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Abstract

The manipulation of submicron aerosol particles is a challenge in appli-
cations demanding high separation and sampling efficiencies. We investigate
experimentally the effects of acoustic forces (acoustophoresis) on submicron
aerosol in a channel flow. This technique can potentially overcome some of the
limitations of conventional separation systems and provide advanced manipu-
lation capabilities such as sorting according to size or density. The theoreti-
cal framework for acoustophoresis at such small length scales where molecular
effects are expected to be significant is still incomplete and in need of ex-
perimental validation. The main objectives of this thesis are to identify the
physical limitations and capabilities of acoustophoretic manipulation for sub-
micron aerosol particles and to compare experimentally obtained estimates of
the acoustic forces with theoretical models.

For this purpose, a versatile experimental facility was built to investigate
the effect of key parameters (pressure amplitude, frequency, bulk flow velocity,
geometry) on the separation efficiency for submicron solid or liquid particles in
air. Two sets of experiments were carried out: first, qualitative results revealed
that acoustic manipulation is possible for submicron particles in air and that
the acoustic force follows the trend expected by theoretical models developed
for particles in inviscid fluids. The acoustic force on submicron particles was
estimated in a second set of measurements performed with quantitative diag-
nostic tools. Comparison of these results with available theoretical models for
the acoustic radiation forces demonstrates that for such small particles addi-
tional forces have to be considered. At submicron length scales, the magnitude
of the forces observed is orders of magnitude higher than the predictions from
the inviscid theory.

One potential application for acoustophoresis is specifically investigated in
this thesis: assist electrostatic precipitation (ESP) samplers to target very small
aerosols, such as those carrying airborne viruses. To identify the shortcomings
of ESP samplers that acoustophoresis should overcome, two ESP designs with
planar and axisymmetric electric fields have been investigated to quantify cap-
ture efficiency as a function of the particle size and of the air velocity in a wind
tunnel. The results reveal that both designs have limitations when it comes
to sampling sub-micron aerosol particles. When exposed to polydispersed sus-
pensions they behave as low-pass filters, under-sampling the smallest particles
where airborne viruses are expected, resulting in low signal-to-noise ratios. The
results highlights a possible application for acoustophoreis aerosol treatment
systems: performing size-based particle sorting upstream of ESP samplers to
increase their sensitivity to low-abundance particles.
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Sammanfattning

Hantering av submikrona aerosolpartiklar är en utmaning i tillämpningar
där det är viktigt att partiklarna effektivt separeras fr̊an omgivande fluid (luft).
Effekten av akustiska krafter (akustofores) p̊a submikrona aerosoler i ett kanalflöde
undersöks experimentellt. Den här tekniken har potential att bemästra n̊agra
av de begränsningar konventionella separationssystem har samt bidraga med
avancerade hanteringsmöjligheter s̊a som partikelsortering med avseende p̊a
storlek eller densitet. Den teoretiska kunskapen gällande akustofores vid dessa
sm̊a längdskalor där molekylära effekter förväntas vara av vikt är fortfarande
ofullständig och är även i behov av experimentell validering. Denna avhandlings
huvudsakliga m̊al är att identifiera de fysikaliska begränsningarna av akusto-
foresisk manipulation för submikrona aerosolpartiklar och studera metodens
kapacitet samt att jämföra experimentellt erh̊allna uppskattningar av akustiska
krafter med teoretiska modeller.

För att uppn̊a m̊alen s̊a konstruerades en m̊angsidig experimentell up-
pställning för att möjliggöra undersökning av effekten nyckelparametrar, s̊a
som tryck, amplitud, frekvens, flödeshastighet och geometri, har p̊a separa-
tionseffektiviteten av submikrona partiklar i luft. Tv̊a uppsättningar experi-
ment utfördes, där den första kvalitativt visade att akustisk manipulation av
submikrona partiklar i luft är möjlig och att den akustiska kraften följer de
trender predikterade av teoretiska modeller utvecklade för partiklar i inviskösa
fluider. I den andra serien mätningar uppskattades den akustiska kraften sub-
mikrona partiklar utsätts för med hjälp av kvantitativa diagnostiska verktyg.
D̊a dessa resultat jämförs med tillgängliga teoretiska modeller för de akustiska
str̊alningskrafterna blir det tydligt att ytterligare krafter behöver tas i beakt-
ning för dessa sm̊a partiklar. Storleken p̊a de krafter som observerades vid sub-
mikrona längdskalor är flera tiopotenser större än vad inviskös teori förutsp̊ar.

En potentiell tillämpning för akustofores undersöks i denna avhandlig,
nämligen elektro-nederbörd (ESP) mätare, och möjligheten att bist̊a dessa att
hantera mycket sm̊a aerosoler s̊a som luftburna virusbärande aerosoler. För
att identifiera bristerna i ESP-mätare som akustofores behöver bemästra, des-
ignades tv̊a ESP-mätare med plana respektive axissymmetriska elektriska fält.
Syftet var att i en vindtunnel kvantifiera inf̊agningseffektiviteten med avseende
p̊a partikelstorlek och lufthastighet. Resultaten visade p̊a begränsningar hos
b̊a da designerna när det kommer till mätning av submikrona aerosoler. D̊a
de utsätts för polydespergerande suspensioner beter de sig som l̊agpassfiler där
antalet minsta partiklarna i vilka luftburna virus förväntas återfinnas i under-
skattas, vilket i sin tur resulterar i l̊agt förh̊allande mellan signal och brus.
Resultaten visar däremot p̊a en möjlig tillämpning där akustofores av aerosler
används för att genomföra storleksbaserad partikelsortering som utförs innan
ESP-mätning för att öka känsligheten för l̊aga partikelkoncentrationer i dessa
system.



Nyckelord: akustoforesisk manipulation, elektro-nederbörd, aerosolpartiklar
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Preface

This thesis covers two main topics: first, the acoustic separation of submicron
particles suspended in air in a flow-through separator, studied experimentally
using two different diagnostic approaches. Second, the investigation of submi-
cron particle sampling in air using electrostatic forces. The first part of this
document provides an introduction to the separation and sampling of particles
in acoustic and electrostatic fields, followed by an overview of the experimental
setups and summary of the results. The second part consists of five papers;

Paper 1. Etienne Robert, Ramin I. Jajarmi, Markus Steibel, Klas Eng-
vall; Turbulence and geometric effects on the efficiency of continuous acoustic
particle separation in a gas, in proceeding of International Conference on Mul-
tiphase Flows, ICMF2013, May 2013, Jeju, Korea.

Paper 2. Etienne Robert, Ramin J. Imani, Jan Pettersson, Klas Engvall;
Acoustic separation of sub-micron particles in gases, in proceeding of Interna-
tional Congress on Acoustic, ICA2013, June 2013, Montreal, Quebec, Canada.

Paper 3. Ramin J. Imani, Etienne Robert; Acoustic Separation of Submi-
cron Solid Particles in Air, Ultrasonics, Volume 63, December 2015, 135-140.

Paper 4. Ramin J. Imani, Etienne Robert; Quantitative Measurement of
Acoustic Forces on Submicron Aerosol Particles in a Standing Wave Field, in
preparation for submission to journal of Aerosol Science and Technology.

Paper 5. Ramin J. Imani, Laila Ladhani, Gaspard Pardon, Wouter van
der Wijngaart, Etienne Robert; The Influence of Air Flow Velocity and Particle
Size on the Collection Efficiency of Electrostatic Aerosol Samplers, in prepara-
tion for submission to journal of Aerosol Science and Technology.

December 2016, Stockholm

Ramin Imani Jajarmi
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“Happiness lies in the joy of achievement and the thrill of
creative effort.”

Franklin D. Roosevelt (1882–1945)
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CHAPTER 1

Introduction

The suspension of liquid or solid particles in air (aerosols) can be the result
of several processes, anthropogenic or natural. These suspensions are funda-
mental to many industrial processes, such as the combustion of hydrocarbons,
the drying of food products and plasma-arc coating. They are also relevant in
several human health related phenomena, such as aerosolized medication deliv-
ery for pulmonary diseases and airborne microorganism transmission. Natural
processes however remain the main source for the emission of particles into
the atmosphere. For example through the erosion of land surfaces resulting in
dust, salt-spray formation in oceanic breaking waves, biological decay, forest
fires and volcanic eruptions. Because of this diversity of formation mechanisms,
airborne particles can be found with a wide spectrum of sizes and compositions.
Accordingly, aerosol science is the subject of a broad literature; for a review
of the field including the different types of aerosols with their associated size
range the interested readers is referred to the work of Sutherland (2011). This
information is summarized in Fig. 1.1, along with an overview of the typical
technical means available to treat such aerosols.

Aerosols have a major effect on life on earth; one important example is the
effect of soot particles on the Earth’s atmosphere. Soot is one of the byproducts
of combustion processes (e.g. fossil fuel, biomass). It is estimated to influence
climate twice as much as CO2, through changes in ice and snow albedo by
these black particles (Hansen & Nazarenko 2004). Additionally, suspended
soot particles in Earth’s atmosphere heats the air by absorbing sunlight, which
affect the atmosphere’s energy balance and cloud formation processes (Jacobson
2010). Fig. 1.2 shows a simulation of the global temperature change due to the
deposition of black carbon soot on snow and ice surfaces from 1880 to 2002,
with a mean warming of 0.17 ◦C. This warming is a substantial fraction of the
observed overall warming of 0.57 ◦C caused by other factors such as CO2 over
this period.

Particles suspended in gases are relevant at both global and local scales.
Globally, the sum of anthropogenic and natural emissions of particles drive
changes in the climate by altering the proportion of sunlight reflected or ab-
sorbed by the earth (Patlashenko 2015). Locally, the abundance of aerosols
in indoor or outdoor environments can have severe adverse health effects on
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2 1. INTRODUCTION

Figure 1.1: Airborne particles and their size range, along with conventional particle
treatment systems (Sutherland 2011).

exposed populations. The submicron fraction of aerosol particles pose a par-
ticular problem, as they have a very small mass relative to their surface area.
Inertial and gravity forces on these particles are consequently small compare
to aerodynamic forces and they can therefore remain airborne for a long time.
Hinds (2012) demonstrated that submicron particles can be transported by en-
vironmental air currents for thousands of kilometres from their original source.
This partly explains spread of hazardous radionuclides from the Chernobyl
and Fukushima-Daiichi accidents to neighboring countries (Christoudias &
Lelieveld 2013). Submicron particles also have a large surface area to vol-
ume ratio relative to larger particles, meaning that the reactivity of a given
amount of material increases as the particle size decreases (Oberdorster 2000).

Increasingly stringent regulation on particulate emissions are now being
enacted worldwide to protect human health and global climate. In Europe,
the Euro 5 and Euro 6 standards have imposed regulations on particle number
(PN) emission in addition to more common mass-based control, but only for
light- and heavy-duty diesel engine (Zheng et al. 2014). To meet these emission
standards and protect populations, several approaches can be implemented in
parallel depending on the situation: capture particle at the source to minimize
emissions, remove particles locally to provide a clean atmosphere when needed
and sample aerosols to characterize their content. Consequently, a strong mo-
tivation exists to develop and/or improve tools capable of separating, sorting
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Figure 1.2: Simulated 1880-2002 temperature changeresulting from the effect of soot
on ice albedo (Hansen & Nazarenko 2004), Copyright (2004) National Academy of
Sciences.

and sampling particle suspended in gases. The work presented in this thesis
focuses on the low end of the size range for aerosols, encountered in numerous
applications such as the gaseous exhaust of industrial processes or airborne
pathogen transmission. Despite this high relevance, effective abatement tools
for submicron aerosol particles are scarce, providing a strong incentive for the
present work.

In the following, the context motivating this thesis will be presented. First,
the effects of submicron particles in air will be briefly reviewed, to highlight the
importance of having tools to properly control them. Technical means currently
available for this purpose will then be discussed. Key challenges associated with
this problem and the specific objectives of the work presented here will finally
conclude this chapter.

1.1. Consequence of submicron aerosol particles

1.1.1. Effects on human health

Epidemiological studies have shown a clear association between the level of ex-
posure to submicron aerosols with non-biological origin and humans morbidity
and mortality rates (Halonen et al. 2009). Early works considered only the rela-
tionship between particle mass concentration and mortality. Several toxicolog-
ical and epidemiological investigations have since spotted a positive correlation
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between the number of fine< 2.5 µm and ultra fine< 100 nm particles in air
and increased rate of mortality (Pope et al. 2002), as well as incidence of car-
diovascular and respiratory diseases (Rückerl et al. 2007). The main exposure
route to airborne particles is through the respiratory system. Coarse airborne
particles 2.5-10 µm in diameter are stopped in upper respiratory system and
may be cleared by mucociliray actions (Cormier et al. 2006). Fine particles
however can penetrate the alveolar regions of the lungs, where a fraction may
cross the epithelium (Oberdorster 2000).

In his experimental work, Oberdorster (2000) showed that mice exposed to
ultra fine (< 0.1 µm) TiO2 particles exhibit a greater pulmonary-inflammatory
response compared to mice only in contact with fine TiO2 dust (250 nm), pre-
sumably due to the deeper penetration of ultra fine particles into the lower
branches of respiratory system. Human subject experiments also show an in-
crease of pulmonary symptoms following exposure to submicron particles, for
instance in asthmatic adults (Penttinen et al. 2001). In this last reference, a
stronger correlation was found between ultra fine particles and their adverse
health effect compared to fine and coarse particles.

