the liquid jet, to conductively charge the spray droplets. This
sprayer model is designed for paint application, but with the possibility to mount
different nozzles and change the gas and liquid supply pressures it can handle a
variety of liquids and desired droplet sizes.

(a) The investigated sprayer in operation (b) A sketch of the sprayer nozzle

Figure 1.2 The sprayer used in the present research. Central to the sprayer
head is a needle electrode, surrounded by an annular nozzle through which the
spray liquid is ejected. Ten gas nozzles in the sprayer face and four nozzles on the
sprayer “horns” produce air jets that disrupt the liquid and shape the spray cone
into a flat fan.

1.2 On simulation

Many processes in industry, ranging from power generation to manufacturing,
rely on effective spraying systems. Optimising these systems historically required
extensive experimentation, as did scientific research into the underlying physical
principles of spray formation. As computers and numerical methods matured, the
use of simulations to replace or complement experiments became more common
over the past decades. Nowadays, simulations are often cheap in comparison to
experiments, allow easy and independent variation of all parameters and variables,
and can be analysed in great detail without the limitations of real world sensors. It
should therefore not be surprising that the simulation of electrostatic spraying in
various industrial contexts has been studied extensively[12, 13, 16–18]. These studies
show that simulation can be a useful and powerful tool, but is not perfect.
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1.2.1 Previous work

The primary difficulty with simulating sprays is the large range of scales that need
to be modelled. A paint droplet may be as small as a few micrometers in diameter,
while the car body being painted is several metres long. Completely resolving the
flow in a painting booth would require a spatial resolution of millions of elements
in each dimension, which is obviously impractical. In order to stand a chance of
success, small scale behaviour must be modelled on larger scales. For suspended
droplets and particulates, this is usually done with a so-called Eulerian-Lagrangian
approach. Here, droplets are treated as discrete point-particles that follow the
equations of motion, and interact with the flow at large through aerodynamic drag.
Frameworks using this approach are therefore also referred to as Discrete Particle
Methods (DPM).

The complexity of the simulation depends on the amount of physical interactions
that must be modelled. For regular spray painting, the paint droplets only need
to interact with the airflow. For charged sprays, the electric field must also be
computed, and the way it interacts with the spray droplets[12]. If evaporation of
the spray droplets is relevant, the vapour content of the air and temperature need
to be taken into account[19]. Each additional layer of complexity increases the cost
of the simulation, up to the point where it no longer offers any advantage over the
experiments it is meant to replace. Thus, the art of effective modelling is not only to
represent reality accurately, but to do so using only the minimum of necessary effort.

1.2.2 Knowledge gaps

A consequence of using a discrete particle method to simulate the motion of
droplets is that this does not resolve the spray formation. Instead, droplet sizes
are measured experimentally, and particles of appropriate size are injected into the
simulation in the region near the nozzle. This is sufficient to accurately simulate
the large scale behaviour of the spray, but does require measurement data to be
available for the simulated sprayer at the simulated operating parameters. While
droplet sizes and velocities can be measured with relative ease, measuring the
electric charge of spray droplets is challenging. A repeated complaint in numerical
research is therefore the lack of a good method to determine what charge the
injected droplets should be given[17, 20].

Continuum simulation methods such as the Volume of Fluid approach suffer
an opposite problem. These methods can resolve spray formation in high
detail, but would be impossibly costly to apply to large volumes. For pure
electrosprays with low liquid flow rates a fully resolved simulation of jet breakup
and droplet formation has already been achieved by several researchers[21–23].
Naturally, such an approach solves the problem of determining droplet charges,
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but has not yet been proven practical for high flowrate sprays. More recently,
Shen et al.[24] simulated spray formation in a rotary bell sprayer, albeit by
considering only a small region on the bell edge and while neglecting electro-
static effects. The same achievement for gas-assisted sprayers still remains on
the table, and has the potential to offer great insight in the spray formation process.

Since a clear interest in these topics has been shown in previous literature,
and they are relevant to the objectives of the present research, both have been
investigated and will be discussed in this thesis.

1.3 On spray chilling in food industry

Refrigeration is presently the most important tool for preserving fresh food products.
Being widely used, it represents a significant fraction of the (industrial) energy
usage of our world. Any development that can improve the energy efficiency or the
preserving efficacy of the cooling process is therefore a worthwhile investment in the
effort of reducing our global resource footprint. One process that can be improved
in particular is spray chilling, which as the name suggests, involves spraying the
products with liquid during the chilling process. In the case of meat (animal
carcasses) the sprayed liquid is usually water, sometimes mixed with antimicrobial
additives.

1.3.1 Benefits of spray chilling

According to the review paper by Savell et al.[25], the primary purpose of spray
chilling is to reduce ‘shrinkage’, i.e. weight loss, during the chilling process. During
the first 24 to 48 hours of chilling, as the temperature of the carcass is brought
down to 4°C, it loses around 2% of its initial weight. Most of this weight loss is
due to evaporation of moisture. Keeping the carcass surface wet using sprayers
naturally does not prevent evaporation, but it does reduce the amount of moisture
lost from the meat itself. The reduction in weight loss that can be achieved with
spray chilling is around one percentage point, which matches the results obtained
in tests performed by partners in the Crest*Cool project.

At first glance this seems like a purely economical motive, effectively in order
to sell water to the consumer. However, spray-chilled carcasses do not gain weight
during chilling, and the weight loss during storage and cooking does not appear to
increase in comparison to dry-chilled meat. Spray chilled meat is also reported to
score higher on several quality metrics, although no significant changes are observed
in tenderness and muscle colour. Spray chilling is also believed to improve the
rate of cooling, since more heat is absorbed by the evaporating water. Several
experiments have yielded data suggesting faster cooling near the surface, although
not all investigations report significant changes.
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1.3.2 Flaws of spray chilling
The primary concern in any process in food industry is obviously food safety.
Fortunately, most studies[26, 27] find that the increased moisture does not result in
increased microbial growth on the meat or a decreased shelf-life. Nevertheless,
there is room left for improvement. In conversation with industry partners a
number of shortcomings have been identified.

The primary point of improvement is the low transfer efficiency of uncharged
sprays. Preliminary tests suggest that between 3 and 5 litres of water are spent for
every kilogram of shrinkage prevented. All the excess water needs to go somewhere,
and it largely ends up dripping on the floor, condensing in the overhead spaces, or
freezing in the chiller heat exchangers. The first two are a nuisance and require
more frequent cleaning, the latter leads to more frequent defrosting cycles that
consume valuable energy and reduce the available cooling power. The second flaw
of conventional sprayers is that they do not deposit the water uniformly across
the carcass surface. Some areas still lose too much moisture, while other areas are
wetted excessively to the point of trickling and dripping.

1.3.3 The Crest*Cool project
The flaws of spray chilling are analogous to the issues Ransburg encountered in
spray painting, that led to the invention of the electrostatically assisted paint spray
gun. Thus, the idea of adapting charged spraying technology for spray chilling
seems like a natural step in development. The Crest*Cool project, a cooperation
between the University of Twente and several industry partners involved in cooling
technology, food production, and spraying systems, was established to realise
this development. The overarching goal of the project is to design, validate, and
present a demonstrator spray-chilling system based on electrostatically charged
sprays that outperforms conventional spray chilling in terms of shrinkage reduction,
water consumption, and energy efficiency.

The role of the University of Twente in the project is one of knowledge
development and technological support, with a focus on numerical simulations.
Accurate simulations of the airflow and droplet motion in the chilling system
are essential for the design and optimisation process, since the performance
of the system cannot be measured directly. One can record the shrinkage
of carcasses while varying the spraying parameters, but this gives at best a
statistical comparison. Unlike with processes like spray painting where one might
simply measure the paint thickness, there is no convenient way to quantify local
variables like spray deposition and evaporation rates across the surface of the
carcass. Without local data to guide the design process, expensive and wasteful
measurement campaigns would be required to find the optimal configuration.

The project provides room for independent research tangential to the project
requirements and tasks assigned to the University of Twente. Hence, the research
presented in this thesis is motivated but not constrained by the project requirements.
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The Crest*Cool project receives funding from the European Union, under the
OP-Oost programme of the European Fund for Regional Development, as project
#00730. As part of the grant conditions, all resulting scientific research is published
under open-access licenses.

1.4 Research objectives

The objective of the research presented in this thesis is to develop algorithms and
models to simulate the behaviour of electrically charged sprays, and to validate
those against available experimental data. The work carried out to achieve this
goal can be split into two main lines of action, one of numerical simulation, and
one of experimental research.

In the numerical line, a simulation framework is constructed. Since a substantial
basis of literature exists on the topic of computational fluid dynamics (CFD) and
electrostatic sprays, part of this work will involve selecting and combining existing
models. Novel models will be devised where required, and validation studies will
be carried out for the combined framework and its parts.

The experimental line constitutes a detailed characterisation study of the sprayer
that will be used in the spray chilling system. Analysing the changes in spray
properties in response to different operating conditions will reveal the mechanisms
involved in spray formation. Furthermore, the obtained data serves to validate the
numerical simulations.

1.5 Thesis outline

The research activities carried out to achieve the objectives outlined in the previous
section can be divided into four distinct sections. Each of these is discussed in a
separate chapter, in chronological and logical order.

Chapter 2 covers the building of a CFD framework for simulating evaporating
electrically charged sprays in the context of spray chilling. Through simulations of
a simplified geometry the effects of droplet charge on the deposition of water and
evaporative cooling are identified.

Chapter 3 discusses the development of a novel method for determining the
amount of charge that is imparted on spray droplets. The model is validated
against data from literature, and offers good agreement for both conductively and
inductively charged sprays.

Chapter 4 presents an experimental study of the characteristics of an air-assisted
electrostatic atomiser. The sizes and velocities of spray droplets are determined
using automated analysis of high resolution shadowgraphy images. The effects of
liquid flow rate, air flow rate, and electric potential on the spray properties are
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quantified.

Chapter 5 investigates the possibility of directly simulating the spray generation
in an air-assisted atomiser. The primary break-up region is resolved using high
resolution transient Volume of Fluid (VOF) methods, with dynamic transition to
DPM modelling on a coarse grid in the downstream region to keep computational
costs practical.
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CHAPTER 2

Discrete Particle Simulation of Evaporating
Charged Sprays

Abstract
In this research we investigate whether charged sprays offer any improvements
over conventional spray in the spray-chilling of meat. A Eulerian-Lagrangian
CFD modelling approach is developed and validated with results from auto-
motive spray painting. The model is then extended to include evaporation
and the transport of evaporation products. The simulation results show
doubling of the spray transfer efficiency as well as a notable increase in the
rate of cooling when electric charge is applied to the spray. Furthermore, the
presented modelling approach yields consistent results at low computational
costs, making it suitable for use in future design optimization studies.

This chapter is adapted from the publication:
A. Brentjes, A.K. Pozarlik, and G. Brem, “Numerical simulation of Evaporating Charged Sprays
in Spray Chilling”, Journal of Electrostatics, vol.107, September 2020.[1]



Chapter 2. DPM Simulation of Evaporating Charged Sprays

2.1 Introduction

Electrostatically charged spraying systems are a proven solution for improving
the transfer efficiency of liquid or solid particle sprays[2, 3]. Such systems are
commonly used in applications where the spray material is expensive or overspray
is undesirable, such as painting and pesticide application[2, 4]. In the present
research a new application for charged sprays is investigated, namely chill rooms
in the meat industry. Spraying carcasses with water during the chilling process
has two purposes; counteracting the drying effect that cold air has on warm meat,
and providing additional evaporative cooling effort[5]. The main challenges with
conventional sprayers in this application are ice accretion in the heat exchangers
and hygiene issues from condensation and dripping, both related to excess water[6].
Electrostatic sprayers, with their higher transfer efficiency, are therefore an
interesting prospective solution for the meat industry.

In this chapter we propose a Computational Fluid Dynamics (CFD) model
that can be used to simulate the effects of charged spray in such a chill room.
With this model we simulate two model cases as a proof of concept for the use
of charged sprays in this application. Specifically, the potential improvement in
the spray transfer and deposition pattern is investigated, as well as the effects of
charged spray on evaporative cooling.

The simulation of charged sprays is not new in and of itself, dating back to
the 1980’s[7]. Various applications of electrostatic sprays have been simulated,
with automotive spray-painting resembling our application the closest in terms of
scale and spray volume. Most works in this field opt for a Eulerian-Lagrangian
simulation approach, with either an unsteady[8] or steady[3, 9, 10] flow solution. The
electric fields are solved in similar ways, and particle charge is either considered
constant from the moment of injection[8, 10] or variable with particles accumulating
charge from the surrounding air[11].

However, evaporation of the droplets and heat transfer, which are important
factors for our case, are not modelled in the previous paint-spraying simulations.
These effects are considered in some smaller-scale works[12, 13]. Such models are a
significant step up in complexity compared to typical simulations of spray painting,
both in the number of Eulerian phases as well as in the different interactions. In
addition to the physics involved in uncharged droplet evaporation, the electric
charge also affects droplet breakup. Moreover, evaporated droplets leave residual
ions in the gas flow, which in turn interact with the electric field and the remaining
particles.

Fully modeling all these mechanisms comes at the cost of increased computa-
tional costs. We aim to strike a balance between fidelity and practicality, while
building a CFD model that is suitable for simulating evaporating, charged sprays
in industrial scale applications.
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2.2 Modeling approach

The purpose of the model is to simulate the spray chilling process in meat industry,
which involves spraying (charged) droplets at carcasses with a height of up to
two metres. Because of the requirement to model these large length scales, a
fully resolved modeling approach is not feasible. Instead, the problem is divided
into separate but interacting ‘phases’, each of which is solved separately, with
interactions represented by source terms. The main phases in this case are the
spray droplets, the airflow, and the electrostatic field. In addition, the transport
of heat, water vapour, and the residual charges from evaporated droplets are
modelled as part of the fluid (i.e. airflow) phase.

Both the validation case and the selected model case, see Sections 2.3.1 and 2.4,
are steady state problems. This is not entirely true for the application case, which
involves moving carcasses. However, the carcass motion is very slow in comparison
to the airflow, allowing it to be approximated as a series of individually steady-state
‘snapshot’ simulations. This suggests a Reynolds-averaged Navier-Stokes (RANS)
based approach for the fluid phase. Likewise, steady-state Eulerian models are
used to model the transport of heat, vapour and residual charges. The droplet
motion is simulated with quasi-steady Lagrangian particle tracking.

2.2.1 Governing equations

2.2.1.1 Droplets

For the Lagrangian droplet motion model the spray is treated as a sparse collection
of (spherical) point-particles. Their motion is described by Newton’s second law,
see equation (2.1). The driving forces in this case are drag from the surrounding
air (F⃗drag), the electrostatic force (F⃗es), and gravity (F⃗g). Mutual aerodynamic
interactions, electromagnetic effects, and droplet collisions are neglected, following
the approaches of Shrimpton and Laoonual[12] and Arumugham et al.[13].

mp
du⃗p
dt

= F⃗drag + F⃗g + F⃗es (2.1)

The following relations are used for the forces[13, 14]:

F⃗drag = mp
3

4

ρCD

ρpdp
|u⃗− u⃗p|(u⃗− u⃗p) (2.2)

F⃗g = mpg⃗
ρp − ρ

ρp
(2.3)

F⃗es = qpE⃗ (2.4)

Note how the electrostatic interactions between droplets are computed
indirectly, via the two-way coupling with the electrostatic field. Charged droplets
contribute to the electric field as per equation (2.7), which states that the electric
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field has a positive divergence in regions of positive charge density. By the principle
of superposition the total electric field can be seen as the sum of the electric fields
of each individual charge. Therefore, the electrostatic force on each particle, as
in equation (2.4), effectively includes the sum of all electrostatic particle-particle
interactions.

To maintain conservation of momentum the drag force is coupled with the
momentum equation for the fluid phase, where the reaction forces are included as
momentum sources.

For the heat and mass transfer between the droplets and the continuous phase
the correlations of Ranz and Marshall [15] are used, given in equations (2.5) and
(2.6). Heat transfer inside the droplets is neglected, since the Biot number for our
droplets is small (Bi ≪ 1). Charge is not transferred between droplets and the
continuous phase, except upon complete evaporation of a droplet.

mpcp
dTp
dt

= hAp(T − Tp) with Nu =
hdp
k

= 2.0 + 0.6Re
1/2
d Pr

1/3 (2.5)

dmp

dt
= kc(ρi − ρi,s) with Sh =

kcdp
Di,m

= 2.0 + 0.6Re
1/2
d Sc

1/3 (2.6)

Finally, breakup of droplets is neglected, considering the small droplet sizes
and low Reynolds and Weber numbers involved. Contrary to Arumugham et al.[13]
we also neglect droplet breakup due to electrostatic instability. The reasoning for
this is the low initial droplet charge in the model-case simulations. By the time an
evaporating droplet exceeds the stability limit, its mass has been reduced to less
than 0.01% of its initial mass. The child droplets created by Rayleigh breakup would
be even smaller. These small droplets would enter a rapid cascade of evaporation
and breakup, simulation of which would take up significant computational resources.
Instead, droplets that exceed the charge limit are considered evaporated, and their
charge and mass are added to the continuous phase.

2.2.1.2 Electric field

Due to the steady-state nature of the simulation the electric field is assumed to be
static, and can therefore be described by the Poisson equation (2.7).

∇⃗ · E⃗ = −∇2Φ =
ρq
ε0

(2.7)

Here ρq denotes the volumetric charge density and ε0 the permittivity of the
vacuum (8.85× 10−12 [F/m]). Both the charges carried by the droplets, as well as
the residual charges contribute to this term, coupling the electric field with the
discrete particles and the residual charge phase.
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2.2.1.3 Gas phase

The turbulent gas flow in a steady state case can be described by the familiar 3D
RANS equations, with a k-ε model for turbulence closure, following the examples
set in previous literature[10, 13, 16]. The energy and the advection-diffusion equa-
tions govern the temperature of the gas phase and the transport of water vapour
respectively. These equations and their solution methods are widely documented[14]

and not the main topic of this research, and will therefore not be discussed in detail.

The residual charge left by completely evaporated droplets is treated as part of
the continuous (gas) phase. Practically these residual charges will take the form of
charged solid precipitates or molecular ions. Following the example of Arumugham-
Achari [13] these charges are treated as mono-mobile. These charges are transported
through advection, diffusion, and electrophoretic motion, as described by equation
(2.8).

∇⃗ · [ρq,r(u⃗+KE⃗)] = Dq∇⃗2ρq,r + Sq (2.8)

Here K denotes the electrical mobility of the residual charges and Dq the
diffusivity. The source term Sq represents the charges being left by droplets
evaporating, providing the coupling with the discrete phase.

2.2.2 Numerical methods
We selected the commercial Ansys Fluent code as our CFD and DPM solver.
Version 18 of the software was used for the work presented in this chapter.
The submodels for the electrostatic field, transport of residual charges and the
electrostatic forces were appended to the base code using so-called User Defined
Functions (UDFs).