The adverse health effect of airborne particles can go beyond the lungs and
respiratory system, with exposure also associated with increased cardiovascu-
lar morbidity and mortality (Disney 2004; Janssen et al. 2005). Laboratory
experiments on mice and rabbits showed the promotion of atherosclerosis, par-
ticularly from ultra fine particles (Araujo & Nel 2009). Timonen et al. (2005)
reported that the adverse cardiac effects are only the result of exposure to ultra
fine particles, through monitoring adults with pre-existing cardiac conditions.
The mechanisms by which inhaled ultra fine particles induce adverse cardiac
effects are not clear yet, but their impact has been modeled and occurs either
indirectly through pulmonary inflammation or directly by translocation to the
bloodstream (Mills et al. 2007; Rückerl et al. 2011).

The translocation of the insoluble part of aerosol particles can result in
the accumulation of toxic material in organs such as the liver, kidney, brain
or heart (Furuyama et al. 2009). Oberdorster (2000) and Elder et al. (2006)
even observed in laboratory experiments on rats the translocation of ultra fine
particles to the central nervous system. More worryingly, in an investigation
on residents of large cities, Calderón-Garcidueñas et al. (2008) associated neu-
roinflammation of healthy children and young adults who died suddenly to an
immune response from exposure to air pollution, inferred from an accumulation
of particles in the neurons of the olfactory bulb.

The health hazards posed by airborne particles not only depend on their
size but also on their shape and chemical composition. For instance, parti-
cles with sharp edges like asbestos are considered more dangerous compared
to smooth edged particles (Patlashenko 2015). Particles that contains poly-
cyclic aromatic hydrocarbons (PAH) and metals are considered carcinogenic
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and mutagenic, increasing oxidative stress and inflammation (Araujo & Nel
2009; Cormier et al. 2006). In an in-vitro experiments, Pietro et al. (2009)
showed widespread oxidative damage in human epithelial alveolar cells exposed
to oily fly ash containing transition metals.

Besides non-biological toxins, aerosols have also the ability to carry pathogens,
a fact known for over a century (Horrocks 1907). Their role as a mean of
transmission has since been the subject of a sustained research effort, both in
human and veterinary medicine. Many disease such as anthrax (inhalational),
influenza, and tuberculosis are caused by pathogens capable of being transmit-
ted through the air. Two distinct transmission routes are traditionally recog-
nized in the literature: droplet and airborne transmission. The World Health
Organization (WHO) uses a threshold particle size of 5 µm for the transition be-
tween droplet (big particles) and airborne transmission (small particles) (WHO
2007). This categorization was established when experimental means available
to measure very small airborne particles were limited. The distinction in prac-
tice is not that clear cut and is likely to be specific to a disease type and a set of
environmental conditions. When the sampling of droplet was relying essentially
on settling plates, it was typically assumed that only big droplets were present
near the source and that as they evaporate droplet nuclei were formed. These
can remain airborne for extended periods of time and it was consequently as-
sumed that droplets were responsible for short range transmission and droplet
nuclei were the vector for long range (airborne) transmission. We know now
that the droplet evaporation process is very fast in indoor air <10 s for 100 µm
water droplet (Xie et al. 2007) and that a broad range of particle sizes are
emitted through the bodily secretions of an infected host (respiratory activi-
ties, vomiting) or from biological wastes. Consequently, the airborne mode of
transmission mediated by very small particles can occur at any distance from
the source.

When the transmission is said to be mediated by droplets, the receiving
subject therefore has to be in the immediate vicinity of the source during or
shortly after particle emission. As these big droplets quickly settle to sur-
faces because of gravity, they are most significantly an agent in fomite (object
that can carry infectious diseases) transmission. Moreover, larger particles are
typically stopped in the upper airways and are therefore less likely to be re-
sponsible for the transmission of respiratory tract infections. Smaller droplets
settle slower or not at all considering the air currents typically present in in-
door environments. Consequently, they remain in the air for a longer time and
can reach a very small but stable diameter through evaporation. Such sub-
micron droplet nuclei can travel further from the source, penetrate deeper in
the airways when inhaled and effectively remain airborne until actively removed
through ventilation systems.
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1.1.2. Effects on the environment

Particles are ubiquitous in the earth’s atmosphere and originate either from
natural or anthropogenic processes on the surface of the earth or are formed
within the atmosphere itself. The physical and chemical composition of these
small particles influences their local- to global-scale environmental impacts;
affecting the radiative properties of the earth’s atmosphere, altering in the
hydrologic cycle, and changing the nutrient contents of oceans and soils (Gieré
& Querol 2010). Particles contribute to climate change in spite of their short
atmospheric life time compare to greenhouse gases by influencing the radiative
balance of the earth’s atmosphere. To quantify these perturbations, the so-
called radiative forcing (RF) term is often used to describe how a compound or
process affects the energy balance at the tropopause (IPCC 2007). A process or
molecules considered to cause global mean surface warming will have a RF>0
and the other way around, RF<0, if it results in cooling. The radiative effects
can be classified as direct or indirect.

For aerosols, direct effects are caused by scattering and absorption of solar
radiation by atmospheric particles themselves. As an example, dark atmo-
spheric particles, including black carbon or soot, absorb the incoming solar
radiation and warm their surroundings. Their deposition on ice and snow sur-
faces moreover substantially reduces the reflectance, or albedo. Other species
of particles such as sulfates and light-colored organic carbon, reflect incom-
ing radiation and thus counteract the warming caused by dark particles and
greenhouse gases.

Indirect radiative effect of particles in the atmosphere results from hygro-
scopic particles acting as cloud condensation nuclei precursors for the conden-
sation of water droplets-or as ice-forming nuclei. The extend of their influence
depends on their size, chemical composition, solubility and number density
(Gieré & Querol 2010). In polluted regions, the abundance of aerosol par-
ticles lead to smaller cloud droplets by 20-30% and higher total number of
droplets causing an increase in cloud reflectance by up to 25% (Ramanathan
et al. 2001), thus cooling the earths surface. Smaller polluted cloud droplets
are however less efficient at producing precipitation (Rosenfeld 1999, 2000) as
they have larger cross section per unit mass (Gassó et al. 2010), resulting in a
global increase in the cloud cover of the earths atmosphere (Stevens & Feingold
2009).

1.2. Aerosol treatment techniques

Separating particles from a gaseous or liquid medium is one of the classical
problems of fluid mechanics and is of critical importance for a broad range of
industrial and scientific fields. The following section presents a brief overview
of state-of-the-art aerosols treatment techniques by which particles suspended
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in a gas can be concentrated, sorted according to their physical characteristics,
removed or sampled.

1.2.1. Techniques based on inertia

Particles suspended in a fluid can be removed or sampled based on the rela-
tive difference between the inertia of the particles and that of the surrounding
medium. Typically, the particle suspension is accelerated to a high velocity
and then introduced into a path that causes an abrupt change in the direc-
tion of the flow. Particles denser than the fluid have much higher momentum
than the fluid and therefore deviate from the streamlines and strike a collection
wall resulting in their removal. This technique is widely used for the sampling
and removal of micron-sized particles from gases in different systems such as
cyclones and solid impactors (Lee et al. 2008; Verreault et al. 2008a). When
dealing with gaseous suspensions, the main advantage of aerosol treatment
techniques based on inertia are a low pressure drop and the capability to treat
very large volumes of air (Verreault et al. 2008a; Sutherland 2011). The sim-
plicity of the approach with no moving parts also makes it a robust system.
However, efficiency of systems based on inertia drops rapidly as particle size
approaches the submicron range (Peukert & Wadenpohl 2001; Yoshida et al.
2008).

Cyclones, with an example shown in Fig. 1.3, are widely used in industrial
applications to separate micron-size particles from gaseous flows (Seville 1997;
Hoffmann & Stein 2007). In this system, the suspension is accelerated and then
introduced tangentially into a long cylindrical shell to created a rotational
motion. Large particles make contact with the cylinder wall and fall to the
bottom of the chamber while small and light particles can follow the flow and
escape with the gas. Limited capture efficiency for submicron particles can be
improved by either increasing the inlet velocity or using additional separation
means. The former approach can however cause excessive stress on sensitive
particles (biological or aggregated particles) affecting their physical integrity
(Bourgueil et al. 1992; Wadenpohl & Löffler 1994; Stewart et al. 1995). Several
studies have used cyclones to sample biological particles in air, in which a
scrubbing liquid constantly is injected into the cylindrical shell and collected in
a bottle at its base (Errington & Powell 1969; Hietala et al. 2005). Hoffmann
& Stein (2007) demonstrated the removal of 90% (non-biological) particles as
small as 0.5 µm using a multi-stage cyclone, an impressive achievement for this
technique although their approach is not economical for large flow rates.

Solid impactors such as the Anderson and slit samplers, shown in Fig. 1.3,
are commonly used for sampling micron-sized pathogen-containing particles.
These samplers accelerate the particles through narrow holes or slits, with a
petri dish containing a culture medium usually placed downstream to collected
particles. Anderson samplers often feature a number of stages to trap par-
ticles of a specific size range at different locations. For example, a six-stage
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Andersen sampler can recover particles with diameters in six size bins, with
products available commercially covering the 0.65 µm-7.5 µm range and larger
particles collected first on the top stage. The size dependent information is
however limited to the number of stages used, with the lower limit of recovery
a function of the air inlet velocity and the size of the holes through which the
particle are accelerated. Slit samplers are often used to determine the particle
number density of micron-sized microorganisms as a function of time. The inlet
suspension is impacted onto a rotating petri dish containing a culture medium.
However, time-dependent information can only be obtained if samples are in-
cubated directly on the solid culture medium (Verreault et al. 2008a).

Cyclone

Slit sampler

Anderson sampler

Figure 1.3: Different types of solid impactors (Slit and Anderson samplers) and cy-
clone (Verreault et al. 2008a). Red lines and arrows represent the trajectory of airflow
into the sampler, while blue arrows represent the trajectory of airflow out of the sam-
pler. Reproduced with permission from the American Society for Microbiology.

1.2.2. Electrostatic Precipitators

As the name implies, electrostatic precipitators (ESP) rely on the electrostatic
force and on the different electrical properties of the phases present in a suspen-
sion to separate them. For aerosols, particles and surrounding air molecules are
electrically charged in the vicinity of an electrode, either with positive or nega-
tive polarity. A collecting surface with an opposite polarity acts as the counter
electrode and imposes the electric field, causing the migration and deposition
of particles (Hinds 2012).
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The major merit of ESPs is a higher collection efficiency in the submicron
range compared to inertial separation techniques, especially for ultra fine par-
ticles (Parker 1996; Miller et al. 1997). ESPs are extensively used in coal-fired
power plant, due to their relatively high efficiency to capture small fly ash
particles (Seville 1997; Lloyd 1988). ESPs also enable the low-stress collec-
tion of particles from air, i.e. the deposition velocity is much lower compared
to inertia-based techniques (Willeke et al. 1995). The robust and efficient
sampling of aerosols from large volumes of air for particle sizes relevant for
airborne pathogen transmission (<1 µm) using such ESP samplers has been
demonstrated and is still being investigated (Pardon et al. 2015). Other ad-
vantages are a low pressure drop, low maintenance cost, low power consumption
and long operational life.

The lowest collection efficiency of ESP samplers is in the 0.1 µm to 1 µm
size range and is on the order of 40-85% (Kutz 2015). However, the collection
efficiency increases for both larger and smaller particles as the particle charging
becomes dominated by field and diffusion charging mechanisms, respectively
(Mizuno 2000). The low-limit of the collection efficiency can be improved
by using a stronger electric field, although this is associated with a higher
generation of ozone. The production of ozone imposes limits on the use of ESPs
in residential applications as the presence of this reactive gas is detrimental to
the respiratory system. Other drawbacks include a low collection efficiency for
the removal of resistive aerosols and high capital cost.

Early attempts to use this technique as a tool for the sampling of biolog-
ical particles suspended in air date back to the first half of the 20th century.
Berry (1941) developed an electrostatic sampling apparatus, in which Serratia
marcescens bacteria particles were charged using an ionizer and collected on
an agar plate. The recovery rate of bacterial was not reported. A few stud-
ies reported on the complications involved with the operation of this technique
(Donaldson et al. 1982) compared to simpler techniques based on inertial forces.
For instance, the production of ozone at high relative humidities is believed to
affect the infectivity of recovered viruses (Cox 1987; Kettleson et al. 2013).

1.2.3. Filters

Filtration, besides gravitational settling, is probably the most frequently used
technique to remove particles from a gas, due to its simplicity and low cost.
Depending on the characteristics of the particles, fluid and environment, several
filter medium can be used; membranes, capillary pores, fibrous mats, sintered
metals and granular beds (Kulkarni et al. 2011). The first two options are
usually chosen in applications dealing with the sampling of particles.

In this technique, the particle removal process is governed mainly by three
mechanisms: interception, inertial impaction and diffusion (Hinds 2012). In
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general, diffusion dominates for submicron particles while larger ones are re-
move as they impact onto or are intercepted by the filter medium. As a result,
filters have a low collection efficiency for small particles as it is directly related
to the pore size. One of the main issues with the use of filters for the removal
of highly concentrate fine particles is the need for frequent filter cake removal.
A small pore size aimed at capturing small particles also implies a high pres-
sure drop and consequently high energy consumption. Filters are also used to
sample biological particles, such as polycarbonate, Gelatin and Polytetrafluo-
rethylene (PTFE) filters. However, the use of filters for this purpose can cause
structural damage, as well as desiccation, resulting in bias in culture analysis
(Kulkarni et al. 2011).

1.2.4. Hybird techniques

The efficiency of the majority of particle treatment techniques described above
drops quickly as the particle size approach the submicron range. This is either
the result of an intrinsic limitation of the physical mechanisms involved or of
practical concerns such as energy consumption or excessive ozone production.
One way to economically go beyond the limitations of individual techniques
with regards to small particles and enhance their overall efficacy is to use hybrid
approachs, where two or more systems are combined. For instance, a primary
system can be used to promote aggregation of small particles, followed by the
subsequent removal of the larger particles formed. Hybrid removal systems for
non-reactive particles typically rely on techniques either based on electrostatic
or acoustic forces for the primary stage. However, hybrid approaches are not of
interest for the sampling of biological particles, as the aggregation process can
cause changes in the chemical composition or damage the physical integrity of
biological constituents.

Systems based on electrostatic precipitation (ESP) are considered to be
an option to promote aggregation of primary particles as the electric charging
of aerosol particles can take place down to the ultra fine range (Hinds 2012).
Zhu et al. (2010) demonstrated the use of a bipolar pre-charger upstream of
an ESP system to enhance the collection efficiency for CaCO3 particles as
small as 0.2 µm, from 90% to 95%-98% due to charged induced particle ag-
gregation. In that study, the aerosol upstream of the main ESP was divided
into two parts, charged electrostatically with opposite polarities and mixed.
Electrostatically-promoted aggregation can also be combined with inertia-based
techniques (Peukert & Wadenpohl 2001) and fibrous filters (Miller et al. 1997).
Peukert & Wadenpohl (2001) reported 90% collection efficiency for 0.5 µm par-
ticles using a hybrid cyclone-ESP approach, but with no clear indication re-
garding relative improvement with respect to a baseline case.

Acoustic aggregation of submicron particles is another technique that has
recently attracted interest to process aerosols prior to subsequent removal by
conventional systems (Mednikov 1963; Scott 1975; Riera et al. 2015). The
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dominant mechanisms of aggregation for particles exposed to acoustic fields
are orthokinetic collisions and the acoustic wake effect (Riera et al. 2015). In
a polydispersed suspension, orthokinetic collision occur as particles of different
size and density are entrained differently by the oscillatory motion of the fluid
in the acoustic field. However, the acoustic wake effect is the dominant aggrega-
tion mechanism in a monodispersed suspension, causing the gradual attraction
of two particles aligned in the direction of acoustic propagation. Particles sep-
arated by a distance on the order of the displacement amplitude of the acoustic
field get closer gradually in each cycle as the trailing one experience less drag
in the wake the leading particles. Other phenomena, such as radiation forces,
acoustic streaming and turbulence can also play a role in promoting these in-
teractions (Riera et al. 2015). In general, the efficiency of particle aggregation
is dependent on the intensity and frequency of the acoustic field, the concen-
tration and size of the particles and the residence time of particles in the field
(Riera et al. 2015).

Practical development in this field began in the 1970’s; Gallego et al. (1979)
described an acoustic pre-conditioning chamber, where they achieved one or-
der of magnitude increase in the average size of carbon black particles (0.6 µm
to 9.6 µm). Liu et al. (2011) recently studied the controversial effect of sound
frequency on the aggregation efficiency for coal fly ash particles and concluded
that efficiencies as high as 75.3% can be achieved for all particle sizes with a
low-frequency sound field (1000-1800 Hz). Acoustic fields are now used beyond
only aggregation stages. For instance Moldavsky et al. (2006) reported that
sound waves can extent the operating time of fibrous filters, because acoustic
streaming can promotes an inhomogeneous deposition of particles on the filter
medium. In another study, Nelson et al. (2013) developed a method referred
to as acoustically enhanced impaction (AEI), relying on sound-induced oscil-
lation of bioaerosls particles in a high intensity acoustic field to increase their
impaction rate on fibrous media.

1.2.5. Challenges

Increasing concerns on the adverse effect of submicron particles on the en-
vironment and human health are a powerful motivation for the development
of aerosol treatment technologies. Aerosol treatment techniques refer here to
technological means by which particles suspended in a gas can be concentrated,
sorted according to their physical characteristics, removed or sampled. How-
ever, traditional tools used in different fields of research or industry still have
severe limitations that motivate further work, particularly for applications in-
volving submicron particles, for which collection efficiency is low and the choice
of technique is limited.

Important research challenge arises in the development of techniques aimed
at these small particles as their small inertia allow them to follow streamlines
very well. The first challenge therefore consists in finding ways to increase the
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particle collection efficiency for small particles. The crux of the problem resides
in the application of a force on particles that overcome aerodynamic effects
and allows them to cross streamlines. Aerosol treatment techniques based on
electrophoretic and acoustophoretic forces can provide such forces and are in
development to enhance the collection efficiency of fine particles. However,
in these techniques the force on particles decrease as particle size decreases
especially in ultra fine range. A promising approach consists of combining
several forces in hybrid approaches, as described previously.

Another challenge arises when shear-sensetive particles need to be concen-
trated and/or sampled. This is the case for the analysis of bioaerosol infectivity
and for the input stage of aerosol mass spectrometer systems. Shear is an is-
sue for the sampling of airborne pathogens, where solid and liquid impactors
are the norm. Aerosol mass spectrometer often use sampling techniques based
on inertial forces such as aerodynamic lenses (Liu et al. 1995) or virtual im-
pactors (Haglund & McFarland 2007) to capture particles from large volumes
of air. These sampling techniques invariably induce a high shear on particles,
increasing the likelihood of damage affecting the object of the study.

1.3. Objectives

The work presented here is motivated by the need to develop low-shear aerosol
treatment techniques suitable for both biological and non-biological particles,
with particular interest for the submicron range. Recent works in liquid-phase
acoustofluidics demonstrate that sound can provide desirable capabilities for
the treatment of suspensions, such as concentration or sorting according to
size or density (Gupta et al. 1995; Petersson et al. 2007). Similar techniques
can potentially be adapted to gas-phase applications. But several key research
challenges remain. The main purpose of the work presented here is therefore
to address these challenges and identify the realm of possibilities for acoustic
particle manipulation in gases. More specifically, the objectives of the thesis
are:

1) Investigate experimentally the feasibility of continuous acoustic separa-
tion of particles suspended in gases. The focus of the work is on the submicron
size range and it aims to identify the smallest particle size that can be manipu-
lated acoustically in a gas. A versatile flow-through resonator was built to per-
form these fundamental investigations, in which a standing wave is generated
across the height of a rectangular channel using an off-the-shelf electrostatic
transducer. This unique experimental facility allows for the investigation of
key questions in gas-phase acoustic manipulation, such as the quantification of
molecular effects as a function of particle size and the potential re-mixing role
of turbulence for high throughput applications.

2) Study experimentally the effect of key design parameters on the acous-
tic separation efficiency of submicron particles in air. A diagnostic technique
based on light scattering was used to provides qualitative information on the
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particle number density as function of position across the channel height. This
parametric study covered the effect of pressure amplitude, frequency of the
standing wave, average flow velocity and parallelism of the channel walls.

3) Quantify the net acoustic forces on sub-micron particles in a size range
where molecular effect are expected to be significant. These experiments are
performed with submicron particles in air with diameters (dp) on the same or-
der of magnitude as the mean free path of the air molecules (λm), i.e. Knudsen
number (Kn = λm

dp
≥ 0.1 ). Under these conditions, the interaction of air

molecules with the particles can no longer be reliably described by continuum
fluid mechanics. The separation channel mentioned above was modified and
equipped with a sampling system to send a fraction of the aerosol at different
heights across the channel to an on-line quantitative diagnostic system. A new
particle seeding approach was used to produce oil particles with high temporal
stability. The improved experimental facility allowed the quantitatively mea-
surement of both the particle number density and size distribution as function
of position across the channel height. This information enabled us to estimate
the net acoustic force on submicron particles suspended in air as a function of
particle size.

4) Characterize the performance of two portable electrostatic particle sam-
plers used in bioaerosol pathogen transmission studies, to identify opportuni-
ties where acoustically-mediated sampling could be beneficial. This study was
initiated following involvement in the Norosensor project, a EU-FP7 funded ini-
tiative aiming to build a near-real-time airborne virus sampling and detection
system. To properly assess the potential of ESP samplers, their capture effi-
ciency was evaluated as a function of the surrounding air velocity and particle
size in the NT wind tunnel facility at the KTH Mechanics Laboratory.



CHAPTER 2

Particles in Acoustic and Electrostatic Fields

In the following chapter, a historical perspective and the current state of the art
for the acoustic and electrostatic separation or sampling of particles suspended
in air is presented, along with a theoretical framework for both phenomena.

2.1. Acoustically mediated particle separation systems

Kundt & Lehmann (1874b) were the first to observe the effect of acoustic
forces on suspended dust particles, visible as striation within a standing wave.
A decade later, Rayleigh (1884) provided a theoretical explanation for the
unexpected phenomenon noticed by Dvorak (1876) of air currents in a Kundt’s
tube, with the associated entrainment of particles in these structures. He
emphasized the importance of viscosity in their formation and this acoustically
induced fluid motion is now called Rayleigh streaming. Wood & Loomis (1927)
later conducted a series of experiments to investigate the properties of high-
power ultrasonic vibration in liquid and solid media. They reported that a glass
disk of 150 gr can be suspended in an oil bath above a vibrating quartz plate
mounted at the bottom as a result of the sound radiation pressure. Inspired by
these studies, Patterson & Cawood (1931) set up an experiment in which they
reported accumulation of micron-sized particles suspended in air at the nodal
planes of a standing wave.

Early works around the turn of the 20th century such as those by Patterson
& Cawood (1931) and Wood & Loomis (1927) were for the most part considered
curiosities due to the lack of practical applications. The use of acoustics as a
tool to manipulate particles and cells in the life sciences changed this, starting
in the early 70’s with the in vivo observation of red blood cell aggregation in
the vessels of chicken embryos exposed to an ultrasound field, by Dyson et al.
(1971). This unprecedented experiment demonstrated the use of megahertz
acoustic waves to manipulate micron-size cells or particles suspended in liquid
media. Life-science applications for acoustic particle manipulation are now the
main driving force behind further developments, motivated by concentration,
separation and sorting capabilities. In the last two decades, the fast pace of
advances has revealed that acoustofluidic systems can be a robust alternative to
other cell manipulation techniques such as dielectrophoresis, magnetophoresis
and hydrodynamical systems (Lenshof & Laurell 2010). As such liquid-phase

14
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acoustic techniques are part of the motivation behind the work presented here,
this topic will be reviewed in Section 2.1.2. The literature related to the core
of the current work, namely the continuous acoustic separation of particles in
gases, is reviewed in Section 2.1.3, highlighting the few investigations done on
this subject.

2.1.1. Gas phase acoustic aggregation

Pressure waves, either traveling or standing, cause displacement of particles
within acoustic fields at different rates for particles of different size or density
(Cheng et al. 1983; Riera et al. 2015). In polydispersed suspensions, the rate of
collision between particles increases in an acoustic field, promoting aggregation
through the so-called orthokinetic effect (Riera et al. 2015). The first practical
application exploiting this with traveling waves was for the dispersion of nat-
ural water fog (Amy 1932). Brandt & Freund (1936) later patented another
application to reduce the processing times for the removal of industrial smoke,
dusts and fogs. During and after World War II, vigorous efforts were made
in the USA to develop powerful air-jet traveling sound generators (sirens) to
disperse fog on airport runways (Sinclair 1950; Boucher 1960). Fig. 2.1 shows a
schematic representation such as thermo-acoustic method of dissipating fogs in
which air is exposed to acoustic traveling field and forced convection heaters.
The results were positive under calm weather, but the system was ineffective
in moderate to high wind (5-6 m/s) conditions. Researches on aerosol treat-
ment using aerodynamic sound generators, whistles and sirens were abandoned
mainly due to their low efficacy, poor directivity and difficulties associated with
working in ultrasound frequencies (Greguss 1964).

After the 1950s there was an inactive period on the topic of gas phase acous-
tic particle manipulation research in the USA, but experimental and theoretical
investigations were carried out in the Soviet Union, Japan and Germany. A
comprehensive review by Mednikov (1963) covers the theoretical and experi-
mental developments up to the early 1960s. In Japan, extensive experiments
by Oyama et al. (1954) were performed on the sonic-inertial technique, which
was developed in 1947 by Ultrasonic corporation USA (Denser & Neumann
1949). This technique consists of a cyclone and an acoustic aggregation cham-
ber, connected in series. Oyama and his colleagues used this technique for the
precipitation of different aerosols such as zinc oxide, carbon black, sulphuric
acid, coke gas tar, and cracking gas condensate (Oyama et al. 1954).

In the 1970s, interest in acoustic particle aggregation techniques was re-
vived by the stricter air pollution legislation implemented in the USA, the Clean
Air Act Amendments (1970). Studies were published in the following years by
a number of groups around the world (Scott 1975; Cheng et al. 1983; Hoff-
mann & Koopmann 1997). Of particular interest are works by groups in Spain
and Germany investigating the development of new types of high-efficiency
and highly directional power piezoelectric transducers (Gallego-Juarez et al.
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Figure 2.1: Thermoacoustic method for dissipating airport fogs (Boucher 1960). 1)
Runway; 2) Thermoatomizer; thermally atomize hygroscopic substances in to air
to speed up water vapor condensation 3) Sound sirens; 4) Compressed air line; 5)
Compressor; 6) Electric power line; 7) Visibility meter; 8) fuel line.

1978, 1994). Understanding of the hydrodynamic mechanisms behind acous-
tic aggregation, especially acoustic wake effect, was increased through several
experimental and theoretical investigations involving both monodisperse and
polydisperse aerosols (González et al. 2000, 2002).