2.2.2.1 Droplet tracking

Due to the steady-state nature of the simulated cases a quasi-steady Lagrangian
particle tracking approach could be used. As with standard Lagrangian tracking,
droplets are grouped into parcels, whose trajectories are computed by integrating
their equations of motion forward in time. However, unlike with unsteady methods,
each iteration of the Lagrangian model does not correspond to a certain limited
time-step. Instead, each parcel’s trajectory is computed from the point of injection
up until the parcel exits the domain or disappears through evaporation. Along
the resulting pathlines sources of momentum, heat and water vapour are created
and handed back to the continuous phase solver for the next iteration. Similarly,
the droplet charges passing through each element are recorded for the purpose of
computing charge density, and a source of residual charge is created on droplet
evaporation.

This quasi-steady method has a number of advantages over full unsteady track-
ing. First, it is easy to control the total number of parcels in the domain, leading
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to predictable computation times. In addition, the complete droplet trajectories
are contained in a single iteration, aiding post-processing. A disadvantage is that
parcels cannot persist in the domain between iterations, since their trajectories
are integrated to completion. This makes modelling direct interactions impossible,
and makes it necessary to model electrostatic forces via a separate electric field
phase. In effect this means that the parcels of the next iteration will be repelled
by the trajectories of the previous iteration, and care must be taken to prevent
instabilities in the solution.

2.2.2.2 Electric field

The Poisson equation (2.7) governing the electric field can be solved by the same
method as any advection-diffusion equation. It is treated as a Eulerian phase
without advection, with diffusivity ε0 and the charge density ρq acting as a source
term. It is solved in parallel with the other continuous phase equations. Dirich-
let boundary conditions are used to represent conductors with a known electric
potential.

2.2.2.3 Solver sequence

Figure 2.1 illustrates the process flow of the solver. The solution cycle begins
by running a number of iterations of the continuous phase solver to obtain a
solution for the flow and electric field. Then, particles are injected and their
trajectories integrated using the newest field solutions. Based on these trajectories
the volumetric source terms for the continuous phases are updated, and the
solution is finally checked for convergence to complete the cycle.

The number of iterations of the CFD solver within each solver cycle can be
varied. A large number of iterations is used on the first cycle, in order to have
a converged field solution prior to the first DPM iteration. On later cycles this
number is reduced to 2, to promote concurrent convergence of the discrete and
continuous models.

Figure 2.1 Process flow of the solver
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2.3 Validation case

The simulation is validated against the results by Domnick, Scheibe and Ye[10].
They investigate the paint deposition pattern created by a rotary bell sprayer for
automotive industry. Their work was chosen because it features both numerical
as well as experimental data, thereby giving a better indication of accuracy
than exclusively numerical studies. The validation setup and results are covered
concisely, with a more comprehensive description having been presented in our
preceding work[17].

2.3.1 Case setup

Figure 2.2 Cross section of the validation model geometry and grid, after
Domnick et al.[10]

The basic geometry of the simulation consists of a rotary bell sprayer suspended
above a 1 metre square target plate, enclosed in a rectangular bounding box.
A hybrid grid with 10 million elements is used, see Figure 2.2. The sprayer
assembly consists of two significant components; the stationary and electrically
insulated mount (top) and the electrified rotating bell (bottom). On the bottom
of the mount, surrounding the base of the bell, the so-called “shaping air”
is injected through a 1 mm wide annular jet. This jet has a downward ve-
locity of 75 m/s and a tangential velocity of 75 m/s opposite the rotation of the bell.

Droplets are injected along the outside perimeter of the bottom of the bell,
with a velocity and direction equal to the tangential velocity of the bell perimeter.
The size of the injected droplets follows the distribution shown in Figure 2.3. The
(initial) charge of the injected drop size is set as 5% of the Rayleigh charge limit
QR according to equation (2.9), where σ denotes surface tension (see Table 2.1)
and rp the droplet radius. Because of the low volatility of paint, evaporation is not
modelled by Domnick et al.[10]. For this reason the heat transfer, species transfer
and residual charge transfer models are disabled in our simulation as well.

QR = 8π
√
ε0σr3p (2.9)
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The target plate is treated as an electrically grounded wall, and absorbs the
droplets that impact upon it. The top of the bounding box is treated as an inlet,
creating a downwash with a velocity of 0.3 m/s. Symmetry conditions are applied
to the sides of the bounding box, and the bottom of the bounding box acts as the
outlet for the system. The key process parameters are summarised in Table 2.1.

Table 2.1 Sprayer parameters, taken from Domnick et al.[10]

Bell diameter 55 mm
Bell speed 45000 rpm
Liquid flow rate 90 ml/min
Sprayer potential 70 kV
Droplet charge 5% ∗QR

Droplet density 1000 kg/m3

Droplet surface tension 35 ∗ 10−3 N/m
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Figure 2.3 Size distribution of injected droplets, based on data from Domnick
et al.[11]

2.3.2 Results
Figures 2.4 and 2.5 show snapshots from the simulation results. To present the
droplets’ behaviour qualitatively three features are displayed. Figure 2.4 shows
a cross-section of droplet trajectories, coloured according to droplet diameter,
as well as contours of the electric potential. The direction and closeness of the
equipotential lines indicate the direction and magnitude of the electric field, which
scales with the gradient of the potential. Figure 2.5 displays the deposition rate of
paint onto the target surface.

From figure 2.4 it becomes apparent that the electric field is strongest near the
sprayer bell, and oriented outward. Towards the target plate the field weakens
and becomes more vertically oriented. Looking at the droplet trajectories, a
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Figure 2.4 Droplet trajectories and electric potential for the validation case

Figure 2.5 Paint deposition rate for the validation case

number of distinct regimes of behaviour can be seen. After injection at the bell
edge, the droplets first follow a nearly horizontal inertial trajectory. The larger,
heavier droplets are flung further from the bell edge before drag overcomes their
initial velocity, while the smallest droplets are almost immediately captured by the
downward airflow. After the initial straight flight, the trajectories curve down
toward the target plate under the influence of the electrostatic force and gravity.
The droplets follow the electric field lines closely, since the trajectories are roughly
perpendicular to the equipotential lines. Finally, near the plate, the droplet
trajectories bend radially outward, under the influence of the airflow resulting
from the co-flow air jet impinging on the plate.

The paint deposition pattern on the target plate (figure 2.5) shows two
concentric rings of high deposition rate. The inner ring is the result of the smallest
droplets following the airflow vertically downward, and being deposited directly
underneath the bell. The exact mechanism responsible for creating the outer ring
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is unclear. Domnick et al.[10] do not discuss the presence of such a feature in their
results, although their simulation data (see figure 2.6) does show a bump in the
corresponding location.

Figure 2.6 shows the accretion rate along the X- and Z-centrelines (see figure
2.5) of the target obtained from our simulation. For comparison, data adapted
from Domnick et al.[10] is included in the same figure, plotted on the right axis.
For their experimental results they measured the thickness of the deposited paint
layer along the middle of the target plate. This paint layer thickness should
directly scale with the average deposition rate and spraying time, and depend
further on the paint density and volatile fraction. Since spraying time and volatile
fraction are not given by Domnick et al.[10], we can only qualitatively compare our
deposition rate to their final paint thickness.

In general we find the same features in their results as in our simulation; a
concave peaked profile with a local minimum at the centre. Moreover, in both their
and our simulations some ‘bulging’ of the profile can be observed around 0.3 metres
from the centre, which is not apparent in the experimental data. The most notable
difference between the results is that Domnick et al.[10] show a deeper local mini-
mum around the target centre and a wider peak. The likely reason for this mismatch
is minor differences between our and their geometry and air-jet boundary conditions.
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Figure 2.6 Comparion of our validation case simulation results with results adapted
from Domnick et al.[10]. The latter results are presented as the thickness of a dry paint
layer, and plotted on the right hand axis. Our results are presented as an instantaneous
deposition rate and plotted on the left hand axis. Our results show similar features to
those obtained by Domnick but differ in the details. Quantitative comparison is not
possible, since the necessary information to translate paint layer thickness to deposition
rate is not known.

Due to the overall similarity between the results we believe that our implemen-
tation of the electric field and charged droplet model is proven sufficiently accurate
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to proceed with simulations representative for the spray-chilling case.

2.4 Model case

The model case is designed to investigate whether charged spray offers any
improvement over uncharged spray in a chill room. Three metrics in particular,
namely the transfer efficiency of the spray, the uniformity of the spray deposition
pattern, and the rate of cooling of the target, are considered.

The exact geometry of installed spraying setups varies between warehouses.
Similarly, the shape of the spray target carcasses will depend on the species of
animal, and the processing that has been done prior to chilling. As the goal is to
study the behaviour of the spray at a general level, and in order to not introduce
spurious details, we choose to define a simplified model geometry. This geometry
consists of a cylinder with a radius of 10 centimetres, and a length of one metre.
The cylinder is enclosed in the centre of a cubic bounding box with a side of
one metre. We use a solid-cone spray, representative for an air-assisted atomiser,
originating from the centre of the ‘upstream’ face of the bounding box. This
geometry is shown in Figure 2.7.

Table 2.2 Sprayer parameters for the
model case

Geometry Solid cone
Half-cone angle 45°
Velocity 20 m/s
Flow rate 2.5× 10−3 kg/s
Size distribution Rosin-Rammler
Mean diameter 30× 10−6m
Spread parameter 3.5
Sprayer potential 50 kV*
Droplet charge 0.5%QR*

* Zero for uncharged spray reference case
Figure 2.7 Model case geometry
with 115× 103 element grid

2.4.1 Case setup

To study the differences between charged and uncharged sprays, two cases are
simulated, differing only in the droplet charge. The remaining spray parameters
and operating and boundary conditions are shared between cases, and explained
below.
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The parameters for the conical spray are given in Table 2.2. The sprayer
body is represented by a 5 cm diameter disk centered on the upstream face of
the bounding box. In the case with electrically charged droplets it is kept at a
constant electric potential of 50 kV. Droplets are injected at the surface of this
disk, distributed such that the mass flow rate and droplet size distributions are
uniform across the injector. All droplets are injected at a velocity of 20 m/s, and
with a direction vector such that the spray forms a uniform solid cone with an
apex located 2.5 cm upstream of the centre of the disk.

The boundary face surrounding the sprayer is treated as an inlet, providing a
0.3 m/s co-flow. The co-flow air comes in at standard atmospheric pressure, a
temperature of 293 K and 50% relative humidity. It does not carry any initial
“dissolved” charge. The target cylinder is treated as a no-slip wall that absorbs
incoming droplets. It is kept at a temperature of 293 K, and is considered a
grounded conductor with a 0 Volt electric potential and absorbs residual charges.
The boundary opposite the sprayer is treated as an outlet. All other boundaries
are treated as planes of symmetry. Finally, the effects of gravity are neglected.

A hybrid grid with 115× 103 elements (see Figure 2.7) was created and used
to calculate the continuous phase solutions. For the corresponding discrete
particle solution 80,000 Lagrangian parcels were injected and tracked. To ensure
grid-independence the simulations were repeated on a refined mesh (685 × 103

cells), using 320× 103 Lagrangian parcels. The results obtained on the refined grid
match those on the original grid, with less than 1% difference in the key metrics,
confirming grid-independence.

The simulations were run on a consumer grade personal computer (4 cores, 2.8
GHz processor). Reaching convergence took a few hours when using the basic grid,
and a day for the refined grid, with the computational time per iteration scaling
with the number of elements as expected. The Lagrangian particle tracking was
responsible for the majority of the computational effort.

2.4.2 Results

Figures 2.8a and 2.8b illustrate the differences between the behaviour of charged
and uncharged droplets in a qualitative way. The uncharged droplets generally
follow the airflow, forming a narrow plume which impinges on the centre of the
target cylinder. Much of the spray plume flows around the cylinder, and is lost
to the domain outlet. Conversely, the charged droplets form a wider plume due
to their mutual repulsion, before curving back toward the target. A smaller but
nevertheless significant portion does not get captured by the electric field and
follows the airflow out of the domain.

Figure 2.9 shows the electric charge density and the electric potential around
the cylinder, in the mid-plane of the spray. The interaction between the droplets
and the electric field is apparent by the large region of high potential near the
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(a) Uncharged droplet trajectories (b) Charged droplet trajectories

Figure 2.8 Droplet trajectories for uncharged and charged droplets respectively,
coloured by diameter

injection, corresponding with the high charge density of the spray. The direction
of the equipotential lines confirms the tendency of the charged spray to spread
wider due to the mutual repulsion of the droplets. Another point of note is the
large variation in the distance between equipotentials. The electric force drawing
the droplets toward the target will significantly favour certain parts of the cylinder
over others.

Figure 2.9 Electric charge density (top) and electric potential (bottom) on the
horizontal plane
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2.4.2.1 Water deposition

Figure 2.10a and 2.10b show the rate of deposition of water on the target’s surface.
This data is plotted in cylindrical coordinates, with θ = 0° corresponding to the
spray-facing side of the cylinder. Integrating the deposition rate over the target
surface we find total deposition rates of 0.92 × 10−3 kg/s and 1.89 × 10−3 kg/s
for the uncharged and charged sprays respectively. The transfer efficiency of the
spray, ηtf , is defined as the ratio of deposited spray mass to injected spray mass.
Computing this we find ηtf = 36.7% for the uncharged spray and ηtf = 75.5%
in the charged case. Thus, the transfer efficiency is doubled by using charged
droplets.

The deposition patterns follow the initial expectation, with the uncharged spray
only collecting in a fairly small area. The charged spray has a weaker but still
notable hotspot, and is more spread out vertically and horizontally. The charged
spray also deposits more on the reverse side of the target, with a local minimum
around θ = 100°, corresponding to the area of low field strength shown in Figure
2.9. Surprisingly, the uncharged spray also collects in a small region on the reverse
of the cylinder (θ = ±180°), likely due to a turbulent recirculation zone.

The deposition pattern for the charged spray does not appear fully symmetric.
The amount of asymmetry is somewhat exaggerated by the logarithmically spaced
isocontours, the major asymmetric features all have deposition rates less than
5× 10−3kg/m2s. Initially a numerical instability was suspected as the cause of this
asymmetry, but it did not disappear or change when the simulation was allowed to
run for a further hundred iterations. The actual cause could not be determined.

Based on these results we can conclude that the use of charged droplets improves
the uniformity of the deposition pattern significantly. However, considering the
electric field and the droplet pathlines it appears unlikely that a completely uniform
distribution can be achieved through droplet charging alone. The single sprayer
configuration used in the present model case appears to be sub-optimal in this
regard. Further research is required to design the ideal sprayer setup, for which
the present CFD model can be used.

2.4.2.2 Heat transfer

Since the temperature of the inlet air and the target cylinder are equal, all
observed cooling can be attributed fully to the evaporation of the spray. The total
convective cooling rate for the target cylinder is 48.2 W with uncharged spray, and
56.0 W with charged spray, as computed by integrating the surface heat flux over
the cylinder surface. The increase in cooling rate is smaller than the increase in
the transfer efficiency of the spray, ηtf , discussed in Section 2.4.2.1. This may be
explained by examining the temperature along the vertical cross-section of the
domain, shown in Figures 2.11a and 2.11b. In both cases the evaporating spray
cools the air surrounding it, resulting in a plume of colder air impinging on the
cylinder. The temperature of the plume is equal in both cases, since it is limited
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(b) Deposition rate for charged droplets

Figure 2.10 Rate of deposition of water on the target surface, in cylindrical
coordinates

by the amount of evaporation (and thus cooling) that can occur before the air is
saturated. The main difference between the charged and uncharged case is that the
wider dispersion of the charged spray creates a wider plume of cool air. This wider
plume covers more of the cylinder’s surface, and more heat can be convected away
from it. However, the coverage difference between the narrow and wide impinging
plumes is significantly smaller than the difference in liquid transfer rates.

(a) Air temperature, uncharged case (b) Air temperature, charged case

Figure 2.11 Air temperature on the vertical cross-section of the domain

2.5 Conclusions

In this chapter we developed a CFD modelling approach for evaporating electrically
charged sprays. The results of the validation study show that the modelling
approach yields results that are in line with previous literature. The results are
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consistent under grid refinement, while using a reasonable number of grid cells
and Lagrangian parcels. While steady-state simulations of charged particles can
lead to numerical instabilities, we find that these can be suppressed by applying
appropriate under-relaxation factors in the interactions coupling the Eulerian and
Lagrangian phases.

In terms of performance, the developed modelling approach strikes an
economical balance between accuracy and computational costs. The model case
simulations took several hours to run on personal computing level hardware (4 cores,
2.8 GHz processor), making them practical to use in design and optimisation studies.

With the developed CFD model we simulated a model case, representative
for the application of charged sprays in a chill room. In this case the transfer
efficiency of a charged spray is twice that of an uncharged spray. Additionally, the
charged spray particles are distributed over a wider portion of the target. Further
improvement of the spray distribution is left for a future optimisation study, which
may be carried out using the developed CFD model.

Considering heat transfer, the use of charged spray results in a moderately
(16%) increased rate of cooling of the target. This can be largely attributed to
the wider spray cone, resulting from the mutual repulsion between spray droplets,
allowing more evaporation to take place.

The improvements in the spray transfer and the increased evaporative cooling
show that electrically charged sprays are a promising technology for the improvement
of spray chilling systems in meat industry.

Nomenclature

Greek symbols
ηtf Spray transfer efficiency [-]
Φ Electric Potential [V]
ρ Gas phase density [kg/m3]
ρi Partial density of phase i [kg/m3]
ρi,s Saturation density of phase i [kg/m3]
ρp Droplet/Particle material density [kg/m3]
ρq Charge density [C/m3]
ρq,r Residual Charge density [C/m3]
ϵ0 Permittivity of the vacuum = 8.85× 10−12 [F/m]
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Latin symbols
Ap Droplet surface area [m2]
Bi Droplet Biot number [-]
CD Droplet drag coefficient [-]
cp Droplet specific heat [J/kg K]
dp Droplet diameter [m]
Dq Diffusivity of residual charges [m2/s]
Di,m Mass diffusivity of phase i [m2/s]
E⃗ Electrostatic field strength [V/m]
F⃗g Gravitational force on droplet [N]
F⃗drag Aerodynamic drag force on droplet [N]
F⃗es Electrostatic force on droplet [N]
g⃗ Gravitational acceleration [m/s2]
h Convective heat transfer coefficient [W/m2K]
K Electrical mobility of residual charges [m2/V s]
k Gas phase heat conductivity [W/m K]
kc Convective mass transfer coefficient [m/s]
mp Droplet mass [kg]
Nu Droplet Nusselt number [-]
Pr Droplet Prandtl number [-]
qp Droplet charge [C]
QR Rayleigh stability limit for charged droplets [C]
rp Droplet radius [m]
Red Droplet Reynolds number [-]
Sq Creation rate of residual charges [C/m3s]
Sc Gas phase Schmidt number [-]
Sh Droplet Sherwood number [-]
T Gas phase temperature [K]
Tp Droplet temperature [K]
u⃗ Gas phase velocity vector [m/s]
u⃗p Droplet velocity vector [m/s]
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CHAPTER 3

Computing Droplet Charge in Spray
Simulations

Abstract
A novel method for estimating droplet charge in numerical simulations of
conductively and inductively charged sprays is presented. This method is
based on balancing the effective electric field at the sprayer nozzle with the
global electric field induced by the charged droplets. The global approach
avoids the need for computationally expensive local resolution of the spray
formation region, allowing it to be used in Eulerian-Lagrangian simulations
of high-flowrate sprays. The method is validated against experimental
data from literature, proving it can predict droplet charge with reasonable
engineering accuracy, over a wide range of spray parameters, for conductive
spray liquids.