During the last decade, interest in the acoustic aggregation process has
been renewed once more as a result of numerous reports revealing the adverse
effect of submicron aerosols on human health and ecosystems. In this con-
text, acoustic aggregation is still mainly considered as a pretreatment stage
prior to conventional particle treatment systems (typically an ESP or a filter)
thus increasing the capture efficiency for particles in the submicron range (Ri-
era et al. 2006; Guo et al. 2012). Gallego-Juarez et al. (1999) developed a
multi-frequency acoustic preconditioning chamber combined with an electro-
static filter for the treatment of exhaust fumes from a 0.5 MW fluidized bed
coal combustor, demonstrating an improved capture efficiency of approximately
39% in the submicron size range. Guo et al. (2012) reported an increase in mass
removal efficiency of approximately 45% for submicron fly ash particles using
a two-stage acoustic and gas-solid jet system.
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Although there has been considerable progress in ultrasound and sonic
aerosol aggregation for the removal of submicron particles, a number of prob-
lems remain that hinder the widespread adoption of such systems. These are
highlighted in the recent work of Riera et al. (2015) and include the need for
very powerful sound generators to treat large-volume industrial streams and the
limited understanding of the frequency dependence of the aggregation process
for different particle sizes.

2.1.2. Liquid phase acoustic manipulation systems

The vast majority of the research efforts in the last few decades on the subject
of acoustic particle manipulation have been directed at life science applications
in the liquid phase. The resonators typically used have widths on the order of a
few hundreds microns and can be precisely fabricated using silicon etching pro-
cesses. Under those conditions, the frequency used is in the megahertz range
and very high acoustic intensity can be achieved, resulting in high acoustic
forces, from radiation pressure on the suspended particles. Acoustic manipula-
tion has been employed for different purposes in microfluidics systems such as
continuous flow-based manipulation (Lenshof et al. 2012), trapping (Evander
& Nilsson 2012) and positioning of cells (Dual et al. 2012). In the rest of this
section, the latest developments in continuous liquid-phase microfluidics acous-
tic manipulation are covered, with emphasis on techniques that can potentially
be adapted to gaseous flows.

Continuous particle concentration is a simple particle manipulation task
that can be performed in acoustofluidic systems. Typically, particles are fo-
cused into a single node in a half-wavelength resonator system, decreasing the
particle number density in the medium surrounding the nodal plane. In this
method, particles or cells experience a dominant acoustic force perpendicular to
the flow direction, generally towards pressure nodes, at the same time as they
are entrained by the bulk flow in the channel. The flow is then split into two
fractions, one enriched and one depleted, downstream of the acoustic region.
Yasuda et al. (1995) designed one of the early microfluidic continuous particle
concentrators using a quartz chamber of half-wavelength thickness, which was
able to focus particles in a single band. Particles were concentrated at the
pressure nodal plane of a 500 kHz ultrasonic standing wave and then removed
through a capillary tube introduced at the downstream end of the acoustic
region. An acoustic field with a 2.01 J/m3 energy density resulted in the col-
lection of 72% of particles through the capillary tube with a residence time of
approximately 4 s.

Another desirable feature of the continuous particle concentration approach
described above is the clarification of carrier medium from suspended particles.
However, this simple design might fail for dense suspensions from the overload-
ing of particles in the nodal planes. The result is contamination of the clarified
fractions of the medium, which can be avoided by relatively small changes in
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the geometry. For instance, Lenshof et al. (2009) designed a microfluidic sys-
tem in which cells were removed continuously from the enriched band through
a series of holes located in the middle of the channel. They thus developed a
plasmaphoresis chip capable of handling undiluted whole blood and of deliver-
ing clarified blood plasma.

Techniques have also been developed to perform advanced separation tasks
such as sorting and separation according to size or density. For instance, tech-
niques using Free Flow Acoustophoresis (FFA) controls separation through the
magnitude of the force field. Giddings (1985) was the first to suggest this
technique to achieve segregation in polydispersed suspension, with the parti-
cles that experience higher forces being translated quicker to the node across
a laminar flow. Particles can then be sorted continuously according to their
size from their different migration rates by controlling the residence time of the
suspension in the acoustic field. In this manner, the different particle fractions
can be extracted by dividing the laminar flow into multiple outlets. Using this
technique, Petersson et al. (2004) reported the separation of polystyrene parti-
cle mixtures into four groups of different sizes (2, 5, 7, 10 µm). Separation of red
cells, platelets and leukocytes was also reported using the same setup. Adams
& Soh (2010) developed a “band-pass” particle size filter, shown in Fig. 2.2,
by serially connecting two half wavelength FFA resonators. This configuration
required introduction of the mixed particle suspension at the channel side walls
and of a particle-free buffer through the main channel. They were using this
approach to extract a population with a narrow size distribution while dividing
the initial polydispersed suspension into three different size classes.

Figure 2.2: Schematic representation of a dual FFA system capable of forming three
different particle size classes form polydispersed suspensions (Adams & Soh 2010).
Reproduced with permission from AIP Publishing.

FFA can also be used to achieve separation when two types of particles with
significantly different acoustic contrast factors (Φ) are present. The acoustic
contrast factor is a parameter extensively used in modeling that links the time-
averaged radiation force on micron size particles in liquids to the density and
compressibility of both the particle and host medium. The acoustic radiation
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force is directed towards the pressure nodes for particle with Φ>0 and when
Φ<0 the force is in the direction of the pressure antinodes of the standing
wave. This separation approach was observed in the early experiments of Gupta
et al. (1995), who demonstrated the fractionation of polyethylene particles of
different compressibilities suspended in 30% glycerol. Petersson et al. (2007)
later developed the first microfluidic binary acoustophoresis separation system,
separating erythrocytes from lipid particles in blood. This approach can be
used for instance to remove lipid micro emboli from blood recovered during
and following cardiac surgery.

Separation according to size, density or compressibility can also be achieved
by periodically switching the frequency of the excitation to create a succession
of carefully crafted nodal patterns in the channel. Similarly to FFA, it is also
based on modulating the magnitude of the acoustic force experienced by par-
ticles when switching between different resonant modes of the channel. In
Fig. 2.3, a schematic representation of a possible mode of operation using fre-
quency switching is shown, for which the separation is achieved by alternating
between a λ/2 and a 3λ/2 resonance in the channel, reproduced from the work
of Liu & Lim (2011). Mandralis & Feke (1993) first studied this method, using
a cyclic bidirectional channel flow synchronised with a transducer operated al-
ternatively between two frequencies. Particles larger than a defined size could
then be translated to one end of the channel and smaller particles translated
to the other end. This approach requires knowing the entrainment distance of
particles at different heights within the Poiseuille flow profile in the channel and
the location of the nodal planes across the channel height for the two different
resonance frequencies. Major limitations of separation by frequency switching
include the requirement for very high dimensional precision and the stability of
the standing wave patterns formed in the channel, a difficult task when dealing
with temperature variations or heat dissipation by the transducer. The beauty
of this method is that the separation of particles with different sizes is only
dependent on the resonator actuation parameters and that no buffer flow is
required.

2.1.3. Continuous acoustic particle separation systems in gases

As described above, the acoustic manipulation of particles suspended in gases
has been investigated for over one century. Until recently, however the scope
of these investigations was often limited to application involving large scales
systems such as acoustic dispersion of fogs or particle aggregation in large
acoustic chambers. During the last decade, advances in micro-scale liquid phase
acoustofluidic systems have provided inspiration to adapt these techniques to
gaseous media.

Although continuous acoustic particle separation techniques developed in
liquid can potentially bring desirable capabilities in gaseous flows, only a small
number of investigations on this subject are available in the literature and they
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b)

a)

Figure 2.3: a) Trajectory of two particles with different diameter in a resonator
where two operational mode are used. b) Amplitude as function of time. Initially the
fundamental frequency, f1, is applied during period T1. During period T2, frequency
f3 = 3f1 is applied, translating particles to the node nearest to the sidewall, indicated
as A. Switching again to f1 causes a faster translation of larger particle toward node
C in the center of the channel. As frequency is again switched to f3, larger particle (•)
are already past node B and are translated to C, while smaller particles (+) translate
back to A (Liu & Lim 2011). Reproduced with permission from The Royal Society
of Chemistry.

are limited for the most part to particles several microns in diameter. For
instance, Anderson et al. (2002) compared the trajectory predicted for 20 µm
diameter water droplets in an acoustic field using a theoretical model and im-
ages captured in a flow-through separation channel. Budwig et al. (2010) later
investigated the continuous acoustic separation of glass microspheres suspended
in air with a size distribution from 2 to 22 µm. They employed split-flow frac-
tionation to divide the flow at the channel outlet in two streams and analyzed
the effect of sound waves on the size distribution observed in a settling cham-
ber. An off-line visualization approach using a microscope was employed to
evaluate the size distributions, a time-consuming process that only allowed
the investigation of four different frequencies around the expected fundamental
resonance of the channel. Recently, Imani & Robert (2015) and Ran & Say-
lor (2015) studied the acoustic separation of submicron particles in air. The
former is included in this thesis and covers the investigation of the separation
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of submicron solid particles in a flow-through resonator using a light scatter-
ing technique. The effect of several key parameters on the acoustic separation
efficiency is documented, including the pressure amplitude, the excitation fre-
quency of the standing wave, the average flow velocity and the parallelism of
the channel walls. Ran & Saylor (2015) studied the effect of aerosol size on
the direction of the net acoustic force. They observed a change in the di-
rection of the net acoustic force on water droplets in air with a diameter in
the range of 0.3±0.1 µm, compared with the direction for much bigger par-
ticles. These investigations however have only provided qualitative results on
the acoustophoresis of aerosols. To our knowledge, no previous studies compare
quantitatively theoretical models for acoustophoresis, which for most part as-
sume the fluid is a continuum, with experimental data for submicron particles
suspended in air.

2.2. Particles in acoustic fields: theoretical background

A region in a fluid having a different density and compressibility relative to
the surrounding medium will experience several forces when pressure waves
are present. Depending on the situation, these regions can be called particles,
bubbles, droplets or more generally occlusions. The net force acting on these
occlusions will obviously be the summation of all the forces resulting from the
physical mechanisms at play.

In a 1D plane standing wave field, an occlusion can experiences time-
averaged net force contributions resulting from radiation pressure, periodic
viscosity variation in compressible fluids and asymmetric drift (Mednikov 1963;
Czyz 1990; Ran 2014). For micron size particles in liquids the primary radi-
ation force usually dominates and results in a displacement of particle away
from their initial positions along the wave propagation axis, either towards
a pressure node or antinode. For aerosol particles however, especially in the
submicron range, the problem is not as simple and to understand the situa-
tion properly more physical mechanisms leading to acoustic forces have to be
considered. In the following, these forces are reviewed to reveal their order
of magnitude, the theoretical frameworks available to model them and their
parameter dependence. As the present investigation on acoustophoresis is re-
alized in air at ultrasound frequencies, this section begins with a theoretical
description of these pressure waves.

2.2.1. Ultrasonic standing wave

A standing wave field in the context of this thesis can be considered as one
where the spatial and time-dependent variation can be separated. Let’s start
with the simplest form of a wave, a 1D plane wave traveling in the positive y
direction in a fluid. This wave can be described by its pressure amplitude pa,
its angular frequency ω = 2πf and its wave number k=2π/λ, thus:
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p (y, t) = pa sin(ωt− ky) (2.1)

A 1D plane standing wave is then realized by considering the superposition of
two identical waves traveling in opposite directions.

p (y, t) = pa cos(ωt− ky) + pa cos(ωt+ ky) = 2pa sin(ωt) cos (ky), (2.2)

considering trigonometric identities we can write it down as follows:

p (y, t) = 2pa sin(ωt) cos (ky), (2.3)

A standing wave field has thus an amplitude twice the amplitude of the two
individual traveling waves and the temporal part is separated from the spatial
part. Thus we can call this a spatially harmonic standing wave.

2.2.2. Primary radiation force

King (1934) was the first to derive a comprehensive theoretical formula for
the time-averaged acoustic radiation force exerted on a rigid sphere in a plane
standing wave. He assumed a rigid spheres in an inviscid fluid within a 1D
plane standing wave with a small oscillation amplitude compare to it own size
during one period. He essentially calculated the time-averaged force on a fixed
solid particle by balancing the incoming and scattered acoustic energy into and
out of a control volume surrounding the particle.

This time-averaged primary radiation force can be divided in two com-
ponents: one axial and one lateral relative to the direction of acoustic wave
propagation. The axial component is responsible for the displacement of the
particles to the nodes or antinodes of the standing wave. The lateral compo-
nent packs the particles closer together, in the direction normal to the wave
propagation axis, in cases where a lateral gradient in the sound field is present
(Gröschl 1998).