This chapter is adapted from the publication:
A. Brentjes, A.K. Pozarlik, and G. Brem, “Estimating droplet charge in numerical simulations of
charged sprays”, Journal of Electrostatics, vol.112, March 2021.[1]



Chapter 3. Computing Droplet Charge in Spray Simulations

3.1 Introduction

Electrically charged sprays presently exist in a plethora of sizes, forms, and
applications[2]. Compared to uncharged sprays, they offer several industrially
advantageous properties, with the most prominent being the improved transfer
efficiency and self-dispersal of the spray. As such they are commonly used in
painting and coating systems, gas scrubbers, cooling systems, and fuel atomisers,
in addition to various more niche and specialised applications. Substantial
amounts of experimental and applied research has been carried out on charged
sprays, and a large library of theoretical and numerical models exists, describing
these sprays’ behaviour. However, full physics modelling of high-flowrate
sprays is not yet possible, leaving some significant gaps in our knowledge.
Indeed a common complaint in numerical research articles is the lack of a good
method for predicting the droplet charge in directly charged sprays [3, 4]. The
droplet charges are usually estimated based on experimental data (authors’
own measurements[5] or from literature[3]), or not even discussed[6]. While
measurements are an excellent way of obtaining this data, a major motivation
for doing numerical simulations is to avoid the need for experiments in the first place.

In this chapter, we propose an efficient numerical approach for estimating
droplet charge in directly-charged, high-flowrate sprays. In this context, direct
charging means the spray liquid takes on charge via conductive contact with
an electrode. This is in contrast to external charging methods such as corona
charging, for which some numerical models already exist[2, 7]. Our distinction
between high- and low-flowrate sprays is based on computational limitations.
For capillary electrosprays with flowrates on the order of millilitres per hour,
Collins et al.[8], Herrada et al.[9], and Wei et al.[10] have shown the feasibility of
simulating the jet breakup and droplet formation using Volume of Fluid based
methods. Such a detailed simulation would be impractical if not impossible
when modelling industrial processes such as spray painting, with flowrates often
exceeding 100 millilitres per minute. The common approach to such problems is to
use Lagrangian particle tracking instead, which is therefore also used in our model.

Since simulating the full physics is not practical, our model needs to work
on more general principles. Jaworek[2] gives a comprehensive overview of the
theory of direct charging of sprays. The core mechanism is that electrostatic
interactions push charges to the surface of the liquid jet at a spray nozzle. As the
jet breaks up, the resultant ligaments and droplets carry these charges with them.
For sufficiently conductive liquids, the charge density on the jet surface is directly
proportional to the local electric field strength. Thus, the key to determining the
droplet charge for a given sprayer lies in finding the electric field strength around
the spray breakup zone.

Computation of the electric field in a simulation of charged sprays is rather
straightforward and indeed included in most works on this topic. The simulation
framework we use is described in detail in Chapter 2, but our method for charge

36



3.2. Modelling approach

estimation is not exclusive to that framework. Instead we will show a general
approach to determine droplet charges based on electric field solutions, and discuss
stable implementation of this approach in iterative solvers. Finally, to demonstrate
the accuracy and versatility of our method, we perform two simulations validated
against measurement data from literature.

3.2 Modelling approach

The charge density on the surface of a conductive liquid is directly proportional to
the local electric field intensity. This follows directly from the Poisson equation
(3.1) governing the electrostatic field and Gauss’ Law. Using this principle to
calculate droplet charge directly requires full resolution of the liquid jet breakup,
which is unfortunately not feasible for high-flowrate sprays. It does, however, give
us a more pragmatic insight. If each individual droplet’s charge depends linearly
on the electric field intensity, then so must the charge of the bulk of the spray.
This, indeed, forms the central principle of our model.

The second key component of our model is the space-charge effect created by
the cloud of charged spray droplets. This space charge effect has a significant
influence on the electric field in the sprayer-target system, as shown by Ellwood
and Braslaw[3]. Furthermore, Wei et al.[10] show that this effect can significantly
reduce the intensity of the electric field near the sprayer, reducing the charge on
subsequently emitted droplets. This can be seen as a self-limiting mechanism for
spray charge.

3.2.1 Model definitions

The electrostatic field is governed by the Poisson equation (3.1) given below.

∇⃗2Ψ =
ρq
ϵ0

with E⃗ = −∇⃗Ψ (3.1)

Here Ψ denotes the electric potential, E⃗ the electric field, ρq the charge density,
and ϵ0 the permittivity of the vacuum. Since this equation is linear, the potential
field can be split into separate components by the principle of superposition. We
want to isolate the field intensity at the spray nozzle, and the effect of space charge,
and therefore choose the following components:

Ψ = Ψ0 +Ψd +Ψe

∇⃗2Ψ0 = ∇⃗2Ψe = ∇⃗2Ψd −
ρq
ϵ0

= 0
(3.2)

Here Ψd is the potential field generated by the charged droplets, Ψe is the
effective potential field generated by the spray nozzle, and Ψ0 represents the effects
of all other electrified bodies. To prevent Ψd and Ψ0 from contributing to the field
intensity at the nozzle, a zero flux boundary condition is applied at the nozzle
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for those field components. This may result in non-zero potentials, which are
compensated for in the boundary conditions for Ψe. Finally, since Ψ0 represents all
electrified bodies, all other boundary conditions for Ψe and Ψd are set to 0. These
conditions are summarised in Table 3.1.

Table 3.1 Boundary conditions for the potential field components

Component Nozzle Conductors Symmetry planes
Ψe Ψe = Ψ−Ψd −Ψ0 Ψe = 0 ∂

∂nΨe = 0
Ψd

∂
∂nΨd = 0 Ψd = 0 ∂

∂nΨd = 0
Ψ0

∂
∂nΨ0 = 0 Ψ0 = Ψ ∂

∂nΨ0 = 0

Working on the principle that the charge of the bulk of the spray is proportional
to the field intensity at the nozzle, and having isolated this intensity to the Ψe field
component, we can start building our model equations. First, for convenience, we
define the Effective Nozzle Potential ψe = Ψe|nozzle. Next, since droplet charges
depend on the particle diameter in polydisperse sprays, we express the bulk spray
charge in the form of a spray current Is. Both of these are treated as quasi-steady
variables, with a linear relation as given in equation (3.3).

Is = ψe ∗ f(...) with ψe = Ψe|nozzle (3.3)

The constant of proportionality in this equation is f(...), a yet-to-be-determined
function of the sprayer and spray parameters, that is independent of ψe.

For a given set of droplet trajectories, the space charge density throughout the
domain, and therefore the magnitude of Ψd, is linear with the spray current Is.
This we can express as equation (3.4).

ψd = Is ∗ g(...) with ψd = Ψd|nozzle (3.4)

Here g(...) is a function based on the field solution of the Ψd potential
component, and is notionally independent of Is. It must be noted that the spray
droplet trajectories are not truly independent of the droplet charge, but in the
steady or quasi-steady case equation (3.4) must nevertheless hold.

From equation (3.2) and our boundary conditions it follows that the potential
at the spray nozzle must satisfy:

ψ = ψ0 + ψd + ψe with ψ0 = Ψ0|nozzle (3.5)

Combining equations (3.3), (3.4) and (3.5) we can thus formulate a general
expression for the spray current Is:

Is = (ψ − ψ0)
f(...)

1 + f(...)g(...)
(3.6)

To make this equation into a useful model we must now find suitable ways of
determining the values of f and g, our functions of proportionality.
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3.2.2 Spray current as a function of effective nozzle potential
The amount of current imparted to the spray is proportional with the effective
potential (or electric field intensity) at the nozzle. The coefficient of proportionality
is determined by the geometry of the sprayer nozzle and the flow rate and breakup
pattern of the liquid jet. The accuracy to which its value can be approximated
depends on how well the geometry and flow of the jet are understood. Some
approximations exist, such as the one given by Jaworek[2] for induction-charging
pressure atomisers. We find that, for sprayers using a central orifice nozzle,
sufficiently accurate results can be obtained by approximating the geometry of the
sprayer and fluid as two touching spheres. The electric charge distribution for this
approximate geometry can be solved analytically, as presented in the following
sections. For sprayers that produce droplets along a linear or toroidal “nozzle”,
such as rotating bell sprayers, an analogous two-cylinder or concentric-torus
solution may be derived in similar fashion.

3.2.2.1 Solution of infinite images

The charge of the spray droplets is determined at the moment of primary breakup,
after which no more current can be conducted into the droplet. We approximate
the liquid’s geometry at primary breakup with two spherical bodies, one of which
represents the bulk, and the other representing the detaching mass. The electric
potential of both spheres is equal, based on the assumption that the liquid is
sufficiently conductive. This may be checked by comparing the electric relaxation
time to the hydrodynamic time scale, a criterion given by Marchewicz et al.[11]
and shown in equation (3.7). Here, ϵ denotes the permittivity of the liquid, σ the
conductivity of the liquid, dnozzle the sprayer nozzle diameter and Q the volumetric
flowrate of the spray.

τel ≪ τh with τel =
ϵ

σ
and τh =

dnozzle
u

=
πd3nozzle

4Q
(3.7)

The electric field around a sphere at a constant potential ψs is identical to the
field generated by a point charge of magnitude qs = ψsRs/k with k = (4πϵ0)

−1,
located at the centre of the sphere. The method of image charges [12] dictates
that a point-charge located near a conductive sphere induces an image charge
inside the sphere. Thus, two conductive spheres kept at constant potential
in close proximity will mutually induce image charges. These image charges
recursively induce further image charges, and the total charge on either sphere may
be found by taking the sum of these, through the so-called method of infinite images.

The geometry and system of coordinates are defined as shown in Figure 3.1.
Two spheres are placed with their centres on the x-axis, such that they make
tangential contact in the origin. The x-coordinates of the initial point-charges, at
the centres of the spheres, are thus xl,0 = −Rl and xr,0 = Rr. These initial charges
we name ql,0 and qr,0, for the left and right spheres respectively. As a matter of
definition, charge ql,n+1 is located in the left sphere, and is the image of charge qr,n,
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x

y

xl,0 xr,0xl,1

Figure 3.1 Two sphere geometry and first induced image charge location

and vice versa. The locations of these charges are correspondingly called xl,n+1

and xr,n. Equation (3.8) gives a recursive relation for the positions of the image
charges in our coordinate system.

xl,n+1 = − xr,nRl

xr,n +Rl
and xr,n+1 =

xl,nRr

xl,n −Rr
(3.8)

For simplicity we define the ratio between the radii of the spheres a such that
Rr = aRl. It can then be trivially shown that equation (3.8) and the defined
geometry are satisfied by the solutions:

xl,n =


−Rl

1 +m(1 + a−1)
ifn = 2m

−Rl

(m+ 1)(1 + a−1)
ifn = 2m+ 1

and

xr,n =


Rr

1 +m(1 + a)
ifn = 2m

Rr

(m+ 1)(1 + a)
ifn = 2m+ 1

(3.9)

The magnitude of the image charges can be recursively expressed as (3.10).

ql,n+1 =
−qr,nRl

xr,n +Rl
and qr,n+1 =

ql,nRr

xl,n −Rr
(3.10)

The initial charge on either sphere is chosen so that it produces an electric
potential ψe at the surface of the sphere, thus ql,0 = ψeRl/k and qr,0 = ψeRr/k.
Noting that equation (3.10) is similar in structure to equation (3.8), and the initial
charges and initial positions both scale with the radius of the sphere in question,
the strength of the image charges will be proportional with their positions. Indeed
it can be shown that the solution expressed in equation (3.11) satisfies equation
(3.10) and the given initial values.

ql,n = −1n
ψe

k
|xl,n| and qr,n = −1n

ψe

k
|xr,n| (3.11)
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3.2.2.2 Sum of Infinite Images

The total charge of either sphere can be computed by taking the sum of the initial
charge and all image charges induced on the sphere. That is, Ql =

∑∞
n=0 ql,n and

similarly with r subscripts for the right sphere. Assuming both spheres’ radii
are finite, the sum of the series of equation (3.11) converges. In the special case
of a = 1, i.e. both spheres having equal radii, this series effectively becomes an
alternating harmonic series, and we find Ql = Qr = ln(2)ψeR/k.

If the spheres do not have equal radii, the sum can be rewritten into the
formulation of equation (3.12). Only the expression for Qr is given, to obtain Ql,
Rr and a should be replaced with Rl and a−1 respectively.

Qr =
ψeRr

k

[
1

1 + a

∞∑
m=0

(
1

m+ (1 + a)−1
− 1

m+ 1

)]
(3.12)

Abrahamowitz [13] gives an exact solution for sums of this nature, and we can
find the following results for charges Ql and Qr:

Ql =
−ψeRl

k(1 + a−1)

[
γ +𭟋

(
1

1 + a−1

)]
and

Qr =
−ψeRr

k(1 + a)

[
γ +𭟋

(
1

1 + a

)] (3.13)

Here γ denotes the Euler-Mascheroni constant, and 𭟋 the Digamma function
(or logarithmic derivative of the Gamma function). To illustrate, Figure 3.2 shows
the normalised charge of the right sphere, Qrk/ψeRr. As seen in the figure, for
equally sized spheres, their normalised charge is equal to ln(2). For unequal spheres,
the normalised charge asymptotically approaches zero for the smaller sphere and
one for the larger sphere, as the diameter ratio increases.

3.2.2.3 Computing spray current

In this model we assume that the left of the two spheres represents the nozzle
and liquid bulk, and the right sphere represents masses of liquid detaching during
primary breakup. The charge of each detaching mass is taken from equation (3.13).
Dividing this charge by the mass of the detaching sphere gives us the specific charge
of the spray. To find the total spray current, we multiply the specific charge by the
massflow of the sprayer, which yields Equation (3.14):

Is = Qr
3ṁ

4πρdR3
r

=
−3

4π

ψeṁ

ρdkR2
l a

2(1 + a)

[
γ +𭟋

(
1

1 + a

)]
(3.14)

Here ṁ denotes the spray massflow and ρd the droplet density. Figure 3.3 shows
the normalised spray current as a function of diameter ratio a. For a smaller than
unity the figure shows an inverse linear relation between droplet size and total
spray current, progressing to an inverse square relation for a larger than unity.
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Figure 3.3 Normalised spray current, IsρdkR2
l /ψeṁ, as a function of diameter

ratio a

3.2.3 Electric potential as a function of spray current

To find an expression for the droplet-induced potential at the injector as a
function of spray current, following equation (3.4), we must solve the Poisson
equation (3.2). To do so we need to know the charge density distribution in the
domain, which requires knowing the trajectories of the spray droplets. Since
we intend to predict droplet charge for numerical simulations, it makes sense
to couple this step with the CFD and droplet tracking solver. We discuss
an implementation of Lagrangian charged droplet tracking using the Ansys
Fluent CFD solver in Chapter 2, which we will again use for the present simulations.
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For the droplet charge model we need to compute both the combined electric
field Ψ as well as the electric field component due to droplet charge Ψd. The
combined field is necessary to compute the droplet trajectories, and can be solved
exactly as in Chapter 2. The latter is needed to compute ψd as a function of
spray current Is, and to that end we will solve a second “virtual” potential field
Ψ̂d = Ψd/Is. To solve this virtual field we need a virtual charge density ρ̂q, which
is made up of the virtual charges carried by the droplets present in the domain.
Thus, for each droplet we need to set a virtual charge q̂d = qd/Is.

3.2.3.1 Individual droplet charge

The initial charge of individual droplets in a charged spray is not simply proportional
to the droplets’ volume. According to Viti et al. [4], various scaling laws have
been proposed. We follow the example of Viti[4], and others including Domnick
et. al[14] and Guettler et al.[5], and use qd ∝

√
r3d. This scaling is proportional to

the Rayleigh stability limit for charged droplets. The constant of proportionality
can be determined by demanding that the sum of all individual droplet charges
produced per second matches the spray current. If the droplet sizes follow the
Rosin-Rammler distribution, with a reference radius r0 and spread parameter n,
the initial charge of individual droplets is given by equation (3.15). We use the
scaling exponent b = 3

2 , but this equation will hold for any value between 0 and 3.

qd = C1r
b
d with C1 =

4π

3

ρdIs
ṁ

r
(3−b)
0

Γ(1− (3−b)
n )

(3.15)

Other droplet size distributions can be used in conjunction with our general
method, but will require the user to calculate the corresponding charge distribution.

3.2.3.2 Virtual droplet-induced potential field

The virtual droplet-induced field is found by solving the Poisson equation, with the
same boundary conditions as specified in Table 3.1 for Ψd. The value of g(...) is
then found by taking the virtual electric potential at the sprayer nozzle. Some ex-
amples of the virtual potential field solution are given in Sections 3.3.2.2 and 3.3.3.2.

3.2.4 Combined model

With the provided methods for finding values for f(...) and g(...), the spray current
can be computed according to equation (3.6). We suggest recomputing the spray
current, and thus droplet charges, whenever new Lagrangian parcels are injected
into the simulation. Each change in charge will result in (slight) changes in droplet
trajectories and thus the value of g(...), until the simulation converges on the final
solution. We find that, since equation (3.6) is a direct rather than an iterative
expression, including it in an existing Euler-Lagrange solver does not contribute to
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numerical instabilities.

So far unmentioned is the “remaining” potential component, Ψ0. In cases
involving direct-charging sprayers, where only the nozzle is electrified and all other
conductors are grounded, this field component is trivially zero everywhere. This is
not the case for inductively charged sprayers, in which one or more electrodes are
placed near the nozzle. If such electrodes are present, Ψ0 must also be computed,
by again solving the Poisson equation with the boundary conditions as specified in
Table 3.1.

3.2.4.1 Scaling considerations

The scaling of equation (3.6) for the spray current changes asymptotically
depending on the value of the product of f(...) and g(...). For fg ≪ 1, the equation
reduces to Is = (ψ − ψ0)f(...), making the space charge distribution irrelevant.
Such a situation might occur in inductively-charged spray systems, although Cooke
et al.[15] find that space charge can significantly affect those as well, despite the
close spacing of the nozzle and induction electrode.

Vice versa, if fg ≫ 1, the equation reduces to Is = (ψ − ψ0)g(...)−1. This
situation is more likely in large-scale conductively-charged spray systems, and
favours the use of our spray charge model. With our approach, the value of
g(...) can be calculated to great accuracy, while f(...) can only be estimated or
calculated from measurement data.