King’s theory predicts that a particle should translate to either a pressure
node or a pressure antinode, depending on the value of what King called “the
relative density factor”. This factor is the ratio of the particle density to
that of the fluid in which it is suspended. The particle moves to a pressure
antinode if this ratio is less than 0.4 (light particle), while for higher values
it translates to a pressure node. King’s theory does not hold for spheres that
cannot be assumed to be rigid in comparison to the surrounding fluid. Yosioka
& Kawasima (1955) extended King’s theory to allow for compressible spheres.
They obtained an expression for the time-averaged primary radiation force on
a spherical particle of diameter dp in a 1D plane standing wave, with acoustic
energy density E = 1

4κsp
2
a, as follows:
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F r1D =
1

2
πkEd3

pΦ sin(2ky) (2.4)

where k is the wave number defined as 2π
λ , λ is the wavelength, y is the distance

from the nearest pressure node and pa is acoustic pressure amplitude. The term
Φ shown in Eq. 2.5 is often called the acoustic contrast factor, a function of the
particle density ρp and its compressibility κp in relation to the properties of
the surrounding medium (ρs, κs). In their work, Yosioka & Kawasima (1955)
expressed Φ as:

Φ =
5ρp − 2ρs
2ρp + ρs

− κp
κs

(2.5)

Gorkov (1962) further developed this theory by considering arbitrary acous-
tic resonant fields. The advantage of Gorkov’s formulation is the possibility to
calculate a time-averaged primary radiation force in any 3D resonant field on
a particle of volume V in an inviscid fluid with density ρ and speed of sound c
as the gradient of a force potential function U :

FPRF = −∇U = −∇V (
f0

2ρsc2
〈p2(r, t)〉 − 3

4
ρsf1〈v2(r, t)〉) (2.6)

Here the brackets 〈〉 denote time-averaging, p and v represent the pressure and
velocity acoustic fields, respectively, r is the position and t is the time. f0 and
f1 are monopole and dipole acoustic scattering coefficient and here describe
the scattering behavior of a particle in an acoustic field based on material
parameters of the particle and the inviscid fluid.

f0 = 1− ρsc
2
s

ρpc2p
= 1− κp

κs
, (2.7)

f1 =
2(ρp − ρs)
2ρp + ρs

. (2.8)

These theories however assume that the fluid around the particle is inviscid,
and as a result the dissipation of acoustic energy is neglected. Generally, this
assumption is only valid when the particle size (dp) is much larger than the
thickness of the viscous boundary layer (δs) which forms around the particles
in an oscillating flow (Rayleigh 1884; Landau & Lifshitz 1959),

δs =

√
2ν

ω
, (2.9)

where ν is the kinematic viscosity of the fluid and ω is the angular fre-
quency of the acoustic field. As an example, for a particle suspended in air
at room temperature and exposed to an acoustic field with a frequency of
60 kHz (close to the one used in this work), the viscous boundary layer is on
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the order of 8.5 µm. The inviscid theory is therefore of limited interest when
considering acoustic radiation forces on aerosols, as particles with diameter
larger than 8.5 µm are easily treated by conventional means relying on inertial
forces (Seville 1997). However, several applications in gaseous flows involve
submicron particles and these can potentially benefit from the development of
separation techniques based on acoustic forces. But for this purpose a reliable
and validated theoretical framework that includes viscous effects is required.

Expressions for radiation forces on a compressible particle in a viscous and
thermally conductive fluid were derived by Doinikov (1997a,b) and Danilov &
Mironov (2000), but their application is restricted to the limits of δs�dp�λ,
where dp is the particle diameter and λ is the acoustic wavelength. Recently,
Karlsen & Bruus (2015) further extended the radiation force theory for thermo-
viscous fluid droplets and thermoelastic solid particles suspended in a viscous
and heat-conducting fluid, with no restrictions on the thickness of the viscous
and thermal boundary layers, δs and δt, relative to the particle radius. Their
model revealed that for particles of size comparable to or smaller than δs and δt
considering thermo-viscous effects results in a significant increase in the mag-
nitude of the radiation force, which becomes orders of magnitude larger than
the value expected from the inviscid theory. However, these theories assume a
small oscillation for the particles within one cycle, which is not true of aerosol
particles in air. This topic will be further discussed in Section 2.2.5.

All theoretical frameworks that use the King approach in order to calculate
the primary radiation force on a particle in 1D plane standing wave share a
common form:

F r1D = CΦd3
pkE sin(2ky), (2.10)

Where C is a constant and Φ is the acoustic contrast factor, the sign of which
sets the direction of the acoustic force: either towards the pressure nodes (Φ >
0) or antinodes (Φ < 0). The differences in the aforementioned theories reside
in the evaluation of the constant C and in the expression used to calculate Φ.
The main challenge to accurately predict the acoustic radiation force consists
of obtaining the correct value for the acoustic contrast factor.

Theoretical expressions used to calculate the acoustic contrast factor have
evolved from initially simple formulations based only on the material properties
of the phases involved, shown in Eq. 2.5 (King 1934; Yoshioka & Kawashima
1955) to complex functions that also include the particle size and the frequency
of the acoustic field (Danilov & Mironov 2000; Karlsen & Bruus 2015). Re-
cently, Karlsen & Bruus (2015) defined an acoustic contrast factor ΦKB based
on thermo-viscous theory using a complex function of monopole (f0) and dipole
(f1) scattering coefficients, shown in Eq. 2.11. This expression is valid for a
broad range of particles and fluid media, though still with the restrictive as-
sumption on the amplitude of the particle in one cycle.
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ΦKB =
1

3
Re[f0] +

1

2
Re[f1] (2.11)

An example of the variation of ΦKB is presented in Fig. 2.4 as a function of
particle size for aerosols of DEHS and water, exposed to an acoustic standing
wave field with a frequency of 60 kHz. The inviscid theory predicts a constant
value of the acoustic contrast factor Φ = 5/6, independent of particle size.
The thermo-viscous theory predicts large deviations from the inviscid theory
for particles much smaller than the boundary-layer thickness, with ΦKB reach-
ing values two orders of magnitude greater than the limit for large particles
(Karlsen & Bruus 2015). For particles with a diameter much larger than δs,
boundary-layer effects are negligible and thus both the inviscid and the thermo-
viscous theories predict the same Φ = 5/6. As particle size decreases however,
the thermo-viscous theory predict a strong increase in the value of the acoustic
contrast factor, which also exhibits a non-monotonic behavior as particle size
decreases. This is due to the interplay between viscous effects in the dipole
and thermal effects in the monopole scattering coefficients. As the particle size
become smaller than δs, the viscous dipole scattering dominates, leading to a
positive increase in the acoustic contrast factor. Further decrease in the particle
size leads to thermal effects in the monopole scattering becoming significant.
The thermo-viscous theory predicts that in some conditions (like submicron wa-
ter droplet in air) the monopole scattering dominates resulting in a sign change
for ΦKB and finally to large negative contrast factors for very small particles.
Moreover, as discussed below, for very small particle sizes other forces become
significant and make it difficult to investigated the radiation force uncoupled
from other contributions. The experimental approach described in Chapter 3
and in Paper 4 was developed to estimate the net acoustic force for such small
aerosol particles, and the results presented in this thesis were for the most part
gathered using DEHS oil droplets suspended in air.

Recent thermo-viscous theories for the acoustic radiation force such as that
of (Karlsen & Bruus 2015) are very advanced and can be applied to a broad
range of situations but they still have limitations. These theories are achieved
by solving the wave scattering problem between the far and near field around a
particle and should therefore account for all phenomena in its vicinity. However,
one hypothesis made in these developments introduced a significant caveat: the
particles are assumed to remain stationary over one oscillation period.

2∆l

dp
' 2vp

w
' 2vs

w
� 1, for (dp � δs), (2.12)

where ∆l is the displacement of the particle in one period, vp is the particle
velocity and can be approximated by the oscillating medium velocity (vs) for
submicron particles in air. In other words, the particles are considered to be
unable to follow the oscillatory motion of the fluid induced by the pressure
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Figure 2.4: Acoustic contrast factor ΦKB for suspensions of DEHS oil and water,
plotted as a function of particles diameter in a standing wave field with frequency of
60 kHz.

wave and only respond slowly to time-averaged forces over time scales much
longer that the period of the acoustic excitation. This means that such the-
oretical approaches cannot account for particle displacements resulting from
the tendency of small particles with low Stokes number to follow the flow. In
medium oscillating with a high pressure amplitude on the order of 160 dB in
air, the instantaneous motion of the fluid and particles can reach 1-2 m/s at
kilohertz excitation frequencies. So for the aerosol particle considered in this
study violate the assumption of low displacement within a period on which
theoretical models for the acoustic radiation force are based.

Therefore, the radiation force can not provide alone a good estimate of
the the actual force exerted onto submicron particles in gases, as is typically
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assumed in liquid-phase acoustofluidics. In our situation, the so-called asym-
metric drift and viscous forces can be significant for small particles and even
exceed the acoustic radiation force, as discussed in Section 2.2.5.

2.2.3. Secondary radiation forces

In a plane standing wave, particles can experience a secondary radiation force
(SRF), in addition to the primary radiation force, as a result of the acoustic
energy scattered by other particles (Weiser et al. 1984). A simplified equation
for the secondary radiation force between two particles derived by Weiser et al.
(1984) is shown in Eq. 2.13. This equation is valid for λ� dp, l, where l is the
distance between the particles.

FSRF =
πd6

p

16

[
(ρp − ρs)2(2 cos2 θ − 1))

6ρsl4
v2(y)− ω2ρs(κp − κs)2

9l2
p2(y)

]
, (2.13)

Here θ is the angle between the line joining the particles centers and the
propagation direction of the incident acoustic wave (y), with v(y) and p(y) the
acoustic particle velocity and pressure, respectively. This force can be either
repulsive (positive) or attractive (negative) as function of the alignment of the
pair of particles with respect to the wave propagation direction. The first term
depends on the amplitude of the particle velocity v(x) while the second term
is dependent on the amplitude of the acoustic pressure p(x). The velocity-
dependent term is repulsive when the line between the particles is parallel to
the direction of acoustic wave propagation (θ = 0◦) and attractive when it’s
perpendicular (θ = 90◦). The pressure-dependent term is independent of the
orientation between the particles. As result of the 90◦phase shift between the
oscillating velocity and pressure, the pressure-dependent term diminishes as
particles are driven to the pressure node while the opposite is true for the
velocity-dependent term.

The primary radiation force dominates by far, typically being two orders
of magnitude larger than the secondary radiation force (Ter Haar & Wyard
1978; Woodside et al. 1997). The secondary radiation force however helps in
the formation of regions with higher particle concentration within the nodal
planes of the standing wave. Particles are initially translated to the nodes or
antinodes by the primary radiation force then, after the distances between them
become comparable to the particle size, the secondary radiation force assists
in further concentration. The magnitude of the secondary radiation force is
usually negligible due to the distance term l and only becomes considerable
when the distance between particles is on the order of a few particle diameter
(Crum 1971).
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2.2.4. Lateral forces

The acoustic field generated in practical resonators is rarely a pure 1D stand-
ing wave and as a result suspended particle can experience forces in directions
normal to the axis of wave propagation. Particle might then not only be trans-
lated to pressure nodes or antinodes, but also to other locations within energy
nodal planes called “hot spots” by Schram (1991). These inhomogeneities can
be the result of several phenomena: near-field effects due to geometric inter-
ference (Lilliehorn et al. 2005) or higher acoustic modes within the enclosure
(Townsend et al. 2006). It is also reported that the coupling of structural res-
onance modes with those of the fluid can play a role in lateral motion (Haake
et al. 2005), along with inhomogeneity in the sound source (Gröschl 1998).

The occurrence of lateral forces can be desirable in some cases and was
exploited in several studies to trap particles (Morgan et al. 2004; Lilliehorn
et al. 2005) at specific location in nodal planes. However, depending on the
manipulation approach implemented, lateral forces can also be undesirable and
detrimental to the performance. They may cause formation of large aggregates
resulting in sedimentation and blockage (Townsend et al. 2006). For the inves-
tigation presented here, aimed at the fundamental study of acoustic forces in
gases, these are undesirable and great care is applied to avoid them as their
superposition with the PRF complicates interpretation of the results.

2.2.5. Other forces on submicron particles in air

Since the 1950’s, several studies (Dukhin 1960; Mednikov 1963; Czyz 1990)
have considered other time-averaged forces besides radiation pressure to explain
particle motion in acoustic fields, such as asymmetric drift (Fa) and forces
caused by the periodic variation of the viscosity in compressible fluids (Fv).
These forces are particularly relevant for small particles with fast relaxation
times in air as they only become significant under those conditions.

In this section, to compare the magnitude of the different forces acting
on a particle they are normalized by (Fc), as shown in Eq. 2.14, where A is
the cross-sectional area of the particle. In this way, the normalized force is
independent of the acoustic energy density (Eac) and of the position of the
particle in the field. Fn is only dependent on the particle size and on the
frequency of the standing wave as well as on the material property of the
particle and surrounding medium.

Fn =
F

Fc
Fc = sin (2ky)EacA

(2.14)

The asymmetric drift force was formally introduced mathematically by
Dukhin (1960) and later expanded in several other studies, including those by
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Mednikov (1963) and Czyz (1990). This force describes a dipole oscillation for
particle within one period (T) of the acoustic field, due to the dissipation of
acoustic energy in the viscous boundary layer formed around the particle, the
direction of which changes sign after each quarter of period. Neglecting con-
current effects from other mechanisms, for a small (dp�δs) and dense (ρs�ρp)
particles in a standing wave, this mechanism becomes significant. For particle

with a relaxation time (τ =
ρpd

2
p

18µ ) comparable to the period (T ) of the acous-

tic field, the Stokes number (Stk = τ
T ) is of order unity, which means that

the particles can neither follow the fluid perfectly nor remain unaffected by
its oscillatory motion. As a result, the particles experience some advancement
or retardation during each period with respect to the surrounding fluid. Eq. 4
shows the expression for the asymmetric drift force developed by Mednikov
(1963) by solving the time-resolved trajectory of a particle in an oscillating
medium, including a history term that accounts for the dipole oscillation of the
particle.

Fa = − π

24
Ekd3

pµp

[
9

2
(b2 + b)µg + (3 +

9

2
b)µp

]
sin (2ky), (2.15)

Here µp is the entrainment coefficient of the particle (µp =
√

1
1+ω2τ2 ),

quantifying the propensity of the particles to follow the surrounding fluid, µg

is the flow-around coefficient (µg =
√

1− µ2
p) and b is 2δs

dp
. In Fig. 2.5 the nor-

malized asymmetric force for an oil particle in air (
ρp
ρs
' 1000) is compared with

the normalized acoustic radiation force calculated while taking into account a
size dependent dipole scattering coefficient (f1) in the thermo-viscous theory
of Eq. 2.11.