3.3 Validation study

To validate our approach and demonstrate its versatility we simulate two sprays
for which experimental results are available. We have selected the experimental
studies by Marchewicz et al. [11] and Anestos et al.[16] as the most suitable
sources for validation data. These studies in particular stand out by including
sufficiently detailed descriptions of the spray properties and geometry to be
replicated numerically. Furthermore, the sprays in both studies are good
representatives of the high-flowrate and directly charged types that our model is
intended for. Finally, for the sake of demonstrating versatility, both sprays dif-
fer greatly from each other in terms of droplet size, flowrate, and electrode geometry.

3.3.1 Numerical method
For our simulations, we use the Ansys Fluent CFD and DPM solver (version 18).
The flow fields are solved using steady RANS equations, and droplet trajectories
are computed using quasi-steady Lagrangian tracking. The (virtual) electric
potential is solved using the Poisson equation, and is computationally treated as a
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Eulerian phase. For a comprehensive description of the equations and methods
used we refer to Chapter 2, which covers the general simulation framework in detail.

To compute a quasi-steady Euler-Lagrange solution, this solver alternates
between two modes. In the Eulerian mode, it iteratively solves the equations
governing the Eulerian phases (including the potential fields). In the quasi-steady
Lagrangian mode, it uses forward integration to compute the trajectories of
Lagrangian parcels. These trajectories are computed all the way from the parcels’
injection to the point where they leave the domain. The Lagrangian solver
computes the amount of mass, momentum, and energy exchanged between the
parcel and the flow, as well as the charge density the parcel represents. It converts
these values into volumetric source terms that are then handed back to the
Eulerian solver. By alternating (several) Eulerian solver iterations with Lagrangian
droplet tracking computation, a converged coupled solution is achieved.

Implementation of our droplet charge prediction model requires a few modifi-
cations to the modelling framework presented previously. Two additional electric
potential fields are added, representing the virtual potential field Ψ̂d and the field
component Ψ0. The Lagrangian parcels are modified, adding a variable that repre-
sents the virtual charge q̂d carried by the droplets. Finally, a subroutine is added
that computes the spray current and the electric charge carried by the droplets,
using Equations (3.6) and (3.15). This subroutine is called prior to each round of
Lagrangian droplet tracking computations. To resolve Equation (3.6), the values
of ψ0 and g(...) are computed from the Eulerian field solution, while the values of
ψ and f(...) are supplied as user input at the start of the simulation.

3.3.2 Inductively charged sprayer from Marchewicz et al.[11]

In their work, Marchewicz et al.[11] investigate the spray current for an inductively
charged sprayer. They use a pressure atomiser with interchangeable nozzles, placed
inside an induction electrode. The setup is enclosed in a large cylindrical tube
covered in conductive mesh, inside which a smaller cylindrical “Faraday cage” is
suspended to serve as a spray target. This cage is connected to ground via an
ammeter, which is used to measure the effective spray current.

Figure 3.4 shows our numerical domain representing the setup used by
Marchewicz et al.[11]. To reduce the computational effort required we make
use of the symmetry of the setup, and simulate only a quarter of the full
cylindrical geometry. Marchewicz et al. describe their sprayer and setup geometry
comprehensively, allowing us to replicate the main features accurately.

3.3.2.1 Case description

Marchewicz et al.[11] performed a vast series of measurements, primarily varying
the voltage, position, and geometry of the electrode, as well as using different
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Figure 3.4 Numerical domain and simulated droplet trajectories for the first
validation case, simulating the sprayer studied experimentally by Marchewicz et
al.[11]

models of nozzle. Since the measured specific charge shows very similar scaling
with electrode voltage for each configuration, we will only show detailed simulation
results for a single case. Furthermore, since our model by definition gives a linear
relation between spray current and electrode voltage we choose to simulate at
10 kV, which is high in the linear range for Marchewicz’s data. We use a Rosin
Rammler droplet size distribution, which reasonably approximates the measured
droplet sizes. The full set of case parameters we use is given in Table 3.2.

To estimate the value of the spray current function f(...) we use equation
(3.14). We use the nozzle bore radius (0.75 mm) and droplet reference radius
(r0 = 185µm) as our “bulk” and “breakoff” representative radii. This yields a value
of f(...) = 1.27× 10−8 Ampere per Volt.

Table 3.2 Spray parameters, Case 1

Nozzle type Lechler 460.523
Spray geometry 45° Full Cone
Flowrate 3.21 [L/min]
Droplet reference radius r0 = 185 [µm]
Spread parameter 3.5
Initial velocity 32 [m/s]
Electrode geometry Toroidal, 100×12 [mm]
Electrode offset [0, 20, 40] [mm]
Electrode voltage -10 [kV]
Spray Current function f(...) = 1.27× 10−8 [A/V]
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3.3.2.2 Solution

Since this case involves an electrified induction electrode the Ψ0 field component
will not be trivial, and need to be solved to find ψ0. This potential field, as well
as the virtual droplet induced potential Ψ̂d and the total potential Ψ are shown
in Figures 3.5a, 3.5b and 3.5c. These fields, for the case with a 20 mm electrode
offset, are plotted on a (half) cross-section of the domain, in the plane intersecting
the induction-electrode support. For the sake of brevity, we omit showing the gas
phase results, which are wholly unremarkable for a spray-entrained airflow.

The plotted figures illustrate the boundary- and field-conditions applied
to the different potential components. The Ψ0 component is zero at all
(conductive) boundaries, except the induction electrode and the injector face.
The Ψ̂d component is zero at the induction electrode as well, but shows a
high value in the centre of the spray cone, away from all boundaries. The
effects of both components are evident in the combined field Ψ. Although not
immediately apparent from the figure, the net electrostatic flux over the injector
face is slightly positive, courtesy of the (not plotted) Ψe component that also
generates the droplet charges. The potential fields for electrode offsets of 0 and 40
mm are qualitatively similar, albeit with slightly different values at the injector face.

(a) Electrode potential com-
ponent Ψ0

(b) Spray-induced virtual
potential Ψ̂d

(c) Combined potential field
Ψ

Figure 3.5 Computed potential (component) fields for the first validation case,
with 20 mm electrode offset

3.3.2.3 Results

The electrode induced potentials and spray-induced virtual potentials at the
injector face for different electrode offsets are shown in Figure 3.6a. These
potentials are used to compute the spray current, which is plotted in Figure 3.6b,
compared to the values measured by Marchewicz et al.[11]. In this figure we also
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plot the “spacecharge-limited” spray current, which is the value that is obtained
under the assumption that fg ≫ 1 (see Section 3.2.4.1).
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Figure 3.6 Results from the first validation case

From Figure 3.6a we can see that both the electrode-induced potential and
the droplet induced potential at the nozzle varies with the electrode offset. ψ0

likely has a maximum at an offset between 0 and 20 mm, when the electrode is
closest to the injector face without being occluded by the grounded supply tube.
ψd decreases with increasing electrode offset, as the electrode is “pushed into” the
space-charge cloud.

Figure 3.6b shows that our model gives a reasonable first-order prediction of
the spray current in this case. Even if we disregard our approximate value for
f(...), the spacecharge-limited prediction is perhaps even closer to the measured
values. However, this figure also makes clear that the model does not predict the
measured variation of spray current with the electrode offset. We expect that
this difference can be attributed to two mechanisms. The first is that the bulk
of water coming from the nozzle effectively acts as an extension of the nozzle
geometry. The jet forms a sharper point than the nominally blunt nozzle, which
will increase the electric field strength near the primary breakup point, and its
variation with the electrode offset distance. This effect might be included in a
simulation, by changing the nozzle geometry to match photographs of the water at
the nozzle exit. The second effect is corona discharge; a smaller distance between
nozzle and electrode results in increased negative discharge from the induction
electrode, partly neutralising the spray and reducing the measured spray current.
Marchewicz [11] mentions this effect, and is corroborated by Higashiyama[17] and
Castle and Inculet[18], but our present model cannot estimate it quantitatively.
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3.3.3 Directly charged sprayer from Anestos et al.[16]

Anestos et al.[16] investigate a directly charged spray created using an air-assisted
atomiser. Intended to represent charged paint application, a square target plate
with a side of 406 mm (16”) was placed 305 mm (12”) in front of the sprayer nozzle.
No photographs of the setup are provided, so our numerical representation shown
in Figure 3.7 is based on the description only. To model the effects of the air blast
from the atomiser, air is injected from the atomiser face along with the spray
droplets. As with the first validation case, we will simulate only a quarter of the
full geometry to reduce computational effort.

Figure 3.7 Second validation case, numerical domain and particle tracks coloured
by droplet diameter, at 185 g/min liquid mass flow

3.3.3.1 Case description

Anestos et al.[16] vary a number of parameters throughout their measurements, the
most relevant and influential of which is the liquid flowrate. Unfortunately, they
only provide the measured total spray current at a constant liquid flowrate of 185
g/min. For the remaining values of liquid flowrate, we will compare our results to
the specific charge measured by Anestos et al.[16]. The spray parameters for the
simulated cases are given in Table 3.3.

We estimate the value of the spray current function f(...) using equation
(3.14). The nozzle bore radius (0.762 mm, 0.06”) and the droplet reference radius
(21.5µm) are again used as the representative radii. This yields values of f(...) =
4.6319× 10−9, 7.9343× 10−9, and 1.0722× 10−8 Ampere per Volt at 108, 185, and
250 g/min liquid flowrate respectively.

49



Chapter 3. Computing Droplet Charge in Spray Simulations

Table 3.3 Spray parameters, Case 2

Nozzle type Ransburg 4907-2, #5 air cap
Spray geometry 60° × 15° Elliptical Full Cone
Flowrate [108, 185, 250] [g/min]
Droplet reference radius r0 = 21.5 [µm]
Spread parameter 3.5
Initial droplet velocity [25-32] [m/s]
Nozzle air velocity [25-32] [m/s]
Nozzle voltage 60 [kV]
Spray Current function f(...) = 4.6319× 10−9 [A/V]

f(...) = 7.9343× 10−9 [A/V]
f(...) = 1.0722× 10−8 [A/V]

3.3.3.2 Solution

Since this case does not involve any electrodes besides the sprayer nozzle itself, the
Ψ0 field component is trivially zero throughout the domain. The droplet charge
is thus determined solely by the value of f(...) and the virtual droplet-induced
potential. This virtual potential field Ψ̂d is shown in Figure 3.8, plotted on both
symmetry planes of the geometry, for the case with 185 g/min liquid flowrate.
The combined electric potential Ψ for the same flowrate is also plotted, in Figure
3.9. These (virtual) potential fields are shaped as expected, high near the sprayer
nozzle and dropping outward toward the grounded box enclosing the experiment.
The high potential region is wider in the X direction than in the Z direction,
caused by the flattened-cone shape of the spray being oriented along the XY
plane. For different values of liquid flowrate the shape of the (virtual) electric field
does not change appreciably, and the maximum value of Ψ̂d increases slightly for
increasing flowrate and vice versa.

Although the gas-phase solution is as unremarkable in this case as in the
previous one, it would go amiss not to comment on the particle tracks shown in
Figure 3.7. A large fraction of the droplets, especially those with relatively small
diameters, exit the domain without hitting the target. The reason for this can
be seen in Figure 3.9, which shows a high electric potential in the middle of the
domain, repelling droplets in all directions. Integrating the droplet deposition
rate over the target plate we find a total liquid transfer rate of 116 gram per
minute out of 185 g/min supplied to the sprayer. This matches Anestos’[16]
observations, who estimates a liquid transfer rate of 110 g/min in their experiments.

3.3.3.3 Results

Anestos et al.[16] present total spray current as a function of the conductivity
of the liquid. At low conductivities, the spray current (and therefore droplet
charge) is reduced due to the electric relaxation becoming too slow to fully charge
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Figure 3.8 Second validation case, virtual droplet induced potential Ψ̂d on the
ZY -plane (left) and XY -plane (right), at 185 g/min liquid flowrate

Figure 3.9 Second validation case, electric potential Ψ on the ZY -plane (left)
and XY -plane (right), at 185 g/min liquid flowrate

droplets before they detach from the liquid bulk. At high conductivities the droplet
charge is reduced as well, while the total injector current remains constant due
to increased corona discharge from the liquid surface. Since our model does not
incorporate conductivity or corona discharge, we will compare our spray current to
the maximum current measured by Anestos. This maximum is 18µA, and is only
given for a liquid flowrate of 185 g/min.

From our simulation results at 185 g/min liquid flowrate we find that the
droplet-induced virtual potential at the injector is 3.11 Gigavolt per Ampere. Sub-
stituting this and the value of f(...) into equation (3.6), our model predicts a spray
current of 18.54µA. For reference, we can also compute the “spacecharge-limited”
value by dividing the nozzle voltage by ψ̂d, resulting in a value of 19.29µA. Both
these predictions are extremely close to the value measured by Anestos et al.[16],
with only a slight overprediction. An overprediction was to be expected in this
case, since Anestos does measure a notable amount of corona-discharge current.
Corona discharge increases the amount of space-charge present, suppressing the
effective nozzle potential and thereby reducing the spray current.

To compare our results at different liquid flowrates, we extract the massflow-
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averaged specific charge from the figures presented by Anestos et al.[16]. The
comparison between these experimental values and our prediction of average
specific charge at the target plate is shown in Figure 3.10. As can be seen in the
figure, our prediction follows the trend of increasing specific charge at lower liquid
flowrates, and stays within one standard deviation from Anestos’ data. We do see
that Anestos finds a particularly high variation in specific charge for the case with
108 g/min liquid flow, but a more detailed characterisation of the used sprayer
would be required to explain this behaviour.
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Figure 3.10 Second validation case, average specific charge at the target as a
function of liquid flowrate, compared to data from Anestos et al.[16]

3.4 Conclusions

In this chapter we developed a novel method for estimating droplet charges in
directly charged sprays. This method is primarily based on separation of the
electric field into distinct components that can be attributed to the spray nozzle,
to the space charge effect of the charged droplets, and to all remaining electrodes
respectively. The droplet charge is found by balancing these field components such
that all electrostatic boundary conditions are satisfied. This approach requires no
prior knowledge of the electrical properties of the spray(er) in question, and can be
applied to most arbitrary systems and geometries.

The presented method does not require resolving the spray-breakup process in
detail, and only adds two global field variables for which the Poisson equation must
be solved. This allows it to be implemented into any simulation of high-flowrate
charged sprays, such as those used for spray painting, gas scrubbing and other
industrial applications. The implicit formulation of the expression for the spray
current prevents the introduction of numerical instabilities.
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Our validation study shows that the presented method can predict the
droplet charge within reasonable accuracy. This is true for both tested validation
cases, despite differences in spray parameters of up to an order of magnitude.
Our method can therefore be a powerful and versatile tool for estimating the
performance of electrostatic sprayers in new applications, and for improving
the accuracy of simulations of electrostatic sprays in moving or changing geometries.

Nomenclature

Greek symbols
ϵ Electric permittivity of the spray liquid [F/m]
ϵ0 Permittivity of the vacuum = 8.85× 10−12 [F/m]
ρd Material density of the droplets [kg/m3]
ρq Electric charge density [C/m3]
σ Electric conductivity of the spray liquid [S/m]
τel Electric relaxation time scale [s]
τh Hydrodynamic relaxation time scale [s]
Ψ Electric potential [V]
Ψ0 Environment induced electric potential [V]
Ψd Droplet induced electric potential [V]
Ψ̂d, ψ̂d Virtual droplet induced electric potential [V/A]
Ψe Effective (or nozzle induced) electric potential [V]
ψ,ψx Electric potential Ψ (or Ψx) measured at the nozzle [V]

Latin symbols
dnozzle Sprayer nozzle diameter [m]
Is Electric current imparted on the spray [A]
k Coulomb’s constant (4πϵ0)

−1 = 8.99× 109 [V m/C]
ṁ Liquid mass flow rate [kg/s]
Q Liquid flow rate [m3/s]
qd Droplet charge [C]
r0 Droplet reference radius [m]
rd Droplet radius [m]
u Liquid velocity at the nozzle [m/s]
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CHAPTER 4

Experimental Characterisation of an
Air-Assisted Electrostatic Atomiser

Abstract
The spray characteristics of an air-assisted electrostatic atomiser are experi-
mentally investigated using a shadowgraphy particle/droplet image analysis
(PDIA) technique. Tests are conducted for varied rates of liquid- and airflow,
with and without a voltage applied to the nozzle electrode. The found droplet
sizes neatly match the Rosin-Rammler distribution, and an expression for
the mean diameter as a function of the flow rates is given. Notably, the
electrode voltage (up to 40 kV) has no measureable impact on the droplet
size and velocity, and the energy efficiency of the sprayer is found to decrease
with increases in both liquid- and airflow.

This chapter is adapted from the publication:
A. Brentjes, B. Jansen, and A.K. Pozarlik, “Spray characteristics of an air-assisted electrostatic
atomiser”, Journal of Electrostatics, vol.115, January 2022. [1]
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4.1 Introduction

Electrostatic charging of sprays is a proven method for improving the effectiveness
of various spraying processes. Its use is well established in applications such as
paint spraying[2], powder coating[3], agricultural sprays[4], flue gas scrubbing[5],
and recently drew significant interest in disinfectant application[6]. Arguably,
the two primary benefits of charged particles are their attraction to (grounded)
objects, and their mutual repulsion. These properties result in better transfer
efficiency of coatings, and better dispersion of aerosols. In the present research we
work towards a new application of charged sprays: efficient spray-chilling in the
meat industry. Spraying carcasses with water during the initial chilling is known
to reduce drying and provide additional evaporative cooling[7]. Using charged
instead of conventional sprays will reduce water consumption and overspray, which
can otherwise result in high cost and hygiene problems[8].

To design an efficient and effective electrostatic spray chilling system, an
appropriate sprayer type must be selected. For industrial applications with
moderate liquid flow rates and a preference for droplet sizes below 100 µm, three
main types of atomiser are typically used. Single fluid pressure atomisers with
inductive charging[9] are mechanically simple and economical. However, these
produce relatively large droplets, unless operated at pressures upward of 10 bar[10].
Pneumatic or air-assisted electrostatic atomisers can produce fine sprays while
operating at pressures around 2 bar[11, 12], without much added complexity. This
comes at the cost of an increased energy consumption, in the form of compressed
air. Finally, (electrostatic-assisted) rotary bell atomisers, despite their high cost
and complexity, have become popular in automotive painting, since they produce
highly uniform and high quality surface coatings[13].

Based on these general characteristics, an air-assisted atomiser offers the most
flexible and economical option. However, relatively little recent experimental
data is available on the performance of such atomisers[14], as most spray-painting
research has focused on rotary bell sprayers. This is unfortunate, since an accurate
and detailed characterisation of the spray is necessary to proceed with numerical
design studies for an electrostatic spray chilling system[15]. Therefore, in the
present research, we will perform an experimental study of the characteristics of
an electrostatic air-assisted atomiser. A high-speed shadowgraphy method[16] is
used to obtain both droplet size and velocity data, both of which are necessary to
later reproduce the spray in a Lagrangian numerical simulation.

4.2 Theory

Many different models and types of sprayer exist, operating on different principles
and mechanisms. In order to keep our discussion of theory concise, we first introduce
the design of the investigated sprayer, and then examine relevant results from
literature.
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4.2.1 Sprayer design
A commercial electrostatic air spray gun (Graco type LC2028) is selected for
the present research. Although designed and typically used for spraying paint,
appropriately sized nozzles and electrically isolated liquid feed systems are available
to allow spraying with water. A schematic sketch of the nozzle head is shown in
Figure 4.1, with major components highlighted. Photos of the sprayer in operation
are shown in Figures 4.2b and 4.2c.

Figure 4.1 Schematic drawing of the investigated sprayer nozzle. Water is
injected through annular nozzle (a), surrounding a conductive needle electrode (d).
“Primary” air jets (b) initiate the breakup of the water surface, while “secondary”
air jets (c) assist the atomisation process and shape the spray into a flat fan.

A cylindrical electrode is located centrally in the nozzle, which conductively
charges the spray liquid when a high voltage is applied. The electrode is surrounded
by an annular nozzle through which the spray liquid is supplied. Several circular
‘primary’ air nozzles surround the liquid nozzle, aimed axially and inward to
destabilise the liquid jet. Two ‘secondary’ air nozzles are located in the horns of
the sprayer head, creating jets that impinge on the liquid at a near perpendicular
angle. This model of sprayer head produces a flat fan-like spray profile, which
may be adjusted by to a certain degree by varying the primary and secondary
airflow. For that reason the primary and secondary air jets are also referred to as
“atomisation” and “shaping” air, but in practice both play a role in the atomisation
process. In standard operating conditions the liquid and air are supplied at 0.2
MPa gauge pressure, corresponding to 180 ml/min liquid flow and 425 sl/min air
flow.

4.2.2 Spray formation

Anestos et al.[11], McCarthy and Senser[12], and Ye and Pulli[14] have previously
investigated similar models of sprayer. However, the first two works are focused on
the electrical properties of the spray. Anestos and Ye also offer a brief discussion
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of the droplet size distribution, but none of the authors go into depth regarding
the spray breakup mechanism or the scaling with varying operating conditions.

For sprayers with high air velocities and a relatively obtuse angle between air
and liquid, Lefebvre[10, 17] suggested the so-called prompt breakup mechanism.
This mechanism is characterised by a violent disruption of the initial liquid jet or
sheet, and generates droplets in a relatively wide size-range. Lefebvre proposed a
relation for the Sauter mean diameter of the produced droplets based on a balance
of free surface energy and the kinetic energy of the atomising air, given as equation
(4.1). Considering the design of the used atomiser, this physics-based relation
seems to give the most appropriate estimate for our case.

SMD =
3[

2
Dj

+
CρLU2

Aṁa

4σṁw

] (4.1)

Here, Dj represents the diameter of the initial liquid jet and ρw, ṁw, and σ the
density, mass-flow, and surface tension of the liquid. Ua and ṁa are the velocity
and mass-flow of the atomising air, and C is the energy efficiency of the atomisation
process (expected to be in the order of 10−4[10]).

4.2.3 Electric potential
In addition to the liquid and air flow, electrostatic effects can also influence
spray formation. Applying an electric field to a conductive liquid spray, whether
by means of an induction electrode or by direct charging, will cause charges to
accumulate on the surface of the liquid. The mutual repulsion of these charges
then counteracts the liquid’s surface tension. If sufficient voltage is applied to a
liquid droplet or filled capillary, the surface can form a Taylor cone, emitting a
jet or spray plume from its tip. Increasing the applied voltage generally results
in smaller droplets being produced in such electrosprays[18]. However, capillary
electrosprays operate at far lower flow rates than the sprayer currently being
investigated. Studies investigating high-flowrate atomisers (including pressure-, air
assisted- and rotary bell atomisers) generally do not report whether or not the
electric potential influences the droplet size distribution.

In order to compute the influence of electrostatic forces on a liquid’s surface,
the local surface charge and the local electric field must be known. For relatively
simple sprayers, such as cone-jet electrosprays, these have been computed using
numerical models[19, 20]. The breakup region of our air-assisted electrostatic
atomiser is highly unsteady, due to the high velocity air impinging on the water
jet, leading to far more complicated surface shapes. At present, no high resolution
analyses of the flow in this breakup region, nor of the surface charge distribution
and electric field exist. Lacking such local data, we can only rely on global balances
to estimate the effect of charge on the spray formation.

The first global parameter we can use to estimate the relevance of electrostatic
effects in an air-assisted atomiser is the energy balance. Anestos et al.[11], and
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McCarthy and Senser[12], investigated similar air-assisted electrostatic atomisers,
and measured electrical currents between (approximately) 15 and 110 µA for
supply potentials between 60 and 110 kV. This corresponds to an electric power
input ranging between 1 and 12 W. The primary atomisation air-jets in the
investigated sprayers consume around 5 g/s of air, at a supply pressure of 0.4 MPa,
corresponding to 250 W of pneumatic power. This suggests that the atomisation
process will be dominated by fluid dynamic effects, rather than electrostatic effects.
However, considering the expected efficiency of the pneumatic atomisation process
is in the order of 10−4, this cannot be concluded with certainty.

A second global measure to consider is the specific charge of the spray droplets.
Shrimpton and Laoonual[21] formulate the effect of the surface charge on a spherical
droplet’s cohesion as a compensated surface tension: σ∗ = σ − Q2/(8π2ϵ0d

3).
The charge for which the effective surface tension becomes zero is called the
Rayleigh charge limit. Any droplet with a charge in excess of that limit will
immediately disintegrate in a coulomb explosion. Lesser amounts of charge
will not directly cause droplet breakup, but by reducing the effective surface
tension and increasing the effective Weber number they will still contribute to this
process. We can again estimate the expected magnitude of this effect by looking
at the results of Anestos et al.[11], and McCarty and Senser[12]. The droplet
charge levels measured by them correspond to less than 15% of the Rayleigh
limit, which would result in a 2% decrease of the effective surface tension. This
suggests the electric charge will have a relatively minor effect on the size and
stability of the droplets after primary and secondary breakup. Since the effect
scales with droplet volume given a constant specific charge, it might still in-
fluence the formation of large droplets and ligaments in the primary breakup region.

Finally, charged sprays are known to have increased self-dispersion compared
to uncharged sprays. However, as can be seen in numerical simulation results[15],
the effect of electric charge on droplet trajectories only becomes dominant at some
distance from the sprayer. Based also on the energy balance, it should be expected
that the droplet trajectories near the sprayer are dominated by aerodynamic and
inertial forces.

4.3 Methodology

A direct optical imaging technique is used to characterise the spray and determine
the droplet size and velocity distribution. Typically referred to as particle/droplet
image analysis (PDIA) or particle shadowgraphy, this method uses a high-resolution
camera and pulsed laser illumination to record shadow images of the spray. Image
processing software is used to find droplets and determine their size, position and
roundness, while droplet velocities are found by correlating two images taken in
rapid succession. This imaging setup was initially constructed by Sallevelt[16], who
also describes the calibration procedure and accuracy in detail.
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4.3.1 Measurement setup

Figure 4.2a shows a schematic overview of the experimental setup. The primary
components are a SX-9M (LaVision) high speed camera, and a frequency-doubled
Nd:YAG pulsed laser for illumination. The investigated sprayer is mounted on
a traverse mechanism, so that the spray cone can be moved through the field of
view of the camera. The laser and camera are driven by a Programmable Timing
Unit, which communicates with a PC running LaVision’s DaVis software (version
10.1.0). A grounded stainless steel plate is mounted approximately 250 mm below
the sprayer nozzle, to act as a target for the spray. The test rig is enclosed in
a grounded and light-sealed metal chamber, with ventilation and foam baffles
installed to prevent recirculation of droplets and fogging of the optics.

The used camera has a resolution of 3360 by 2712 pixels, with a long-distance
microscope (Questar QM1) fitted to obtain a 5 by 4.04 mm field of view,
corresponding to 1.489 µm per pixel. A pulse delay of 1.5 µs is used between
image pairs, such that the average droplet is displaced by a distance approximately
equal to its own diameter, as recommended by LaVision[22]. With a laser pulse
duration of 6 ns the droplet displacement during the pulse is far less than one
pixel unit, and high quality sharp images are obtained.

4.3.2 Measurement procedure

Following initial setup and calibration, measurements were conducted at different
locations in the spray cone and at different process parameters. For each
measurement, the sprayer was translated to the appropriate location and the air
pressure, water pressure, and electrode voltage were set. The sprayer was then
enabled, and after a two second delay to allow transient start-up effects to dissipate
the imaging sequence was started. For each datapoint, 120 pairs of images were
taken, over the course of 15 seconds. This was found to be sufficient to converge
the statistical properties of the spray. Since post-processing and the computation
of the spray statistics was too expensive to carry out in real time, the image count
was taken in excess of the minimum, and statistical convergence was evaluated
during post-processing.

The sprayer parameters were controlled using mechanical pressure regulators
for both water and airflow. The water flow rate was determined by operating
the sprayer for one minute at each different water pressure setting, and mea-
suring the difference in the weight of the supply tank. The air flow rate was
determined using a Brooks MT3809 gas flow meter. The electric potential and cur-
rent were recorded from the electronic controller integral to the Graco spray system.

4.3.2.1 Investigated variables and range

The investigated sprayer can operate at air and liquid pressures between 0 and 7
bar (gauge). The recommended range however is between 1.5 and 4 bar, so that
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(a) Schematic overview of the PDIA setup, with all major com-
ponents labelled

(b) X-axis view of the investigated
sprayer and laser diffuser

(c) Z-axis view of the investi-
gated sprayer

Figure 4.2 The PDIA setup consists of a high speed camera and a pulsed laser
connected to a diffuser. The sprayer is mounted between light source and camera,
allowing shadowgraphs of the spray to be taken in quick succession. The laser
and camera are driven by a Programmable Timing Unit, controlled by a desktop
computer. A darkened and ventilated enclosure with internal baffles prevents
moisture and laser light from escaping the setup.

range is used in our investigation. The flow rates of air and water for the tested
pressures are given in Table 4.1. The voltage supply in the sprayer head is rated
up to 60 kV, but can only reach this voltage at very low current draw. An upper
limit of 40 kV was used during the present measurements, which could be reliably
maintained under all flow settings.

Measurements were taken along the principal axis of the sprayer to find the
primary spray breakup point, starting at 7.5 mm downstream of the nozzle.
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Measurements were also taken along the long and short lateral axis of the spray
fan, to find its width and thickness profile. An exhaustive sweep of the operating
conditions was done at a location 25 mm downstream of the nozzle, forming the
main dataset.

Table 4.1 Tested range of water and air flow rates, with corresponding supply
pressures

Pressure [bar gauge] Water flow rate [ml/min] Air flow rate [sl/min]
1.5 145 318
2.0 180 425
2.5 215 533
3.0 245 640
3.5 268 -
4.0 290 -

4.3.3 Image and data processing

The LaVision Davis software with the ParticleMaster Shadow extension was used
for processing the images. This software recognises individual particles within each
image, and records their locations, sizes and the image luminance gradient of their
boundary (i.e. edge sharpness). It then correlates the data within each image pair,
pairing detections of the same particle to determine their velocity. Following this
basic analysis, the data is filtered on several criteria.

First, detected particles are filtered on the image luminance gradient of their
boundary (simply referred to as Gradient Intensity by Sallevelt[16]). Low thresholds
increase the effective depth of field, but also increase the measurement error. The
filter threshold was set such that the depth of field for the SMD droplet size at
default atomiser settings was 1 mm. A statistical weighting factor was calculated
for each detected droplet to account for the size dependent depth-of-field and
edge-exclusion effects.

The results were then scanned for repeat detections indicating dirt/dust specs
on lens or sensor. Velocity data was filtered, and values deviating from the mean
by more than four standard deviations were considered to be incorrect pairings,
and the droplets in question were decorrelated.

4.4 Results

Figure 4.3 shows a snapshot of the spray taken by the shadowgraphy camera.
Compared to the images shown by Sallevelt et al.[16], this spray is more dense
and appears to have a wider droplet size range. Furthermore, the snapshot has a
cloudy appearance, caused by the presence of droplets outside the focal plane, due
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to the thick and solid nature of the spray cone.

Figure 4.3 A shadowgraph taken during the experiment, at a water flow rate of
180 ml/min and an air flow rate of 425 sl/min, 25 mm below the injector. Droplets
in the focal plane appear dark and sharp, whereas droplets outside the focal plane
appear gray and hazy.

Since a substantial amount of the collected data is redundant with respect to
the final conclusions of this article, only the portion of the data that offers unique
insights is presented.

4.4.1 Spray characteristics

In order to give meaningful conclusions about the spray characteristics, they must
be measured and compared at a location in the spray cone where the primary
breakup process is complete. At this point all spray droplets should have become
roughly spherical, and the statistical spray properties should no longer dramatically
change as a function of downstream distance (y). Sallevelt[16] proposes a useful
metric for the former criterion: the so-called Normalised Ligament Area (NLA).
This is defined as the ratio of the area of all “ligaments” present in the spray image,
divided by the total area taken up by liquid. In this context, a ligament is defined
as any detected object where the roundness parameter 4πAc/p

2 is smaller than
0.25. Here Ac denotes the cross-sectional area of the object and p the perimeter.

Figure 4.4b shows the normalised ligament area as a function of downstream
distance for various rates of water flow (V̇w) and airflow (V̇a). Figure 4.4a similarly
shows the Sauter Mean Diameter. For most values of the air- and water flow rate,
the SMD and NLA asymptotically decrease with downstream distance. The final
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SMD increases with increasing water flow rate, and decreases with increasing air
flow rate, as expected based on the theory of prompt atomisation. The rate of
decrease of the NLA similarly appears to scale with the specific atomisation energy.
Based on the low NLA and stabilised SMD we choose a downstream distance of 25
mm as suitably representative location to study the spray properties in detail.
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(a) Sauter mean diameter versus downstream distance
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(b) Normalised ligament area versus downstream dis-
tance

(c) Measurement locations in refer-
ence to the sprayer

Figure 4.4 Sauter mean diameter and normalised ligament area measured along
the principal spray axis. Uncharged spray results plotted with solid lines, charged
(40 kV) results with dashed lines. Breakup length increases with increasing water
flow rate and decreasing air flow rate.

Two observations from Figure 4.4 seem anomalous or counter-intuitive.
For a water flow rate of 290 ml/min, the SMD appears to initially increase
with downstream distance. This may be attributed to the limitations of the
image-analysis software. At such a high water flow rate large irregular “blobs”
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of water are still present at 7.5 mm from the sprayer nozzle. These irregular
shapes are not properly recognised, and therefore not taken into account when
calculating the SMD. This causes the reported SMD to be smaller than the
actual SMD at that point in the spray cone. Furthermore, the results for the
charged spray are virtually indistinguishable from the uncharged results, suggest-
ing that electrostatic effects do not play a significant role in the atomisation process.

4.4.1.1 Droplet size distribution

Figures 4.5a through 4.5d show histograms of the droplet sizes measured at 25 mm
downstream of the nozzle, for various water and air flow rates. A Rosin-Rammler
distribution (Equation (4.2)) is fitted to the measured data using a least-squares
method. This fitted distribution is plotted in the same figures for comparison, and
the fit parameters and Sauter mean diameter are given.

f = 1− e
−
(

d
d0

)N

and
df

dd
= N

dN−1

dN0
e
−
(

d
d0

)N

(4.2)

Here f represents the volume fraction of liquid contained by droplets smaller
than d, d0 is a reference diameter, and N a spread exponent.

Although slightly underrepresenting the top end of the size range, which is a
common complaint according to Lefebvre[10], the Rosin Rammler distribution fits
the collected data fairly well. The reference diameter increases with increasing
water flow rate and decreases with increased air flow rate, as expected. Contrary
to initial expectation, the spread factor varies along with the reference diameter.
Larger average droplet sizes correlate with not just a wider absolute size spread,

(a) V̇a = 425 sl/min, V̇w = 180ml/min (b) V̇a = 640 sl/min, V̇w = 180ml/min

Figure 4.5 Droplet size distributions at 25 mm downstream of the nozzle, for
different rates of water- and airflow. Droplet size increases with increasing water
flow rate and decreasing air flow rate. A narrower distribution (i.e. high spread
parameter N) is seen at lower Sauter Mean Diameters and vice versa.
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(c) V̇a = 425 sl/min, V̇w = 290ml/min (d) V̇a = 640 sl/min, V̇w = 245ml/min

Figure 4.5 Continued from previous page

but also a wider relative size spread. Comparing the data for all tested cases, we
find a quantitative scaling of N ∝ d−0.38

0 . The range of the observed spread factor,
1.4-2.5, matches Lefebvre’s[17] observations for prompt atomisation.

4.4.1.2 Droplet size and velocity variation

Figures 4.6a and 4.6b show the variation of the Sauter Mean Diameter and the
mass averaged droplet velocity of the spray with varying air- and water flow rates.
The SMD is seen to increase with increased water flow rate, and decrease with
increasing air flow rate. The opposite pattern is seen for the droplet velocity, owing
to the fact that the injected air contributes far more momentum than the injected
water. The water jet velocity is less than 20 m/s, whereas the air is injected at
gauge pressures exceeding 1.5 bar, resulting in locally supersonic flow.

Again there is no apparent difference between the characteristics of the charged
and uncharged sprays. The only substantial deviation occurs in the measured
(mass averaged) droplet velocity at minimum water flow and maximum airflow.
Considering the entire dataset, we assume this deviation to be a statistical outlier
rather than a true physical effect.

4.4.2 Effects of electrode potential

While the presented results show no effect of the electrode potential on the
mean spray properties, this does not exclude the possibility that electrostatic
effects influence the droplet size distribution. Figure 4.7 shows the droplet size
distributions of sprays generated at different voltages, while the air- and water
flow rates were kept constant.
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(a) Sauter mean diameter for varying air and
water flow rate
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(b) Mass averaged droplet velocity for vary-
ing air and water flow rate

Figure 4.6 Sauter mean diameter and mass averaged droplet velocity measured
25 mm downstream of the nozzle. Uncharged spray results plotted with solid lines,
charged (40 kV) results with dashed lines. Mass averaged droplet velocity increases
with increasing air flow rate and decreasing water flow rate. Sprayer voltage has
no apparent influence on either Sauter mean diameter or mass averaged droplet
velocity.

The results show that the droplet size distribution does not change significantly
in response to changes in the electrode potential. Neither the Sauter mean
diameter nor the spread factor N show a clear directional trend, and the range of
both parameters is within the expected statistical variance.