These results show that for oil particles in air the asymmetric drift and
the viscous forces tend to displace particles to the pressure antinodes while the
acoustic radiation force is directed at pressure nodes. The dipole part of the
thermo-viscous radiation force has a different sign with respect to the asym-
metric drift force for particle > 100 nm. The dipole part of the thermo-viscous
radiation force dominates the monopole contribution for submicron oil parti-
cles. As discussed by Karlsen & Bruus (2015), the magnitude of the monopole
coefficient in some case, such as air-water suspensions, grows with decreasing
particle size and this can result in a reversal for the net radiation force for very
small particles, that would be then directed towards the pressure antinodes.
However, considering the properties of DEHS oil and air, the thermo-viscous
theory of Karlsen & Bruus (2015) does not predict such reversal in our case.

Another acoustic force was noted by Westervelt (1950), which results in a
particle drift from the periodic variation the viscosity in the fluid surrounding
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the particle, from the changes in temperature following its adiabatic compres-
sion and rarefaction. This force has since been mentioned in the studies of
Mednikov (1963) and Czyz (1990), shown in Eq. 2.16. A similar phenomenon
is considered in the thermo-viscous theory, described in Section 2.2.2, that takes
into account the periodic temperature variation of the fluid, giving rise to a
monopole radiation component and to the development of a diffusive thermal
boundary layer around the particle. Consequently, the so-called viscous force
(Westervelt 1950) and the monopole part of radiation force in the thermo-
viscous theory both predict a drift of oil particles in air towards pressure antin-
ode, as shown in Fig. 2.5.

Fv =
3µπ

ρscs
(χ− 3)dpµ

2
gE sin (2ky), (2.16)

In this expression, µ and χ are the dynamic viscosity and specific heat
ratio (χair ' 1.4), respectively. As presented in Paper 4, we consider the
summation of the asymmetric, viscous and radiation forces contribute to the
net acoustic force resulting in the displacement of DEHS oil aerosol particles.
Additionally, as the properties of our aerosols violate one critical assumption
made in models for the acoustic radiation force, an effective acoustic contrast
factor is identified that closes the discrepancy between these models and our
quantitative experimental data.

Comparison between different approaches to predict the trajectory of the
oil particles in air reveal the following: the sum of the asymmetric drift (Fa),
viscous (Fv) and radiation forces correctly predicts the the direction of the par-
ticle translation, matching reasonably well with observations. The difference
between model predictions of these forces and experimental observations can
be explained by numerous phenomena. One of this phenomena is the presence
of significant acoustic radiation force. However, currently available models to
calculate this acoustic radiation force do not predict a value for it that can
account for the difference with the observations. For instance, the model by
Karlsen & Bruus (2015) predict a radiation force with direction opposite to
what would be needed to match with our observation of net acoustic force.
This is understandable because a significant assumption is made in the de-
velopment of these models, namely the negligible particle displacement within
one period, i.e. a long relaxation time for the particle compare to the period
of the acoustic field. With this in mind, one can calculate what size-dependent
acoustic contrast factor would result in the net acoustic force matching with our
observation. The result and discussion on this analysis is presented in Paper 4.
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Figure 2.5: Acoustic forces acting on a particle in standing wave field as a function
of particle diameter, normalized by Fc = sin (2ky)EacA, for DEHS oil particles in air
excited at 60 kHz. Positive and negative forces result respectively in a migration of
particle towards pressure node and antinode of a 1D plane standing wave.
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2.3. Electrostatic particle sampling systems for aerosols

The collection of aerosol particles using electrostatic forces is a widely used
technique in several industrial applications (Parker 1996; Boelter & Davidson
1997). This approach can be used for both removal and sampling of particles
suspended in a gas (discussed in Sec. 1.2.2). This versatility means that the
literature on the use of electrostatic forces to treat aerosols is very broad. As the
application considered here concerns the sampling of biological particles, the
following review will focus on this topic. Early attempts to use the electrostatic
force as a tool for sampling biological particles suspended in air date back to the
first half of the 20th century. Berry (1941) developed an electrostatic sampling
apparatus in which Serratia marcescens bacteria were charged using an ionizer
and collected on an agar plate. The recovery rate of bacteria was not reported.
Gerone et al. (1966) later developed a large-volume electrostatic air sampler for
the US Army in order to gather viruses suspended in air at very high flow rates
of up to 10,000 liters per minutes. In these studies, sampling was achieved
using a strong corona discharge known to produce reactive species such as
ozone and nitrogen oxides as by-products, which can affect the viability of
the pathogens contained in the bioaerosol particles (Cox 1987). Consequently,
although electrostatic samplers are simple and relatively effective, they are not
generally suitable for infectivity studies.

Despite this limitation, systems based on electrostatic precipitation remain
an attractive tool (Mainelis et al. 2002; Hogan et al. 2004; Madsen & Sharma
2008; Tan et al. 2011; Roux et al. 2013) for the sampling of biological aerosols.
Desirable characteristics include low power consumption and low mechanical
stress imposed on the particles, i.e. the deposition velocity is much lower
compared to inertia-based sampling (Willeke et al. 1995). However, for this
technique to become a robust sampling method for infectivity and viability
studies, challenges remain to minimize the sampling duration and improve the
limit of detection without affecting the infectivity of the pathogens transported
through the air.

2.4. Particles in electrostatic fields: theoretical background

In electrostatic precipitators (ESP), particles acquire a charge when they come
in contact with ionized air molecules produced by a corona discharge, created
by a high curvature electrode (Hinds 2012). A schematic of the charging process
for air molecules and particles in a negative corona is shown in Fig. 2.6. In a neg-
ative corona, where electrons gain enough energy to discharge from the metal
electrode causing the ionization of nearby air molecules. A charge transfer from
the ionized air molecules to the incoming aerosol particles later occurs through
an avalanche effect when they come into contact (Trichel 1939). Ionization is
estimated to occur in the vicinity of the corona, in a region extending approx-
imately 300% to 500% of the electrode radius of curvature (Chen & Davidson
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2003). Beyond this ionization zone, in the unipolar ion region, only anions of
air molecules exist. These anions are transported by the electrophoretic force
towards a positive counter electrode that acts as the collection surface.

Figure 2.6: Schematic representation of reactions, charge transfer and particle dis-
placement; in a negative corona discharge (Chen & Davidson 2003). Reproduced with
permission from the Plasma Chemistry and Plasma Processing.

Several transport mechanisms are responsible for particle displacement in
an ESP: acceleration of charged particles due to the electric field, Brownian
motion, momentum transfer due to particle collisions and forced convection.
The former and the latter are expected to dominate the other two in the context
of aerosol sampling (Parker 2003), and therefore only these will be discussed
here.

In an ESP particles can accumulate a charge following two mechanisms:
diffusion and field charging (or a combination of both) depending on the par-
ticle size. Diffusion charging occurs via random collisions between ionized air
molecules and aerosol particles due to Brownian motion and does not depend
on the particle material. Alternatively, field charging occurs when particles
encounter unipolar ions in the presence of a strong electric field.

The amount of charges n(t) acquired via diffusion charging over time (t)
by a particle of diameter dp can be estimated as:

n(t) =
dpkT

KEe
· ln
(
+

πKEdpcie
Nit

kT

)
(2.17)
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where ci is the mean thermal speed of the ions, Ni is their concentration and
t is the charging time for particles per unit volume. This last parameter is
typically larger than 1012 s/m3 for particles of diameter 0.07 to 1.5 µm and
larger than 1013 s/m3 for particles of diameter 1.5 to 40 µm. Finally, KE =

1
4πε0

= 9×109 N ·m2/C2 is a constant of proportionality, with k the Boltzmann

constant, T the temperature in Kelvin and e the charge of the electron (Hinds
2012).

Field charging results from ionized air molecules being accelerated by an
electric field and colliding on their trajectories with aerosol particles, which
locally deform the electric field with a magnitude proportional to their dielectric
constant ε. In this case, the amount of charge n(t) acquired over time (t) in
an electric field E can be estimated as:

n(t) =

(
3ε

ε+ 2

)(
Ed2

p

4KEe

)
︸ ︷︷ ︸

Saturation charge

(
πKEeZiNit

+ πKEeZiNit

)
(2.18)

where the electric mobility of the ions Zi is approximately 150 ×10−6m2/V · s
and (ε) is the dielectric constant, which is for example greater than 80 for
salty water. The first two factors represent the saturation charge as a function
of the dielectric constant, of the particle surface area and of the electric field
strength. The last factor represents the charging level until saturation, with
the charging rate mostly dependent on the ion concentration (Ni). Under a
typical ion concentration of 1013 s/m3, the time constant is on the order of a
few seconds.

A comparison of the two charging phenomena reveals that field charging
is dominating for particles dp > 1 µm, while diffusion charging is the main
mechanism for particle sizes dp < 0.1 µm. The situation is more complicated
for particles in the size range between 0.1 µm and 1 µm, where charging is more
difficult following both mechanisms.

Finally, one can also find an expression for the migration velocity (ωth) of
particles as a function of their charge and size (Parker 2003):

ωth =
ninfE

πµdp
× C ≈

E × dp C
µ

(2.19)

where, µ is the dynamic viscosity of the fluid medium and C0 = 1 + 1.246 ×
2λ/dp + 0.42 × 2λdp × exp(−0.87dp/2λ) is the Cunningham correction factor
for the Stokes drag accounting for molecular flow effect on small particles. In
this last expression λm is the mean free path of air molecules. As can be seen
in Fig. 2.7 the migration velocity ωth passes through a minimum for particles
size between regimes dominated by field and diffusion charging, from 0.1 to
1 µm. This intrinsic limitation of ESP is a significant drawback for bioaerosol
sampling, where submicron particles are targeted when dealing with viruses.
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Other phenomena that can exert forces on particles and cause their deviation
from their original trajectories, such as acoustophoresis and magnetophoresis,
are therefore sought to compensate for the low efficiency of ESPs to collect
submicron particles.

Figure 2.7: Theoretical electrostatic migration velocity as a function of particle size,
calculated with a particle electrical permittivity of ε = 10, for three different electric
field strengths and with a temperature of 150 ◦C for the surrounding air (Parker 2003).



CHAPTER 3

Experimental facilities

3.1. Acoustic separation

In this section, the experimental facilities used to qualitatively and quanti-
tatively measure the continuous separation of submicron aerosol particles are
presented. To achieve the objectives pursued, the project included the devel-
opment of a versatile separation channel as well as the integration of particle
seeding, sampling and diagnostic means. The unique feature of the approach
implemented is the quantitative measurement of the particle size distribution
and number density in the submicron range, as a function of the position in
a standing wave acoustic field, providing an opportunity to estimate the net
acoustic force on particles.

3.1.1. Acoustic separation channel

The simple flow-through resonator used in this thesis was designed to investi-
gate the effects of a wide range of parameters on the acoustic separation effi-
ciency. In its first implementation (Mark I), shown schematically in Fig. 3.1,
qualitative information on the particle number density in the channel was ob-
tained through light scattering. The separation channel has a 30 mm wide
rectangular cross section, with variable height (H) adjustable from 0 to 20 mm
and a length eight times its width. The side walls are made of Plexiglas with
glass inserts, providing optical access to the separation region. The bottom and
the top (reflector) surfaces of the channel are made from aluminum, ensuring
good sound reflection from the large acoustic impedance differences with air.
The gas velocity through the channel is regulated by flow controllers (Teledyne
Hastings HFC-202) either upstream or downstream of the acoustic region, de-
pending if air is being forced in (push mode) or sucked out (pull mode) of
the channel. In the former case, as shown in Fig. 3.1, the flow is regulated
by a single flow controller connected to a clean compressed air supply. The
flow is conditioned upstream of the separation region in a chamber featuring
three rows of fine grids followed by a diffuser to damp turbulence and ensure a
Poisuille-type velocity profile over the transducer.

A commercially available electrostatic broadband transducer (SensComp,
Open face 600) is flush mounted into the bottom surface of the channel. It
can generate high amplitude ultrasound at frequencies in the 50 kHz to 80 kHz

36
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range, corresponding to channel heights of 6.86 mm to 4.28 mm, assuming that
a full wavelength is desired in the resonator. Electrostatic transducer consist
of two electrodes: the first is a flexible metal-coated plastic film and the other
is a rigid textured metal plate. When an oscillating voltage is applied between
the two electrodes, the film vibrates and sound is emitted. The frequency re-
sponse of the transducer is a function of the weight and tension of the vibrating
membrane as well as of the thickness of the air layer trapped between the two
electrodes. This response can not be adjusted with the transducer used and
for this reason the experiments in terms of sound frequency and amplitudes
were designed taking into account the characteristic of the components avail-
able. The active face of the transducer is a circle 38.4 mm in diameter and it is
capable of generating sound pressure amplitudes up to approximately 160 dB
(reference pressure = 20 µpa), as measured using a pressure field microphone
(type 4138 1/8 ′′ Brüel and Kjaer). This amplitude is measured when the
transducer is driven by a sinusoidal high voltage signal, produced by a func-
tion generator (TG1000, TTi Ltd.), and intensified by an amplifier to 400 V
peak-to-peak amplitude with a 200 V DC offset.

Alternatives means available for ultrasonic sound generation in air in-
clude electromagnetic, piezoelectric and magnetostrictive transducers. How-
ever, these transducers are not ideal to address the objectives of this work, as
they are subject to limitations such as poor impedance matching with air, low
amplitudes of vibration or narrow operational frequency range (Gallego-Juarez
et al. 1978).

3.1.2. Particle generation system

Particle generation systems available to seed solid or liquid particles into
gaseous flows can broadly be categorized in two groups: powder dispersers and
aerosol atomizer using a liquid feedstock. In powder dispersers, solid particles
are placed in contact with a gas flow and entrained in various configuration to
yield devices such as fluidized beds, dust feeders (Wright 1950) and rotating-
table particle generators (Hattersley & Tye 1954). In aerosol atomizers, small
droplets are generated, generally through aerodynamic effects, with optional
drying of their water or solvent content to yield solid particles. Several means
are available to generate the droplets, including intersecting an air jet with
a liquid film (Liu & Lee 1975) or using carefully controlled mechanical forces
to produce a thin liquid jet that breaks up into droplets (Iida et al. 2014), a
process analogues to inkjet printing.

The parameters of importance for particle seeding in the present work are
the temporal stability in terms of number density and size distribution, as well
as ensuring sufficient concentration for all flow rates investigated. Temporal
stability is a significant issue as most of the particle generation means described
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Figure 3.1: (a) Schematic representation of the Mark I experimental setup. The gas
flow is seeded with particles in a fluidized bed (1) before being sent to a stabilization
chamber (2), upstream of the separation channel (3). The position of the reflector
wall (4) is adjusted by two manually controlled micrometers (5).

above involved turbulent flows, highly sensitive to liquid and gas flow rates as
well as to the pressure drop across the seeding unit. An interesting approach
to benefit from the simplicity of aerosol atomization while improving stability
is to submerge the nozzle in the liquid feedstock, the so-called Laskin mode
(Sabroske et al. 1996). In the present work, a fluidized bed and an aerosol
atomizer in Laskin mode are used to respectively produce polydispersed sus-
pensions of solid and liquid particles. These techniques and the aerosols that
they produce are described in details in the following.

3.1.2a. Fluidized bed seeder.

The fluidized bed seeder used, shown schematically in Fig. 3.2a) consists
of a powered-filled cylinder with a porous metal plate at the bottom, below
which clean air is supplied. The flow rate through the bed is regulated by a
flow controller (Teledyne Hastings HFC-202) that can be operated in the 0 to
10 SLPM (Standard Liters per Minutes) range with ±0.3% full scale accuracy.
Solid particles located above the porous plate are entrained by the air flow
when the drag force exceeds their weight. The amount and size distribution of
the material seeded into the air flow is therefore dependent on the gas velocity
in the fluidized bed. To minimize changes in the output the bed height is kept
at an approximately constant level and it is stirred continuously to avoid the
formation of channels in the bed material. The fluidized bed yields an aerosol
with high total number density for relatively big particles while still in the



3.1. ACOUSTIC SEPARATION 39

submicron range, making the visualization of the nodal pattern formed in the
separation channel possible through optical means.

TiO2 particles (LaVision GmbH) with a nominal diameter of 150-250 nm
were used for seeding. The actual size distribution was measured using a Scan-
ning Mobility Particle Sizer (SMPS, TSI 3080/3010). The characterization of
a new and an old batch of TiO2 is shown in Fig. 3.2b), revealing that particles
that had remained in the seeder for a extended time are significantly bigger,
with a distribution centered at 400 nm and extending to larger sizes, possibly
because of agglomeration or selective removal of small particles by the seeding
process. This fluidized bed seeder has relatively poor temporal stability, the to-
tal number density of particles produced having a standard deviation of ±15%
of the mean over 10 min periods for the size range investigated (100-700 nm).
An example of measured fluctuations in the number density for 500 nm parti-
cles over a 200 s timespan can be seen in Fig. 3.2c). The relatively short periods
with constant particles number density and size distribution makes this tech-
nique only suitable for the visualization of the particle-enriched bands formed
within the separation channel and for the qualitative measurements described
in Sec. 3.1.3b.

3.1.2b. Aerosol atomizer.

The second flow seeding technique used in this work is an aerosol atomizer
(TOPAS ATM221) in Laskin mode, shown in Fig. 3.3a). The supply pressure of
the atomizer can be adjusted between 0.5 and 2.5 bar, resulting in aerosol flow
rates of 5.5 to 6.5 SLPM. This atomizer features an excellent temporal stability
(less than ±1.5% standard deviation with respect to the mean value over hours
of operation) in the droplet size distribution and number density for various
oily liquids, e.g. Di-Ethyl-Hexyl-Sebacat (DEHS), Poly-alpha-olefin (PAO) or
paraffin. Examples of the size distribution and temporal stability obtained us-
ing DEHS oil as feedstock are presented in Fig. 3.3c) and d), respectively. A
diluter is employed, as shown schematically in Fig. 3.3b), to reduce the total
particle number density below the upper detection limit of the diagnostic sys-
tem used. The diluter provides a 1:100 dilution ratio and consists of a long
Plexiglas cylinder, open at both ends, with two L-shaped pipes located 1.5 m
apart used to supply the concentrated and remove the diluted aerosols. A
suction duct is placed at the downstream end of the diluter to pull out the
diluted aerosol and provide it to the separation channel, operated in ”pull”
mode. This approach ensures high stability and reproducibility for the particle
number density, with a negligible drift over 8 hours of operation, sufficiently
long to sample at several locations across the channel height.

3.1.3. Diagnostic means

The experimental quantities of interest in this project are the particle size
distribution and number density as function of position across the channel
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Figure 3.2: a) Schematic representation of the fluidized bed seeder used to disperse
TiO2 particles. b) Size distribution of TiO2 particles, normalized by the maximum
number density, measured with SMPS. The total particle number densities are on the
order of 1×105particles/cm3. c) Temporal stability of the number density for 500 nm
particles, ±15% of the mean value.

height. To measure these, two different diagnostic approaches were employed:
The first is based on light scattering while the second is based differential
mobility and requires sampling part of the flow in the channel.

3.1.3a. Optical measurement of particle number density.

A simple method based on laser light scattering was used to provide qual-
itative information on the particle number density as a function of position in
the channel. This technique has the ability to quickly yield a 2D visualization
of the particle concentration field and therefore allows the investigation of a
wide range of parameters.

A schematic representation of the optical setup is provided in Fig. 3.1. A
thin laser sheet parallel to the flow is used to illuminate the region immedi-
ately upstream and downstream of the transducer. The light sheet is created
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Figure 3.3: a) ATM221 atomizer and schematic representations of the submerged
nozzle. b) Dilution approach. c) Particle size distribution, normalized by the maxi-
mum number density, measured with the SMPS. The total particle number density
is on the order of 1 × 106particles/cm3. d) Temporal stability of the number density
for 800 nm particles, ±1.5% of mean.

by a diode laser and two plano-convex cylindrical lenses in Keplerian configu-
ration. It is inserted through the downstream opening, along the mid-plane of
the channel. The entrained particles scatter light which is captured by a cam-
era (Nikon D7000) positioned orthogonally to laser sheet. It is assumed that
attenuation of scattered light by other particles is negligible as the particle
concentration falls in the dilute regime (Baker & Lavelle 1984; Gnirß & Tropea
2008). Accordingly, the intensity of each pixel in the image is expected to be
proportional to the particle number density at that location. The images are
exposed for a sufficiently long time ( 1

3 s) to provide a high signal-to-noise ratio.
Consequently, individual particles are not resolved but rather their trajectories
are integrated. An example of an image acquired using this technique is pre-
sented in Fig. 3.4. The images are processed using Matlab to yield a figure of



42 3. EXPERIMENTAL FACILITIES

Transducer

Figure 3.4: Distribution of particles across the channel height in the presence of sound
excitation at the frequency for optimum separation. The image is inverted, thus the
dark and light colors indicate particle-enriched and depleted regions, respectively.

merit that can be used to assess the effect of different parameters on the sep-
aration efficiency. In the following, the efficiency of separation is evaluated at
the conditions of optimal resonance, where the separation effect is most visible
in the channel. This corresponds to the a double particle-enriched band for-
med at the antinodal pressure planes expected in a full wavelength resonator,
shown in Fig. 3.4. These particle-enriched bands will be discussed further in
Section 3.2.3. Signals for the particle number density are extracted from the
images through integration of the light intensity in sections upstream (REF)
and downstream (SEP) of the transducer, as shown in Fig. 3.5.

The migration of particles close to the reflector wall and transducer face can
be difficult to resolve due to light reflections. Consequently, only the central
part of channel is investigated, from H/6 to 5H/6. To account for artifacts
such as background noise and fouling of the windows, reference images are
taken frequently without flow and sound in the channel and subtracted from
the images analyzed.

Using the two signals obtained from the REF and SEP sections of the
image, several efficiency metrics have been defined and tested to identify a
formulation that can appropriately capture the effects of the parameters inves-
tigated. These efficiency metrics are:

1. The ratio of the collected light intensity within particle-enriched bands
(dark grey in Fig. 3.5) in the SEP region relative to the same location
in the REF region.

2. The ratio of the difference between collected light intensity within the
particle-enriched (dark grey) and particle-depleted (light grey) bands
of the SEP region to the collected light intensity within the particle-
enriched bands in the SEP region.

3. The ratio of the difference between collected light intensity within particle-
enriched bands in the SEP and the same location in the REF region, to
the average light intensity in the REF as a whole.
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4. The ratio of the collected light intensity within particle-depleted bands
in the SEP to the collected light intensity within the particle-enriched
bands in the SEP.

5. The ratio between the maximum magnitude on light intensity in the
double particle-enriched bands in the SEP to the minimum in the central
depleted region in the SEP.

Similar results can be obtained by using two distinct images, comparing the
signal obtain in the SEP section on images acquired with and without sound
excitation. Taking the REF section in a different image but at the same location
as the SEP ensures that eventual separation effects caused by the channel itself
and not by acoustics are not taken into account in the metrics. Comparison
of results obtained using these two approaches show no significant effect in
this regard. The third efficiency metric in the list above has been shown to
be the most reliable at extracting consistent trend and has consequently been
used to treat the images for the result presented here. This metric (η) is
defined formally in Eq. 3.1, and reflects the relative increase in the particle
number density in particle-enriched bands in the SEP region of the resonator,
immediately downstream of the transducer. The parameter (I) is the image
spatial light intensity, defined from pixel values in 14-bit images. Integration
of I along the y direction in the SEP and REF sections yields the Iy,sep and
Iy,ref signals which are plotted in Fig. 3.5. Iyx,ref represents the total particle
number density in the REF section, which is calculated by integrating the Iy,ref

signal along the x direction.

For the investigation of the separation efficiency, the channel height was
set to match a wavelength, i.e., three pressure antinodes are expected across
the channel height, including one at the reflector and one at the transducer.
In Fig. 3.5, the centroids of the particle-enriched bands can easily be detected
in the Iy signals. The thickness of these particle-enriched band is estimated
to be approximately 1/6 of the channel height at optimum resonance and this
value will be used in the calculation of the efficiency metric (η). In the summa-
tion operator of Eq. 3.1, n is the number of H/6-wide-bands across the channel
height, which is equal to two in this experiment. The magnitude of η is ob-
viously a function of the width of the integrated band and increases as this
parameter decreases. However, this does not compromise the use of this met-
ric for the purpose intended here as only qualitative information is sought to
identify trends.

η =

∑n
i=1

Xn+H/12∫
Xn−H/12

[Iy,sep − Iy,ref ]dy

Iyx,ref
(3.1)
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Figure 3.5: Schematic representation of the scattering signals used for separation
efficiency assessment, with experimental results collected with a channel height of
6.86 mm and an excitation frequency of 50.3 kHz, corresponding to the condition of
the image shown in Fig. 3.4.

3.1.3b. On-line measurement of aerosols.

The ultimate objective of this work is the quantitative estimation of acous-
tic forces on submicron particles in a standing wave field. In polydisperesed
aerosols, this requires the measurement of both particle number density and
size distribution as a function of position in the channel. The light scattering
method described above cannot provide such information, nor can any other
optical technique available for this project considering the very small particles
involved, with diameters often smaller than optical wavelengths.

Excluding advanced optical techniques such as laser-induced incandescence
(LII) and elastic light scattering (ELS), two sampling bases approaches can be
considered for the quantitative analysis of submicron particles suspended in
air: off-line and on-line. The former is less expensive but it is far more time
consuming as it usually requires the samples collected to be characterized using
an electron microscope. The latter approach requires complex instrumentation,
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Figure 3.6: Image and schematic representation of a Differential Mobility Analyzer
(DMA), the TSI Model 3081A Long DMA used in this experiment.

but can provide almost instantaneous results on the size distribution and num-
ber density. The rapidity of the analysis was a key factor that guided the choice
of the instrument, to enable the investigation of a wide range of parameters.

Two alternative on-line particle analysis techniques are available for aerosols
in the submicron size range: electrical mobility classifiers and diffusion batter-
ies. The first technique measures particle sizes through their velocity in a known
electric field, while carrying a known electrical charge. Electrostatic mobility
classifiers act as sensitive band-pass filters, only allowing the particles that have
a narrow velocity range in the electric field to pass through. Particles are thus
classified based on their aerodynamic size in a Differential Mobility Analyzer
(DMA). A schematic representation and an image of the DMA system (TSI
3081A) used in this work is shown in Fig. 3.6. The particles are then optically
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Figure 3.7: Schematic representation and picture of the Condensing Particle Counter
(CPC, TSI 3775) used in this experiment.

counted downstream in a Condensing Particle Counter (CPC), where their size
is grown in a saturated vapor atmosphere (butanol or water). A schematic
of representation and an image of the CPC (TSI 3775) used in this work is
shown in Fig. 3.7. Because the flow rate through the instrument is precisely
known, the signal from the CPC can be interpreted to provide information on
the particle number density for a very narrow size range.