The one variable that is significantly affected by the electrode potential is the

(a) Electrode Potential 0 V (b) Electrode Potential 10 kV

Figure 4.7 Droplet size distributions at 25 mm downstream of the nozzle, for
different electrode potentials. The air and water flow rates are kept constant at
475 sl/min and 180ml/min respectively. No substantial differences or trend can
be observed for the mean diameter or distribution shape as a function of electrode
potential.
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(c) Electrode Potential 20 kV (d) Electrode Potential 40 kV

Figure 4.7 Continued from previous page

spray current. This is measured at the high voltage supply, and is plotted in Figure
4.8. The current scales linearly with the supplied potential, and does not vary
with different air- and water flow rates within the investigated range, matching
our theoretical expectations[23]. Unfortunately, given the integrated nature of the
spraying system, we could not effectively isolate the actual spray current from
current leakage inside the sprayer and water supply. The measured current therefore
only gives us an upper bound of the specific charge of the spray. This upper bound
ranges between 3.8mC/kg and 7.6mC/kg at an electrode potential of 40 kV, for
the water flow rates given in Table 4.1. These values closely match those measured
by Anestos et.al[11] with a similar sprayer, leading us to believe that the amount of
leakage current is relatively minor.
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Figure 4.8 Spray current as a function of electrode potential. The measured
current scales linearly with the applied potential, and is constant with respect to
the air and water flow rates within the investigated range.
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4.4.3 Scaling laws

In Figure 4.9 we compare our measured diameters to Lefebvre’s[17] prediction for
prompt atomisation (Equation (4.1)). The value of the efficiency constant C is
taken as 5× 10−5, on the low end of the estimate provided by Lefebvre. Here, it is
immediately obvious that the scaling with water flow rate does not match the data.
The measured Sauter Mean Diameter increases faster with increasing water flow
rate than the theory predicts, implying that the energy efficiency of the atomiser
decreases with increasing flow. The scaling with air flow rate is closer, but the
error here also implies a decrease in energy efficiency with increasing flow.
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Figure 4.9 Scaling laws for Sauter mean diameter compared to measurement
results. Dotted lines for constant efficiency (Equation (4.1)), solid lines for variable
efficiency (Equation (4.3)).

This behaviour, although not initially expected, makes practical sense. The
investigated sprayer nozzle is an external-mixing type, which means that the
mixing region is surrounded by ambient air. Without confinement of the mixing
region, increasing the air flow rate through the jets will cause progressively more
mixing with the ambient air, losing energy in the process. Increasing the flowrate
of water increases the length of the mixing and spray breakup region (as also seen
in Figure 4.4b), which then also increases the size of the ambient mixing region
where energy is lost.

SMD =
3[

2
Dj

+
FρLU2

Aṁa

4σṁw

] with F = Ĉṁ−0.7
w ṁ−0.4

a (4.3)

An improved fit on the data can be obtained with a simple power law for
the energy efficiency of the sprayer, given as equation (4.3), and also plotted in
Figure 4.9. An efficiency function F (ṁw, ṁa) is introduced, replacing the efficiency

71



Chapter 4. Characterisation of an Air-Assisted Atomiser

constant C used in Equation (4.1). This formulation retains the original energy-
based approach, introducing only two fitting exponents. Those exponents (-0.7 and
-0.4 for the water-flow and air-flow scaling respectively) were determined by fitting
the data. The scaling constant Ĉ = 1.12× 10−7kg1.1/s

1.1 is likewise obtained by
fitting the data. How these values relate to the flow dynamics surrounding the
nozzle is unclear, given the complexity involved, but they are at least sufficiently
accurate to represent the practical operating range of the sprayer as shown in
Figure 4.9.

4.5 Conclusions

The characteristics of a spray produced by a commercial external-mixing
two-fluid electrostatic atomiser are experimentally investigated using the PDIA /
shadowgraphy technique. The droplet size- and velocity distribution is determined
at various distances from the nozzle, and the flow of air and liquid and the applied
electric potential are varied. The used method yields good quality data for most of
the operating range of the sprayer, although the number of recorded particles is
reduced for cases with low mean droplet sizes and correspondingly high particle
density.

The general behaviour of the sprayer in response to changes in air and
liquid flow follows the pattern expected from theory. Droplet sizes increase with
increasing liquid flow, and decrease with increasing air flow. The design of the
sprayer suggests that the primary breakup mechanism is prompt atomisation, and
the measured droplet size distribution is appropriate to this mechanism. However,
unlike some other sprayer designs[17], the energy efficiency of the investigated
nozzle decreases with increasing flowrates of both liquid and air. This can likely be
contributed to the unconfined mixing region, leading to worse mixing at higher
flowrates. Practically, it follows that more sprayers operating at lower flow rates use
less energy than vice versa, for a given spray mass flow and droplet size distribution.

The voltage applied to the nozzle electrode appears to have no measurable
influence on the spray properties. This confirms that aerodynamic effects are
dominant in the atomisation region, as expected given that the pneumatic power
supplied to the sprayer greatly exceeds the electrical power. It follows that any
differences between the performance of charged and uncharged sprays (such as
improved transfer efficiency) can be attributed to the charge of the droplets, rather
than any other physical spray characteristics.
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Nomenclature

Greek symbols
ϵ0 Permittivity of the vacuum = 8.85× 10−12 [F/m]
ρw Spray liquid density [kg/m3]
σ Surface tension [N/m]
σ∗ Effective surface tension [N/m]

Latin symbols
Ac Droplet cross-sectional area [m2]
C Atomisation efficiency coefficient [-]
Ĉ Atomisation efficiency scaling constant
d Droplet diameter [m]
d0 Rosin Rammler reference diameter [m]
Dj Liquid nozzle / jet diameter [m]
f Rosin Rammler function [-]
F Atomisation efficiency function [-]
ṁa Air mass flow [kg/s]
ṁw Liquid mass flow [kg/s]
N Rosin Rammler function spread parameter [-]
NLA Normalised Ligament Area [-]
p Droplet cross-section perimeter [m]
Q Electric charge on droplet [C]
SMD Sauter Mean Diameter [m]
Ua Nozzle air velocity [m/s]
V̇a Volumetric air flow [sl/min]
V̇w Volumetric water flow [ml/min]
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CHAPTER 5

Resolving Spray Formation through Volume
of Fluid Simulation

Abstract
The spray formation process in a pneumatic atomiser is simulated using a
hybrid Volume of Fluid and Discrete Particle Modelling approach. Dynamic
grid refinement is applied to allow the dynamics of the liquid-gas interface
to be resolved in sufficient detail. A recently developed algorithm that
recognises stable droplets in the VOF solution and converts those into
Lagrangian parcels allows the grid to remain relatively coarse downstream
of the spray formation zone. The droplet size distribution of the simulated
spray follows a realistic Rosin Rammler curve, although the Sauter Mean
Diameter deviates from experimental values by 30%.



Chapter 5. Resolving Spray Formation through VOF Simulation

5.1 Introduction

Chapters 2 and 3 discuss a series of simulations of the global behaviour of
charged sprays. These simulations were performed using a Eulerian-Lagrangian
approach, modelling the spray using a Discrete Particle Method. The size
and velocity of the injected droplets were determined based on measurements,
and we developed a predictive model for estimating their electric charge.
This approach yields a simulation that is sufficiently accurate in predicting
the global behaviour of the spray, but gives no insight in the spray formation process.

Resolving the spray formation process in numerical simulations had been done
for various cases [1–4], using Volume of Fluid methods. Implementing such a
method in a system-scale simulation is practically impossible due to the disparity
of scales involved. A grid with sufficient resolution to model droplets as small
as 10 µm in a several cubic metre domain would have quadrillions of cells. To
stand any chance of resolving the spray formation process, the simulation scope
must be reduced to contain only the spray breakup region. The results that could
be obtained from such a simulation would nevertheless be very interesting. In
particular, in Chapter 3 we note that having an accurate model of the geometry
of the spray breakup region would improve the accuracy with which the droplet
charge can be predicted.

Even in a minimum size domain, simulating the spray formation process for
our case remains challenging. Based on the results obtained in Chapter 4, we can
estimate that primary and secondary breakup of the spray produced by a Graco
LC2028 sprayer take place inside a volume measuring 20 by 40 by 50 millimetres.
This is still a substantially large volume if the smallest resolved feature size is
on the order of ten micrometres, but with the application of clever local grid
refinement and coarsening the total cell count can be kept manageable. A great
asset for this effort is a new model implemented in the most recent versions of
the Ansys Fluent CFD solver. This model can recognise spherical droplets in a
Volume of Fluid simulation, and convert those into DPM parcels. Converting all
stable droplets in the domain allows for a dramatic reduction in the total amount
of grid cells required; resolving a droplet in a VOF model takes tens of elements to
accurately track the liquid surface while a DPM parcel can exist inside a far larger
fluid cell.

While Ansys is the first publicly available solver to implement this type of
model, the concept has existed for some years now. Herrmann [5] presents an
approach for recognising separated continuous liquid structures in a Level Set
based multi-phase simulation, and bi-directional conversion between resolved and
Lagrangian droplets. Ling et al.[6] discuss a hybrid simulation method in which a
VOF method is used on a fixed grid, and droplets too small for accurate resolution
are converted to Lagrangian point particles. Zuzio et al.[7] developed a three-step
methodology, where VOF droplets are first converted to larger-than-grid-scale
particles that still have a displacement-effect on the surrounding gas flow, and
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are only converted to true point-particles upon entering a grid cell that is larger
than the particle volume. This is no exhaustive listing, and a summary of recent
developments in spray-breakup modelling is given in the review article by Shinjo[8].

The performance of the Ansys Fluent solver using the new “VOF to DPM”
model was recently evaluated by Pál et al.[9], who simulated atomisation in an
air-blast atomiser. Comparing their results to experimentally measured values,
they find that the solver correctly predicts the trends observed in the experiments.
However, they also note that the accuracy of the results strongly depends on the
grid size, and thus did not test sufficiently fine grids to reach convergence. Fur-
thermore, they report that the solver occasionally suffers from stability problems,
and more work will be required to validate the turbulence modelling involved,
but nevertheless think the solver is sound and has potential for practical application.

The objective for this work is therefore to simulate the spray formation process
in a Graco LC2028 sprayer using a hybrid VOF and DPM model. We assess the
performance of the solver, in the context of predicting spray characteristics and
the possibility of studying the spray formation process. As a reference, we will be
comparing the simulation results to the experimental data obtained in Chapter 4.
Furthermore, we will comment on the practical aspects, such as computational
costs and general ease of use.

5.2 Theory

Since we will be simulating the spray formation process in a pneumatic spray
gun, a discussion of the theory of spray formation and numerical modelling
is appropriate. However, as already noted in the previous Chapter, existing
literature contains little if any theoretical discussion of the spray formation process
in pneumatic spray guns. With a complicated arrangement of various air jets
impinging on the liquid stream emitted from the sprayer, there is no obvious way
to derive the shape of the dominant surface instabilities. For spray formation in
conditions such as those present in a pneumatic sprayer, with extremely high
velocity air disrupting the liquid, Lefebvre[10] uses the term “Prompt Breakup”.
With liquid and gas moving at high relative angles and velocities, the liquid
surface is disrupted violently without obvious dominant structures. Empirical
relations between flow conditions and droplet sizes exist for various models of
atomiser, either physics-based or simple function fits. In the previous chapter we
consider an approximation based on the relation between the pneumatic energy
supplied to the sprayer in comparison to the surface energy of the spray, although
even then some fitting parameters are required to match the measured droplet sizes.

Since we will be using the commercially available Ansys Fluent (2021 Release
1) solver, we refer to the Theory Guide [11] for a comprehensive description of the
implementation of the used models and equations. To keep our discussion brief and
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relevant we will focus on the unique aspects of the present case and the recently
released VOF to DPM conversion model.

5.2.1 Flow modelling
A comprehensive discussion of the models and equations involved is presented by
Pál et al.[9], who simulated the spray formation in a co-flow airblast atomiser. Our
sprayer has different geometry, but more importantly, operates under conditions
that result in locally subersonic flows. Our simulation must therefore consider the
effects of compressibility, and we cannot assume an isothermal flow. Beyond these
differences we follow the same modelling aproach as Pál et al..

In our simulation, the flow field is treated using the usual unsteady equations
for continuity, momentum, and energy conservation. Turbulence is modelled using
a hybrid RANS-LES approach called Stress-Blended Eddy Simulation (SBES).
This method applies a proprietary shielding function to “blend” between RANS
based and LES based turbulent stress tensors. The RANS formulation is used in
the wall boundary layer regions, while the LES formulation is used in the core flow.
This allows for a reduced mesh resolution in the wall boundary layers, reducing
the computational costs of the simulation.

A Volume of Fluid (VOF) method is used to model the separate fluid phases
(air and water). A volume fraction equation is solved for the secondary phase
(liquid water), with the remainder of the cell volume being treated as filled with
the primary phase (air), which is the recommended approach for compressible
flows. A Piecewise Linear Interface Construction method is used to reconstruct
the interface between phases, and a Continuum Surface Force method is used to
model surface tension.

For the discrete (Lagrangian) phase, parcel trajectories are computed based on
a Newton’s second law, as discussed in Section 2.2.1.1. For the present simulation,
only aerodynamic drag forces are considered, gravity and electrostatic effects are
disregarded for the sake of simplicity. Unlike the simulations performed in Chapter
2, the Lagrangian phase is treated as unsteady, and parcel positions are tracked
with the same time step as the fluid flow.

5.2.2 VOF to DPM conversion
As mentioned in the introduction section, various methodologies for hybrid Eulerian
/ Lagrangian multiphase simulations have been published. These methodologies
are briefly discussed, and compared to our approach.

5.2.2.1 Lump detection and selection

The lump detection algorithm identifies for each cell whether or not it contains
liquid, and labels all groups of contiguous liquid cells with unique identifying
numbers. This can be accomplished through a number of methods, such as
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those presented by Herrmann[5] or Zuzio et al.[7]. Common implementations
of the lump detection algorithm are subject to a number of limitations and
properties. No method for treating periodic and symmetric boundaries has yet
been presented, although domain partitioning for parallel computation has been
proven possible. Furthermore, diffusion of the interface will prevent separate lumps
to be properly identified, making the method reliant on sharp surface reconstruction.

Our chosen solver offers three quantified properties that can be used to select
lumps for conversion to Lagrangian parcels. The first of these is size, expressed
in the form of the diameter of an equivalent spherical droplet. Both minimum
and maximum size for conversion can be specified. The second is roundness,
which is evaluated on the criteria of radius standard deviation and radius-surface
orthogonality. These criteria are evaluated with the aid of the VOF surface
reconstruction, by computing for each surface facet of the liquid lump a) the
distance between the surface and the centre of mass, and b) the dot product of
the surface normal vector and the radius vector. Both values are normalised and
the surface-area-average is computed, such that an asphericity value between 0
and 1 can be specified for selection. The final property that can be used for lump
selection is the so-called Lump Core Highest Volume Fraction (CVF). This is the
highest value of the liquid volume fraction in any cell of the lump. Ideally this
value would be one for each lump, but practically some lumps will be diffuse,
which can be labelled based on this selection criterion.

A number of further parameters are computed for each lump, and are used
for conversion, though they can not be used as selection criteria. These are the
lump position, velocity and density, as well as the lump temperature, pressue and
enthalpy (if the energy equation is enabled).

5.2.2.2 Lump conversion and stability

One of the assumptions of DPM modelling is that the Lagrangian point particles
(LPP) represent droplets which are smaller than the volume of the grid cells. This
assumption fails if large VOF lumps are naively converted into LPPs. Numerical
instabilities can arise if the reaction forces generated by a large particle are applied
to a small fluid cell. A few solutions to this problem have been presented. Ling
et al.[6] suggest only converting droplets with diameters smaller than four times
the grid spacing. They simply accept that slightly oversized LPPs still lead to
better simulation results than underresolved VOF droplets. Zuzio et al.[7] use
an intermediate treatment for what they refer to as “medium droplets”, or LPPs
that are larger than the local grid size. For those droplets, the liquid’s properties
are projected on the underlying grid cells while solving the continuous phase
equations. Medium particles are converted into standard LPPs when they move
into a grid cell larger than their diameter, or the grid surrounding them is coarsened.

The presently used solver primarily relies on dynamic grid adaption to avoid the
instabilities caused by large DPM particles in small fluid cells. It is recommended
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that dynamic grid adaption is set up to refine the grid around the VOF surface.
This has the natural advantage of allowing resolution of fine surface features without
using an unnecessary amount of cells in regions of smooth flow. Then, whenever a
VOF lump is converted into an LPP, the grid surrounding the converted lump is
immediately coarsened. By selecting an appropriate initial grid size and maximum
size for conversion, it becomes unlikely for large LPPs to be placed in small fluid
cells. This is not a guarantee however, and a large LPP might encounter small
cells when it is created or transported near another VOF surface. Furthermore,
the solver allows splitting converted droplets into multiple numerical parcels. Each
parcel has the physical properties of the original droplet, but a reduced numerical
“weight”, and thereby reduced reaction forces. This is governed by the “splitting
factor”, which sets the maximum weighted size of a converted LPP as a fraction
of the local unrefined grid size. While pragmatic, splitting droplets into multiple
parcels is a numerical conceit to a numerical problem, and using this option is not
recommended unless needed to prevent solution instability.

5.3 Simulation Setup

The sprayer we are investigating is a Graco type LC2028 paint spray gun, depicted
in Figure 1.2a. It has a single liquid nozzle mounted centrally in the sprayer face,
and 14 air nozzles surrounding the liquid nozzle at various locations and angles. A
metal needle electrode is positioned in the central liquid nozzle, to more efficiently
conduct electric charges to the spray formation region. Atomisation is driven by
the high velocity air jets impinging on the central liquid jet. Under standard
operating conditions both the liquid and air supply is operated at a gauge pressure
of 2 Bar, leading to supersonic gas velocities in the primary atomisation region.
The produced spray has a small Sauter Mean Diameter, a wide spread of sizes, and
high average droplet velocities.

5.3.1 Geometry

Figure 5.1 shows the geometry of the nozzle and the locations of the air jets.
The centremost air nozzles, marked I a, are aimed at the central needle,
making a 45 degree angle with the sprayer axis. The nozzles marked I b are
aimed axially, and the “horn” nozzles marked II are again aimed at the needle,
making a 75 degree angle with the sprayer axis. The primary (I) and secondary
(II) nozzles are connected to separate air supplies, which the manufacturer
also refers to as “atomisation” and “fan” air. This designation follows from
the idea that the spray pattern can be adjusted by varying both air supplies,
but it must be noted that the secondary air jets also significantly affect atomisation.

Based on measurements of the sprayer head and our observations during the
experiments discussed in Chapter 4, spray formation is confined to a region of
approximately 20 by 40 by 50 millimetres in size. For our simulation domain we
therefore embed the sprayer head into such a box, as illustrated in Figure 5.2, with
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Figure 5.1 Sketch of the sprayer face, with air nozzle groups marked. Nozzle
groups are symmetric around the needle.

key dimensions specified. To aid grid generation, a number of liberties were taken
in modelling this geometry. All surfaces were approximated as to flat, cylindrical
or conical, and all fillets and chamfers were disregarded. Internal geometry of the
sprayer was disregarded likewise, and simple tubes were put in place of the air and
water jet nozzles.

(a) Vertical cross-section of the simulation
domain

(b) Horizontal cross-section of the simulation
domain

Figure 5.2 The simulation domain representative of the actual sprayer head.
Key dimensions are indicated, drawings are not to scale.
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The domain designed to model the actual sprayer geometry, despite only
containing the exterior volume, is nevertheless complicated and feature-rich. A
simplified geometry was designed to carry out preliminary simulations in shorter
time. This geometry is a rectangular box, with cylindrical tubes attached to
represent the air and liquid nozzles. The amount of air nozzles was reduced from
fourteen to six, placed in three symmetric pairs to represent each of the three
nozzle groups, and dimensioned to conserve the total nozzle area. The needle was
removed from the liquid nozzle, which was reduced in size to again conserve the
nozzle area. This simplified geometry is illustrated in Figure 5.3.

(a) Sketch of the simulation domain, with
nozzle locations marked

(b) Vertical cross-
section of the simu-
lation domain

(c) Horizontal cross-
section of the simu-
lation domain

Figure 5.3 The simplified simulation domain. Key dimensions are indicated,
drawings are not to scale.

5.3.2 Operating conditions

The sprayer, when operated industrially, is controlled by varying the pressure
at which compressed air (both primary and secondary) and the spray liquid are
supplied. The recommended range is between 1.5 and 4 bar gauge pressure, with
a commonly accepted standard of 2 bar for all three fluid supplies. With water
as the spray liquid, we measured a flow rate of 180 millilitres per minute, or 3
grams per second. The measured air consumption at 2 bar is 425 standard litres
per minute, or approximately 8.7 grams per second. This air consumption is
proportionally divided between the primary and secondary nozzles.

The boundary conditions for our simulation are defined to reflect the standard
operating conditions. Since we disregard the internal geometry of the sprayer head,
simply specifying a static pressure of 2 bar at the air-jet inlets would not yield
the desired result. Instead we use a mass-flow inlet condition, with total pressure
and temperature specified as supersonic flow parameters. For the water-jet inlet
a mass-flow boundary condition is likewise used, albeit obviously under subsonic
conditions. All surfaces making up the sprayer face are treated as walls, which for
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Table 5.1 Boundary conditions used in the simulations

Face Treatment Value
Water Inlet Mass-flow inlet ṁ = 3 g/s

(subsonic) T = 300 K
Air inlets (all) Mass-flow inlet Ptotal = 200 kPa (Gauge)

(Supersonic) Ttotal = 300 K
–Group I a ṁ = 1.086 g/s
–Group I b ṁ = 2.890 g/s
–Group II ṁ = 4.702 g/s
Domain sides and downstream Pressure outlet P = 101, 325 Pa (Absolute)

(Backflow allowed) T = 300 K
Sprayer Face No-slip wall -

the simplified case includes the “upstream” face and part of the top and bottom
faces of the domain box. The sides and downstream face of the bounding box are
treated as simple outlets at zero relative pressure. The ambient conditions are set
at standard atmospheric pressure and a temperature of 300 K. An overview of the
boundary conditions is given in Table 5.1.

5.3.3 Grid
For these kinds of simulations on complicated geometries a so-called Poly-Hexcore
grid is recommended. As the name suggests, this grid generation methodology
fills large volumes with regular hexahedral elements (i.e. cubes). Surface grids
are made up of polygonal elements, mostly hexagons where possible. Inflation
layers of polyhedral prisms are created where desired, and the gap between the
hex-core of the grid and the surface/prism grid is filled with irregular polyhedral
elements. The cubic core elements are convenient for (dynamic) octree-based grid
refinement. The use of polyhedral near-surface elements instead of the conventional
tetrahedral elements greatly reduces the frequency of poor quality and high
aspect ratio cells. While these cells cannot be neatly split into eight smaller
elements, the solver nevertheless allows dynamic refinement in the near-wall regions.

Since we can make use of dynamic grid refinement, we naturally want to
use large size elements in the initial grid, and only refine in regions where the
resolution is required. However, limiting the refinement depth to five or six levels
is recommended, and exceeding this is liable to result in various issues. Thus,
the edge length of the largest initial elements should not be more than 64 times
the finest resolution desired, thereby making the grid sizing depend on the size of
droplet that should be resolvable. There is a degree of argument about how the
grid size should relate to the minimum resolvable droplet diameter. Ling et al.[6]
suggest 4-6 elements are needed across the droplet diameter, while Pál et al. find
2 sufficient. In Figure 4.5 we see that in our expected droplet size distribution,
less than 12% of the total liquid mass is contained in droplets smaller than 20
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µm. Based on this we select a minimum cell edge length of 5 µm, and therefore a
maximum cell edge length of 0.32 mm. The resulting mesh is shown in Figure 5.4.

Figure 5.4 Cut-plane view of the needle region of the Poly-HexCore mesh.
Clearly visible is the Octree (or ‘Hanging Node’) refinement of the hexahedral grid,
the polyhedral transition elements and the predominantly hexagonal prism surface
expansion layers.

For the simplified geometry a mesh is created using the same methodology.
Since the simplified geometry is intended primarily to explore the capability of
the solver on a case with fewer elements, the initial cell size is doubled to 0.64
mm. This will allow refinement down to 10 µm cell edge length, which is likely
insufficient for resolving the finest droplets. This will likely introduce a degree
of error in the simulation results, however, considering the changes made to the
geometry a quantitative comparison to the experimental results would not result
in an exact match regardless.

5.3.3.1 Dynamic refinement

To refine the grid near the liquid surface we use Gradient based grid adaption. The
criteria for refinement and coarsening are based on the value of the curvature of
the volume-fraction function. Since this case involves supersonic flow, we likewise
refine the grid in regions with strong gradients of velocity and pressure, to more
accurately resolve the compressible behaviour in the air-jets. Figure 5.5 shows the
mesh of the simplified case, after computation of a steady-state solution of the
air-jets.

5.3.4 Particle conversion model
The particle conversion algorithm has two main aspects that need to be
configured, these being the lump selection and lump splitting. Lump splitting is
governed by the “split factor”, which determines the maximum volume of liquid
a single post-conversion parcel can contain. Based on our base grid size and
the experimental results we do not expect the formation of lumps which are
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(a) Horizontal cross-section of the mesh (b) Vertical cross-section of the mesh

Figure 5.5 View of the mesh in the injector area of the simplified geometry,
after convergence of a steady state computation of the air-jets. Highly refined
regions betray the occurrence of oblique shocks (“mach diamonds”) in the I b and
II jets, and complicated structure where these jets collide. The I a jet has no such
patterns, due to a smooth flow solution.

larger than the original cell size. Thus, for consistency we set a high value (107)
for the split factor, forcing the solver to create one parcel for each particle converted.

Three criteria can be used for lump selection, those being size, roundness,
and core volume fraction (CVF). With these criteria we define three categories
of lumps that should be converted, referred to as “tiny”, “resolved” and “diffuse”.
The “tiny” category comprises all lumps with a CVF greater than 0.9, and an
equivalent diameter smaller than two fully refined cells across. The “Resolved”
category comprises all remaining lumps with a CVF greater than 0.9 and an
asphericity below 0.5. A maximum lump size of 0.12 mm for the full geometry
case and 0.3 mm for the simplified case is specified to prevent conversion of the
liquid inside the liquid nozzle itself. Finally, all lumps with a CVF smaller than
0.9 are converted as part of the “Diffuse” category. The parcels created in each
category are treated identically, with the category labels primarily existing as a
tool to assess the performance of the simulation.

5.3.5 Solution strategy
The numerical simulation is carried out in three phases. In the first phase, we
compute a steady state solution of the airflow, without liquid injection. We are
not interested in the transient start-up behaviour of the airflow, and running an
unsteady simulation until the flow has stabilised takes far more computational
effort than an initial RANS solution. During this steady-state simulation the grid
is dynamically refined based on velocity and pressure gradients, to accurately
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resolve the shock-like features in the air jets.

In the second phase the solver is switched to compute an unsteady solution,
and the liquid nozzle inlet is enabled. The simulation is run with relatively large
time-steps, made possible by the fact that the liquid velocity inside the nozzle is
relatively low (on the order of 10 metres per second). At this velocity, it takes
approximately half a milisecond for the water to fill the nozzle tube, and start
forming a jet. During this period, the VOF-to-DPM conversion model is disabled,
to prevent it from immediately converting the water as it enters the domain. This
period also allows the airflow to convert from an artificially smooth RANS solution
to the unsteady behaviour allowed by the SBES turbulence model.

Once the liquid jet encounters the fast moving air of the I a jets, the final
phase of the simulation begins. The VOF-to-DPM conversion model is enabled
with the settings discussed above. Furthermore, the time-step size is reduced, to
keep the Courant number of the moving VOF surface below unity, while the liquid
is accelerated by the air jets. These settings are maintained for the rest of the
simulation runtime.

5.4 Results

The outcome of the simulations can be described as a mixed success. The solutions
found for the simplified case show definite potential for the solver and methodology.
On the other hand, practical issues prevented us from running the full-geometry
case to the desired level of completion and convergence. Thus, this section will
focus on the simplified case, and end with a discussion of the problems encountered
while running the solver.

5.4.1 Spray and flow behaviour

To provide context for the quantitative data used to evaluate the solver accuracy
we will first take a general look at the flow features and spray observed in the
simulation. All the results discussed are from the simplified geometry case, under
standard operating conditions.

5.4.1.1 Air flow

The air flow pattern in the atomisation region is relatively straightforward. As
Figure 5.6 illustrates, the air jets are supersonic and remain coherent up to the
point of collision. A wavy fan-like structure forms where the primary air jets
meet, sandwiching the liquid jet and flattening it into a sheet oriented along the
Z-plane. This structure is broken up by the stronger secondary air jets, which com-
press the flow pattern into a fan-like shape oriented along the perpendicular Y-plane.
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(a) Velocity magnitude on the y = 0 plane (b) Velocity magnitude on the z = 0
plane

Figure 5.6 Velocity magnitude around the primary breakup region, at t = 1.7
ms. Gas phase velocities reach almost 600 m/s, and shock features are clearly
visible in the air jets. Liquid phase velocities are low, with sharp velocity gradients
at the VOF interface.

5.4.1.2 Primary breakup

To illustrate the behaviour of the liquid in the primary breakup region, Figure
5.7 shows the surface at which the liquid volume fraction equals 0.3. Figure 5.7a
also includes the DPM particles, with arrows drawn in to indicate the direction of
motion of those particles.

The shape of the VOF surface superficially matches the intent of the sprayer
design; the primary air jets flatten the liquid jet into a wavy sheet, and the
secondary jets finish the break-up process and direct the droplets downstream.
However, it is somewhat surprising to see that the liquid sheet is very short in
the streamwise direction. Likewise, the fact that most droplets and ligaments
are ejected upward or downward rather than downstream does not match our
expectations. In our observations of the actual sprayer no “empty” area could be
seen behind the primary breakup zone, in contrast to what can be seen in Figure
5.7a. Instead, Figure 5.9b appears to show the liquid sheet extending downstream
throughout this “empty” area, breaking up where it reaches the secondary jets, and
emitting droplets mostly in the downstream direction. This unfortunately cannot
be confirmed with absolute certainty, since our experimental method did not allow
fast high resolution imaging of the primary breakup. However, as illustrated in
Figure 4.4, substantial amounts of liquid ligaments are observed at distances up to
20 mm from the measurement reference point, or 28 mm from the sprayer face.
This implies that the liquid sheet breakup occurs further downstream in reality
than it does in the simulation.
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(a) Isosurface of 0.3 liquid volume fraction
and DPM particles, view aligned with the Z
axis

(b) Isosurface of 0.3 liquid volume fraction,
isometric view

Figure 5.7 Volume-of-Fluid surface in the primary breakup region, at t = 1.7
ms. The liquid jet is flattened into a wavy fan oriented along the Z = 0 plane,
under the influence of the primary air jets. Droplets and ligaments move vertically
outward before being redirected downstream by the secondary air jets, leaving a
relatively empty area downstream of the primary breakup zone.

5.4.1.3 Droplet motion

In the previous section we have briefly touched upon the motion of the spray
droplets, which we will now analyse in more detail. Figures 5.8a, 5.8b and 5.8c
show the locations and velocity vectors of the DPM parcels, viewed from the three
principal directions. To reduce clutter and keep the figures readable, four out of
every five parcels is hidden in these figures. Furthermore, in the downstream view
(Figure 5.8a), only parcels with a downstream (X) coordinate are shown.

For comparison, two photographs taken during the experimental campaign
are provided as Figures 5.9a and 5.9b. During the experiments the sprayer was
oriented to spray vertically downward, the figures have been rotated to match the
left-to-right flow convention used in this chapter.

Comparing the photographs with the simulation results we see a number of key
differences and similarities. On the Y-plane, the spray cloud forms a fairly wide
cone, seeming to emanate mostly from a single point. The density of the spray
decreases smoothly from the centre of the spray cone toward the edges, making
it difficult to define a clear cone angle. The simulation appears to show a wider
cone angle, although this is definitely influenced by the relatively high detection
threshold for spray density in the photo. On the Z-plane, the photo of the spray
shows a “necked” pattern, going from a wide and thin sheet of liquid to a narrow
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(a) Particle vectors, downstream view (b) Particle vectors, Y-axis view

(c) Particle vectors, Z-axis view

Figure 5.8 DPM parcels with velocity vectors, shown from all principal directions.
Y-axis view shows the expected fan-pattern, with the highest density and velocity
seen within approximately 20 degrees from the centreline. The X- and Z-axis views
show droplets moving vertically outward from the primary breakup region, before
being redirected into a flat fan by the axial and secondary air jets. However, a
large fraction of parcels passes to the left and right of the secondary jets, and exits
the top and bottom of the domain without being redirected.

region of dense spray, before forming a fan-like spray. The initial sheet cannot be
seen in the numerical results, but the narrow dense spray region with crossing
droplet vectors is present, as is the progression into a flat spray fan. However, a
substantial amount of particles can also be seen exiting the top and bottom of the
domain. The downstream view shows that these are the particles that pass to
the left and right of the secondary air jets, and are not redirected downstream.
Such particles cannot be seen in the photos, and observations made during the
experiments generally agree that very few if any droplets manage to bypass the
secondary air jets in this manner. This implies that the simulation overpredicts
the transverse scattering of droplets formed during primary breakup.

The droplet trajectories that can be implied from Figures 5.7a and 5.8 have
one further important implication with regard to breakup and the final droplet
size distribution. That is, most if not all droplets are converted to DPM parcels in
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(a) Photo of the sprayer, Y-axis view (b) Photo of the sprayer, Z-axis view

Figure 5.9 Photographs taken during the experimental campaign, as reference
for the numerical results. A flat spray fan is seen, with a diamond-shaped liquid
sheet in the primary breakup region. No “empty” area is seen in the breakup region,
nor vertical droplet ejection through or around the secondary air jets. Certainty
of these observations is limited by lighting and camera quality.

the region where the primary air-jets impact the water stream, and initially move
vertically outward, before being redirected downstream by the secondary jets.
With cross-flow velocities in the order of 300 metres per second, a droplet with
a diameter of 100 µm entering the jet would have a Weber number around 150,
more than enough to initiate breakup. Since we do not model secondary breakup
we should expect a significant overprediction of the Sauter Mean Diameter in the
simulation, as compared to the measurement results.

5.4.1.4 Lump Conversion

A final aspect worth looking at qualitatively is the lump selection and conversion
process. Figures 5.10a and 5.10b show the primary breakup region, directly
before and after a conversion step. The VOF surface (volume fraction equals 0.5)
is coloured by the “Lump Identifier”, the DPM parcels are coloured by their diameter.

The most noticeable difference between both figures is the colour of the bulk
liquid. This is a consequence of the lump identifiers changing as some of the lumps
are converted, but has no functional effect on the results. A second observation
is that many seemingly disjoint lumps are identified as part of the bulk liquid
jet. This, and the seemingly disjoint and highly nonspherical lump III) (image
inset) that is converted to a DPM parcel are symptoms of the same issue. By
our interpretation of the solver documentation, the lump identification algorithm
considers any cell with a liquid volume fraction greater than zero to be (diffuse)
liquid. If the simulation is set up properly, the surface reconstruction algorithm
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(a) Before lump conversion step (b) After lump conversion step

Figure 5.10 View of the simulated primary breakup region, before and after
lump conversion step. VOF surface (volume fraction equals 0.5) coloured by
“Lump identifier”, DPM particles coloured by diameter. An enhanced view of three
converted lumps is provided. Lumps I) and II) appear to be spherical, lump III)
has a highly irregular shape but is nevertheless converted. Furthermore, many
apparently disjoint ligaments are drawn in the same colour as the initial liquid
jet, indicating that they are connected by “bridges” of low but nonzero volume
fraction.

and interfacial anti-diffusion should keep the interface between the liquid and gas
volume contained to a single grid-cell thickness layer. In the present results we see
a fairly sharp gradient between liquid and gas, such that the surface at which the
volume fraction equals 0.5 still somewhat accurately represents the liquid surface.
However, some diffusion still occurs, and gaps between droplets are “bridged” by
regions in which the volume fraction is very small but still above the numerical
cut-off (10−6).

Unfortunately, there is no easy fix to this issue, other than increasing the grid
resolution and decreasing the time step size until a sharp interface is maintained
throughout the simulation. This is not possible given the hardware we have access
to, as further discussed in Section 5.4.3. The lump conversion algorithm cannot be
modified to use a different level of liquid volume fraction for lump detection, both
practically but also fundamentally. Any programmed cut-off value greater than
zero would cause the algorithm to leave diffuse VOF blobs in the domain, which
would prevent grid coarsening, thereby defeating the purpose of the method. Thus,
it is worth considering to what extent the present situation influences the results.
All VOF liquid does (eventually) get converted into DPM parcels, and while some
ligaments might get grouped into a single parcel, this could perhaps be dealt with
adequatly by a secondary breakup model.
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5.4.2 Quantitative droplet properties

To assess the accuracy of the numerical results a quantitative comparison with
experimental measurements is necessary. In this case, the available experimental
data consists of measured droplet sizes and velocities as presented in Chapter
4. To extract corresponding data from the simulations, we placed a series of
sampling planes in the simulation domain, and recorded all DPM parcels passing
through each plane. Based on the recorded parcels, the droplet size distribu-
tion, and the various statistical properties of the simulated spray can be determined.

The recording of droplets was started at a simulation time of 1.5 milliseconds,
at which point the flow behaviour in the breakup region was seemingly stabilised.
Recording lasted for 0.2 milliseconds of simulated time, at which point the
simulation could not be continued for practical reasons discussed in Section 5.4.3.
0.2 milliseconds is not sufficient for a droplet to pass through all sampling planes,
given the recorded droplet velocities. We will therefore look at the droplet counts
at each sampling plane to assess which plane will provide the best statistical
representation of the spray properties. Figure 5.11a shows the number of droplets
recorded, for both the “resolved” and “diffuse” labelled DPM parcels. Figures 5.11b
and 5.11c similarly show the Sauter mean diameter and mass-averaged velocity of
the recorded droplets.

In Figure 5.11a we see a rapid decline in the droplet count from 7.5 to 12.5
mm downstream of the sprayer face, which corresponds to the droplets that
aren’t redirected downstream and leave the top and bottom of the domain near
the sprayer, seen in Figure 5.8. The gradual increase between 12.5 and 20 mm
downstream followed by a sharp drop indicates the presence of a start-up transient
that has not yet been flushed downstream. The progression of the Sauter mean
diameter matches this observation, with an initially fairly stable value that
decreases in the latter half of the domain. The mass-average velocity shows a clear
increase with downstream distance, which matches the expected behaviour of
water injected at low velocity being accelerated by the airflow. A brief point of
note is the high “diffuse” parcel count, compared to the “resolved” count, which will
be discussed in the next section. Based on the combined count, size and velocity
data we believe that the sampling plane at 17.5 mm downstream of the sprayer
face will provide the most representative spray statistics.

5.4.2.1 Droplet size distribution

Figure 5.12 shows the droplet size distribution obtained from the simulation.
For comparison, Figure 5.13a shows the experimentally obtained droplet size
distribution of the sprayer in normal operating conditions. Furthermore, since we
observed in the previous section that the influence of the secondary air jets on
the droplet size is not modelled, we have measured the droplet size distribution of
the sprayer with the secondary jets disabled. This distribution is shown in Figure
5.13b.
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Figure 5.11 Droplet counts and averaged diameter and velocity data for each
sampling plane. The droplet counts illustrate significant “losses” of spray droplets
in the near-nozzle region, and a start-up transient that has been convected between
20 and 22.5 mm downstream. “Diffuse” parcels dominate numerically, but they
are smaller on average and therefore do not contain a majority of droplet mass.
The Sauter mean diameter is fairly constant up to 20 mm downstream, suggesting
convergence to the steady state in that region. The velocity progression is consistent
with droplets accelerated by an airstream.

Observing the simulated droplet size distribution in Figure 5.12 a few
characteristics stand out. The overall shape of the distribution follows the fitted
Rosin Rammler curve closely. Due to the low total recorded droplet count the
tail end of the distribution is not statistically representative, the rightmost two
histogram bars contain only a single droplet each. This lack of tail-end data has
likely skewed the fitted curve to be narrower (higher N) with the peak at a higher
diameter (higher d0) than it should be under statistical convergence. No droplets
with diameters greater than 150 µm are observed, substantially below the specified
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Figure 5.12 Droplet size distribution of the simulated spray, with a fitted
Rosin-Rammler curve. The Sauter mean diameter sits between the standard
condition experimental results and the results obtained without secondary air. The
distribution seems narrow in comparison to the experimental data, although too
few droplets were collected to properly represent the tail end of the distribution.
The “Diffuse” droplets make up 16% of the total spray volume, mostly contained
in the smaller size categories. No “resolved” droplets exist with a diameter below
23 µm, implying the need for a higher spatial and temporal resolution in the
simulation.

(a) Standard operating conditions (b) Secondary air disabled

Figure 5.13 Experimentally obtained droplet size distributions under standard
conditions and with primary air jets only. Without secondary air jets the Sauter
mean diameter is approximately doubled. The the fitted Rosin Rammler curves
have higher spread factors than the simulation results.

size limit for lump conversion. Worse however is the fact that 16% of the total spray
volume is made up of “diffuse” category parcels. This value should be below 1%,
the observed higher value confirms that the present simulation suffers from severe
diffusion of the VOF interface. Diffuse parcels with diameters up to 70 µm were
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recorded, while no fully resolved lumps smaller than 20 µm were found and con-
verted. In line with the latter observation, no “tiny” category droplets were recorded.

The experimentally obtained droplet size distributions shown in Figures
5.13a and 5.13b likewise closely match a fitted Rosin Rammler curve. The
difference between normal operating conditions and the case with secondary
air disabled is substantial. The SMD in the latter case is nearly double the
standard value, and the diameter spread is much wider. The SMD observed in
the simulation results lies between both experimental cases, with a relative error
of approximately 30% to either. The calculated spread factor for the simulated
spray is higher than both experimental cases, indicating a narrower size distribution.

For a more direct comparison, Figure 5.14 shows the simulation and measured
droplet size histograms overlaid in a single plot. The difference in the spread of the
droplet size distribution is immediately apparent, with both of the experimentally
obtained distributions having a substantially heavier tail, but also containing
more droplet volume at sizes below 30 µm. The low density of small droplets in
the simulation results can naturally be attributed to an insufficiently high grid
resolution. The low overall droplet count partially explains the light tail in the
simulation data, but cannot fully account for the narrowness of the distribution.
We believe that the poor resolution of the VOF surface caused by insufficient grid
refinement is the primary cause of the observed discrepancies. The effect of the
simplification of the simulation geometry compared to the actual sprayer may
likewise play a role, although its effect cannot be easily estimated.

Figure 5.14 Simulated droplet size distribution compared to experimental results

Despite all inaccuracies, the peak of the simulated droplet size distribution is
close to the peak of the distribution measured with the sprayer operating on only
the primary air jets. This speaks in favour of the method, implying that despite
the complexity of the two-fluid interaction, the emergent behaviour is predicted at
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the correct scales. Given sufficient computational resources to reduce the minimum
grid size and time step size it seems likely that the results will converge toward the
actual behaviour.

5.4.3 Practical challenges
As evidenced by the somewhat unsatisfactory results, a few practical challenges
were encountered during our simulation campaign. Though not all equally
impactful, most of these issues were fundamentally rooted in the interaction
between the simulated case, the software, and the hardware available. With
the latter two factors being immutable, concessions needed to be made in the
simulated case in order to obtain a solution at all.

5.4.3.1 Supersonic flow

With air supplied at 2 bar gauge pressure, the air jets of the sprayer nozzle have
mean velocities in the order of 400-500 metres per second. In order to properly
resolve these jets the grid needs to be refined at all shock-like flow features, which
exist in the jets as well as where the jets collide (see Figures 5.5b 5.6). This
dramatically increases the grid cell count, compared to simulations with subsonic
flow where refinement only occurs around the liquid surface. For the simplified
geometry case with only six larger air jets this was managable, but for the full
geometry case the grid cell count for a steady state solution without liquid already
exceeded five million. In the context of fluid flow solutions, five million grid cells
is not an excessive amount by itself, but this does feed into the further issues
encountered with memory usage.

The second difficulty imposed by supersonic flows is the Courant criterion.
With a minimum grid size in the order of micrometers, the allowable maximum
time step in supersonic flow is no greater than 10−7 seconds. For a single phase flow
this can be somewhat ameliorated by implicit time stepping, but the VOF method
requires that the liquid-gas interface has a Courant number below unity. To
obtain a converged unsteady solution thus requires tens of thousands of timesteps.
Running on sufficient processor cores the wall-clock time per flow timestep can be
reduced to around 30 seconds, per the solver authors’ recommendation. This does
not account for the necessary frequent mesh-adaption steps, so even our simplified
case with a too-coarse grid took around a month to compute 1.7 milliseconds of
flow time, excluding interruptions.

5.4.3.2 Memory usage

Fluid dynamics solutions naturally contain large quantities of data, to describe the
grid and the flow conditions in each cell. The size of a typical set of uncompressed
grid and data files is between one and two kilobytes per grid cell. Running the
solver on a static grid requires double or triple that amount of working memory.
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The last computed solution in our simplified case has a 4.4 million cell grid, and
requires slightly over 6 GB of working memory to load and post-process, still
within the capabilities of a conventional personal computer. Running the solver
is not possible on the same computer, and was instead done on the HPC cluster
of the University of Twente’s Thermal and Fluid Engineering department. This
cluster has 36 Intel Xeon 6140 processor cores and a somewhat modest 64 GB of
random access memory per node. With a recommendation of one processor core
per 100,000 grid cells, a simulation without grid adaption would comfortably run
on one or two nodes of this cluster.

With grid adaption enabled as necessary for the present simulations, this was
not the case. Memory usage would rise dramatically during grid adaption steps,
exceeding the ‘base’ value by at least a factor of two. At grid cell counts in the
order of three million, the memory usage would eventually grow past 64 GB, and
the solver would crash with a segmentation fault. Engaging two cluster nodes with
an equal number of cores requested from each would allow the computation to
proceed with higher cell counts, but the crash would occur at far less than double
the initial limit. Assigning fewer cores to the first of the engaged nodes would
again allow an increase in cell count, as would adding additional nodes, albeit with
diminishing returns. While the details of the used solver are proprietary, this
suggests that either the cortex process or the first node process plays a dominant
role in the grid adaption step. This is unfortunate in our case, since the cluster
available to us has relatively little memory per node, instead relying on distributed
use.

For the full geometry case the solution could be computed up to a flow time
0.35 milliseconds, with a cell count around nine million, using five cluster nodes
with minimal effort assigned to the first. At this time the liquid jet had not yet
reached the primary air jets, and it was decided to discontinue the simulation. The
cell count required to resolve the spray formation region would not be computable
even with all fifteen cluster nodes. The final solution of the simplified case
at a flow time of 1.7 milliseconds was reached using three cluster nodes. The
limiting factor in this case was an unrelated error occurring during grid refinement,
the origin of which could not be determined. Restarting the computation
from an earlier setpoint consistently lead to the same result, unfortunately lim-
iting the amount of data available for a statistical assessment of the spray properties.

5.5 Conclusions

In this chapter we investigated the possibility of numerically simulating the
spray formation in a Graco LC2028 pneumatic spray gun, using the Fluent CFD
solver. Recent versions of this solver include an algorithm that recognises lumps
of liquid in a VOF solution and converts those into Lagrangian parcels. This
algorithm in conjunction with dynamic grid adaption allows the spray formation
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region to be fully resolved, without the need for a high resolution grid in the far field.

The initial results show that the VOF to DPM conversion algorithm is effective
in reducing the computational effort needed to simulate a sprayer. Simulating a 40
cubic centimetre domain with cell sizes as small as 10 micrometres at the liquid-gas
interface required no more than 4.5 million grid cells in total. In comparison,
filling the entire domain with such cells would increase this number by four orders
of magnitude.

In terms of accuracy, the presented results leave room for improvement.
The simulated droplet sizes are in the correct order of magnitude compared to
experimental results for the investigated sprayer. The modal diameter is within a
few percent from the experimental data, and the simulated size distribution can be
closely approximated with a Rosin Rammler curve. However, the Sauter mean
diameter is off by approximately 30%, and the simulated size distribution is too
narrow, substantially underpredicting the density of large sized droplets. Most
metrics and a qualitative analysis of the flow behaviour imply that the selected
grid- and time step sizes were insufficiently small to properly resolve the breakup
region. This is likely the primary cause of the discrepancy in the droplet statistics.

The inadequate grid resolution used in our simulation is a symptom of the
general challenges involved with this type of numerical simulations. Dynamic
grid adaption in the used solver requires large amounts of memory, and does
not respond well to distributed memory on a computer cluster. On the HPC
cluster available to us with 64 GB of memory per node it was not possible to run
computations with more than 9 million cells, preventing any substantial further
grid refinement. Furthermore, the small grid sizes combined with supersonic flow
and the demand that the VOF surface has a Courant number below unity severely
limit the maximum possible time step size. The wall-clock time elapsed while
computing a single timestep cannot be reduced substantially below 30 seconds.
Hence, our computation took nearly a month to solve 1.7 milliseconds of flow time.

In summary, with this novel methodology and powerful hardware with large
amounts of working memory, we believe it is possible to numerically simulate the
investigated sprayer. However, while this would provide academically interesting
insights into the spray formation process, such a computation would take several
months to reach a converged state. Such time and effort might be worthwile in
a scientific context, but would be wildly impractical for design studies and other
industrial purposes.
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Nomenclature

Latin symbols
ṁ Mass flow rate [kg/s]
CVF Core volume fraction [-]
d0 Rosin Rammler reference diameter [m]
N Rosin Rammler spread factor [-]
P Pressure [Pa]
Ptotal Total pressure [Pa]
SMD Sauter Mean Diameter [m]
t Simulation elapsed time [s]
T Temperature [K]
Ttotal Total temperature [K]
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CHAPTER 6

Conclusions and Recommendations

Based on the results presented in this thesis, some of the knowledge gaps outlined
in the Introduction have now been closed. Meanwhile, new questions have emerged,
suggesting avenues for future research. These are presented here, starting with the
insights gained in numerical modeling of electrically charged sprays, followed by
the experimental investigation, and finishing on the recommendations for the way
forward.

6.1 Computational Fluid Dynamics involving
charged sprays

A framework for CFD simulations of high-flowrate charged sprays in industrial
applications was constructed based on the Fluent CFD solver. The basis of the
framework is a conventional gas-phase solution, governed by the steady state
RANS equations with a k-ϵ turbulence model. A quasi-steady discrete-particle
method is used to solve the spray droplet trajectories. The use of well-understood
methods and a commercial solver keeps the framework practical in an industrial
context, yielding sufficiently accurate solutions with limited computational effort.

Modifying the solution to include electrostatic fields and their interaction with
the charged spray droplets is possible with the customisation options available in
the Fluent solver. The Poisson equation governing the electric field are equivalent
to a purely diffusive transport equation, easily solved by a fluid dynamics
solver. Likewise, the interaction between the electric field and the particles are
implemented as particle forces and charge density sources. The resulting model
holds up in validation against experimental data, and yields consistent results
under grid refinement at mesh sizes that can be solved on personal-computing
level hardware.

The CFD framework was extended with a novel method to predict droplet
charges of inductively and conductively charged sprays. The method is based on
two key physics-informed assumptions. First, inducted charge is proportional to
the electric field strength. This means there must be a proportionality constant of
droplet charge versus the (effective) potential of the sprayer, a constant for which
a geometry-based estimate was derived mathematically. Secondly, the presence of
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like charges in front of the sprayer will reduce the field strength at the sprayer,
and therefore inhibit the charge induced on subsequent droplets. A coefficient
of inhibition can be calculated in our CFD framework, using a second “virtual”
electric field. The computation of the spray charge is implicit in nature, and
therefore fast to converge without introducing numerical instability.

This extended model was again validated against experimental data from
literature, with industrial high-flowrate sprayers being selected as validation cases.
It was found to predict the droplet charge with less than 20% error across different
cases, without requiring any tuning or experimentally obtained input. This latter
property in particular is novel, since prior literature typically used experimentally
obtained values of droplet charge or sprayer current to inform the simulations.
Furthermore, during the validation study it was observed that the self-inhibition
effect of a charged spray is the dominant effect determining the total electric
current emitted from the sprayer. Hence, the positioning of the sprayer with
respect to the target (and induction electrodes) is shown to be a critical parameter
for the performance of an electrostatic sprayer.

The final computational efforts were aimed at a more speculative goal, intending
to fully resolve the spray formation region of a pneumatic spray gun. This requires
using a VOF model, with grid sizes smaller than the smallest resolvable droplets.
This is made possible by a novel algorithm implemented in a recent version of the
Fluent solver, which can recognise spherical droplets represented by the VOF phase,
and convert those into DPM parcels. Combined with dynamic grid adaption, this
allows a coarse global grid, with fine cells only required near the liquid-gas interface.

Simulating spray formation using this approach yielded a partial success. Grid
adaption and VOF to DPM conversion indeed substantially reduce the amount
of grid cells needed to resolve spray formation. A simplified 40 cubic centimetre
domain with a minimum grid size of 10 µm required only 4.5 million cells, a
reduction of four orders of magnitude compared to a naive meshing approach.
While the results appear physically plausible at first glance, they do not match the
experimentally obtained data for the simulated sprayer. A grid resolution of 10 µm
is clearly insufficient to resolve the interaction of supersonic gas jets and liquid water.

Attempts to increase the grid resolution failed due to a lack of memory, despite
running on five nodes of an HPC cluster with 64 GB each. The grid adaption
algorithm in particular requires large amounts of memory while not efficiently
utilising distributed memory across a cluster. A further practical challenge is the
Courant-Friedrichs-Lewy condition, which requires excessively short simulation
time steps for a case that involves supersonic flow with grid sizes on the order of
micrometres. Even the simplified case took nearly a month of real time to compute
a millisecond of flow time. Solving the case at a sufficient grid resolution and
reaching a statistically steady state will be costly, but is definitely possible with
more powerful existing hardware.
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6.2 Experimental investigation of the pneumatic
spray gun

In the experimental line of investigation, a particle shadowgraphy method was used
to characterise the spray produced by a Graco LC2028 pneumatic electrostatic
spray gun, at varied operating conditions. The pressure at which liquid water
and compressed air were fed to the gun were varied, as was the electric potential
of the sprayer electrode. At the specified standard conditions of 2 bar gauge
pressure for both gas and water the spray gun consumed 425 standard litres
of air per minute, spraying 180 millilitres of water. The resulting spray has a
Sauter mean diameter of 40 µm, which is substantially smaller than the spray
produced by single fluid nozzles at comparable pressures. The size distribution fol-
lows a Rosin Rammler curve, and has a fairly wide spread, with a spread factor of 2.

The relation between the SMD of the spray and the air and water supply rates
can best be understood from a frame of conservation of energy. Pneumatic energy
supplied as compressed air is converted into the free surface energy of the spray
droplets. Thus, increasing air flow or decreasing air flow results in smaller mean
droplet sizes. Within the allowable pressure ranges, SMD’s between 29 µm and
108 µm can be realised. The conversion efficiency is not constant, and correlates
negatively with both air and water flow rate. The value of this conversion efficiency
is in the order of 10−5, which is in the typical range for pneumatic sprayers, but
substantially lower than the efficiency of single fluid sprayers.

The electric potential applied to the sprayer electrode has no measureable
influence on the droplet size distribution. The electric current supplied to the spray
scales linearly with the applied potential, up to 18 µA at 40 kV. Hence, the total
electric power supplied to the spray is less than one watt, which is low compared
to the 250 W of pneumatic power, explaining the lack of relation between spray
properties and electric potential.

6.3 Recommendations

During the present research a number of topics of interest were identified that
could not be pursued within the available time and resources. These are suggested
for future research:

• Charged spray simulations are typically validated based on the deposition pattern.
For simulations of charged sprays in spray chilling an experimental validation
that focuses on the droplet trajectories and the temperature field would be more
appropriate.

• The spray charge prediction model should be extended to other models of sprayer,
in particular the rotating bell type that is commonly used in spray painting.
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A similar mathematical analysis might be done for a toroidal droplet source,
followed by a validation study.

• Simulating the spray formation process on more powerful hardware will likely
provide some unique insights in the operation of pneumatic sprayers. Such a
simulation could furthermore be used to refine the coefficients used in the spray
charge prediction model.

• The distribution of charge in a high-flowrate charged spray is at present largely
unknown. Any experimental data from which the factors that influence an
individual droplet’s charge can be identified would be immensely valuable.

Based on the achieved results and the experience gained during the process, a
number of recommendations can be given to industry:

• The presented simulation framework can be used to quickly and efficiently predict
the behaviour of charged sprays, and assist in design and optimisation of charged
spraying systems.

• The presented method for predicting droplet charges is a powerful tool for
performing simulations of cases for which the spray current has not been ex-
perimentally determined. It can accelerate the design process of new spraying
systems, and improve the accuracy of simulations involving moving sprayers or
otherwise changing geometries.

• Characterising the spray properties of pneumatic sprayers should be done ex-
perimentally. Measurements are still more economical than Volume of Fluid
simulation for this purpose.
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