A diffusion battery, on the other hand, measures the size distribution based
on the diffusional mobility of particles through series of tubes of different shapes
or well defined stacks of fine mesh screens. A diffusion battery is often used with
a CPC to count the number of particles passing through the different channels.
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This technique has significantly lower size resolution compared with electrical
mobility, as it has a limited number of physical channels. Moreover, the size
distribution must be processed from the diffusion battery’s raw penetration
data, a process subject to significant errors (Kulkarni et al. 2011).

For these reasons, a technique based on electrical mobility was chosen for
the on-line characterization of the aerosol size distribution. The instrument
used is a Scanning Mobility Particle Sizer (SMPS, 3938 TSI), consisting of the
two components described previously: a DMA connected serially with a CPC.
This system provides particle size measurement of DEHS oil particles in the 50–
850 nm range with a resolution of up to 77 channels. The system continuously
draws a controlled volume flow rate of aerosol using an internal pump. At the
inlet of the DMA, an inertial impactor is mounted to remove large particles
above a certain threshold, with the cut-off diameter being a function of the flow
rate and of the density of the particles. For example, for DEHS oil particles
with a specific weight of 0.9 g/cm3 and an inlet velocity of 0.3 SLPM, the cutoff
occurs at approximately 850 nm.

3.1.3c. Sampling for on-line analysis.

In the second implementation of the acoustic separation experiment (Mark
II), shown schematically in Fig. 3.8, on-line sampling is required to use the
SMPS system as an aerosol characterization tool. To bring the particles flow-
ing at a specific location in the resonator to the SMPS system, a section of the
flow is sampled isokinetically by a small probe with a rectangular cross-section
(0.7 mm×3 mm, height× width), as shown in Fig. 3.8b) and Fig. 3.9a-b). This
probe only samples the central 10% of the channel, eliminating spanwise aver-
aging of the concentration signal. The sampling probe is held by a 3D printed
manifold consisting of three inlet and three outlet ports, as shown in inset (a)
of Fig. 3.8. The middle channel is sent to the SMPS system and the other two
are connected to suction lines. A clean air buffer is added downstream of the
probe in the sampling channel to supply the required flow rate to the SMPS
while maintaining isokinetic conditions at the probe tip. The flow rates through
the different channels are regulated by three flow controllers in addition to the
SMPS built-in pump. One is used to add a clean air buffer to the sampling
probe, while two other located downstream of the resonator and connected to a
vacuum pump (Leybold S1.5) regulate the flow rates of the sections above and
below the sampling probe. Microfibre filters (Headline grade 40) are placed in
the suction lines upstream of the flow controllers to avoid clogging by particles.
The flow through the sampling probe is controlled by the built-in pump of the
SMPS system with a constant flow rate of 0.3 SLPM. A Labview code was
developed to automatically adjust the flow rates of the buffer line and of the
two downstream flow controllers based on the position of the sampling probe
across the channel height and the desired velocity in the channel.
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Figure 3.8: Schematic representation of the experimental setup: aerosol generator,
diluter, acoustic separation channel, aerosol sampling and diagnostic system. Mag-
nified view of the independently adjustable sampling plates used to send part of the
flow to the particle spectrometer. b) Spanwise view of the tip of the sampling probe.
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Figure 3.9: a) Picture of the sampling probe (with the top plate removed). Part of
the flow is sampled isokinetically (shown in green), as the rest passes over and below.
b) Spanwise view of the tip of the probe, with the hashed region representing the
portion of the flow send for analysis.
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3.2. Channel and resonator characterization

Comparison between experiments and models require that the conditions inside
the resonator be known precisely. This is especially true for the flow and
acoustic fields, described in the following.

3.2.1. Flow field in the channel

The flow field inside the resonator channel was measured using a single
component Laser Doppler Anemometer (LDA, Dantec Dynamic FowLite, BSA
60 processor). Several profiles were taken at different locations upstream, down-
stream and directory above the transducer to ensure the presence of laminar
flow and quantify the intensity of residual turbulence. The LDA technique re-
lies on the light scattered by TiO2 tracer particles suspended in the fluid as they
move through the measurement volume, where two laser beams intersect. The
results presented in Fig. 3.10 show the velocity profiles directly above the trans-
ducer as slightly asymmetric parabola, consistent with fully developed laminar
flow. The asymmetry and the discontinuity observed in the bottom half of the
velocity profile arises from the limitations of the stabilization chamber used,
which was designed to accommodate the variable height of the channel. As a
result, the contraction at the entrance of the channel is slightly asymmetrical.

Statistical information on the velocity data obtained can be used to infer
the magnitude of the turbulence present in the channel. The error bars plotted
in Fig. 3.10 represent the standard deviation of the velocity calculated over
approximately 10,000 samples at fixed location and constitute a representative
value for the residual turbulence intensity. The flow in the channel is expected
to be largely laminar as the Reynolds number is on the order of 100 at the
maximum. Low levels of turbulence can nevertheless remain from the grids
used in the stabilization chamber to break down large-scale turbulent structures
downstream of the air supply tube. This turbulence is progressively dissipated
by the laminar nature of the flow in the channel, but was still measurable by
LDA over the transducer. This residual turbulence progressively increases in
intensity with average channel velocity. In the results obtained, no measurable
effect on acoustic separation by this low intensity turbulence (maximum 2.36%
fluctuation amplitude) was observed.

This is however a topic of great interest for future research, as an increase
in the turbulence intensity beyond a critical value should most likely decrease
the achievable separation efficiency. To maximize the throughput of practical
gas-phase systems, an optimal channel velocity has to be identified and for
this the effect of turbulence on the acoustic separation efficiency needs to be
known. As the turbulence intensity could not be controlled independently in
the experimental facility used, this topic was not investigated further in this
thesis.
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Figure 3.10: Axial velocity profiles for different average bulk velocities, directly above
the transducer, with a channel height of 6.86 mm. The error bars represent the
standard deviation of the fluctuations in the axial velocity component.

3.2.2. Transducer and pressure field characterization

The acoustic field established above the transducer is measured by traversing a
1/8 ′′ pressure field microphone (type 4138 Brüel and Kjaer) across the channel
height using a linear stage (Newport, M-UMR8.25). Fig. 3.11 shows the pres-
sure data acquired across the height of the the Mark II version of the separation
channel using a NI LabView card with a 1 MHz sampling frequency and a 4 s
acquisition time. The transducer was supplied with a 400 Vpp sinusoidal exci-
tation (200 VDC offset) at a frequency of 60.6 kHz, in a 5.70 mm high channel
for a full wavelength resonator. Prms is the root mean square (RMS) of the
pressure signal. The error bar is determined by dividing the signal acquired
into 100 segments and calculating the variation of the Prms for all segments.

From these raw microphone measurements, the positions of the pressure
nodes appear to be slightly shifted from what would be expected in a full
wavelength resonator. Additionally, the pressure fluctuations is not zero at the
location of these pressure minima. These results should however be interpreted
carefully, as the microphone tip has a diameter (DMic = 3.175 mm) comparable
to the wavelength of the standing wave. Therefore, the pressure measured is
expected to be affected by the presence of the microphone itself. To further
study this, the real pressure distribution in the channel was obtained through
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simulation, starting from the calculation of the transducer membrane displace-
ment obtained from pressure measurement made in a cylindrical resonator. A
model is built in COMSOL to reconstruct the pressure field in this resonator
from measurements made with the microphone flush-mounted in the reflector, a
position for which the values obtained can be trusted. In this simple geometry,
the resonant modes of the cavity can be precisely calculated in COMSOL and
used to infer the displacement of the transducer surface. Transposing this in-
formation into a COMSOL model of the rectangular channel resonator allowed
the modeling of two cases, with and without the presence of the traversing mi-
crophone. The results of theses two simulation are shown in Fig. 3.11 revealing
that indeed the microphone itself perturbs the pressure field as it is traversed
towards the transducer, resulting in shift in the position of the pressure nodes.
The simulation results also match the experimental observation of non-zero
pressure fluctuation at pressure minima and of an increase in the magnitude
of pressure fluctuation as the microphone gets close to the transducer. These
result indicate that there should be a pressure field close to an ideal standing
wave field across the channel height in the absence of the microphone. Using
this data, an estimate for the position of nodal planes and for the amplitude
of the pressure fluctuation is obtained. These values are used in Paper 4 to
calculate the particle trajectories as predicted by theoretical models.

3.2.3. Resonant modes and channel tuning

The channel was tuned for optimal resonance by progressively changing
the frequency for a fixed height while visualizing the particle tracks using light
scattering, as described in Sec. 3.1.3a. A sequence of images thus produced
using slightly different frequencies is presented in Fig. 3.12. Starting from a
nearly uniform distribution of particles in the channel in the absence of acous-
tic excitation, the progressive tuning of the frequency to the channel second
resonance mode (H=λ) reveals the standing wave pattern. As tuning improves,
the particles converge to the pressure antinodes located close to the transducer
face and reflector wall as well as in the central part of the channel. Applying
the efficiency metric defined in Eq. 3.1 to such a series of images reveals the evo-
lution of the particle separation process, as shown in Fig. 3.13. In Fig. 3.12, the
TiO2 particles accumulated in middle of the channel in two closely particle-
enriched bands rather a single band. One probable hypothesis is that this
observation is associated with a saturation phenomenon. The physical origin
of this saturation is still unknown, but high concentration of TiO2 particles
near the antinode can potentially locally alter the pressure field, resulting in
an unexpected double particle-enriched band in middle of the channel.

The particle distribution was also visualized in the Mark II version of the
separation channel when the sampling probe was present at the downstream
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Figure 3.11: Pressure fluctuation ( Prms) across the normalized channel height, with
y/λ = 0 and y/λ = 1 corresponding respectively to the transducer face and reflector,
revealing the position of the pressure nodes as measured by the microphone and
as calculated using COMSOL Multiphysics. The black squares represent the best
estimate available for the pressure distribution in the channel, used later to perform
acoustic force calculations.

opening. For these experiments, a glass window was flush-mounted in the re-
flector wall to make possible the simultaneous sampling and visualization of
the particle distribution in the channel, above the transducer. The laser sheet
illuminates the channel mid-plane, parallel to the flow direction, at the down-
stream end of the transducer. Fig. 3.14 shows a visualization of the particle
path in the acoustic channel acquired using this technique. DEHS oil particles
are used for seeding and, in the presence of a standing wave field across the
channel height, optimum resonance results in accumulation of the particles in
the middle of the channel. These images are not of very high quality and are
not suitable to estimate the particle number density using the light scattering
technique described in Sec. 3.1.3a. Moreover, the region upstream of the trans-
ducer is not illuminated, preventing the use of most of the metrics described in
Sec. 3.1.3a. In Fig. 3.14, the channel height is set to match approximately one
wavelength and based on the result of the COMSOL model, shown in Fig. 3.11,
a pressure antinode is expected in middle of the channel very close to where
the oil particles are accumulated.
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Figure 3.12: Progressive tuning of standing wave frequency to find the optimum
resonance, visualized using the laser light scattering method, in the Mark I separation
channel. These images are inverted for clarity, with darker shades denoting regions
with higher particle number density. The channel height is equal to 6.86 mm. a) No
sound b) 49 kHz c) 49.3 kHz d) 49.6 kHz e) 50 kHz. In this configuration the flow is
from left to right and the outlet is open to the atmosphere.
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Figure 3.13: Variation of the acoustic separation efficiency metric as the excitation
frequency is scanned around the fundamental resonance of the channel, with a height
of 6.86 mm. Average bulk velocity of 0.15 m/s.

Figure 3.14: Visualization of the particle distribution across the middle of the channel
height, using the laser light scattering method in the Mark II separation channel. The
channel height is 5.70 mm and the transducer excitation frequency is 60.6 kHz. The
two lines on the right (downstream) side represent the position of the tip of the SMPS
sampling probe.
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3.3. Acoustic force calculation

The estimation of the net acoustic force experienced by particles of different
sizes is done indirectly by measuring their displacement parallel to the wave
propagation axis as a result of their interaction with the acoustic field. To
obtain this information, the sampling probe is traversed vertically across the
channel height by increments of 0.25 mm. The particle number density and size
distribution are acquired at each step using five consecutive scans with sound
excitation followed by five scans with the transducer turned off. The total
acquisition time is approximately 12 min for each position. As an example,
Fig. 3.15a) shows the particle size distribution of DEHS oil particles at the
pressure maxima located in middle of the channel with and without a standing
wave present in the channel. The error bars represent variability of the particle
number density in each channel over 5 consecutive scans. For each particle
size bin in the distribution, the concentrations measured with and without the
acoustic field present are used to calculated a size specific separation metric
η (dp, yi), as shown in Eq. 3.2. This figure of merit is a measure of particle
displacement and is consequently expected to be proportional to the acoustic
force experienced by the particle.

η (dp, yi) =
Cyi

on − Cyi

off

CAvg
off

,CAvg
off =

n∑
i=1

Cyi

off

n
(3.2)

In this expression, Cyi

off and Cyi
on represent the average number density over

5 successive scans for particles of diameter dp, respectively without and with
sound in the channel, measured at a distance yi from the transducer face.

The reference value CAvg
off is the average of the size-dependent particle number

density measured over all channel heights in the absence of sound excitation. η
therefore represents the relative change in number density for each size bin as a
result of the presence of the standing wave field, at a specific vertical distance
from the transducer face. An example of η measured at a pressure antinode and
at a node is presented in Fig. 3.15 b) showing, respectively, relative enrichment
(η>0) and depletion (η<0) in the particle number density. Traversing the
sampling probe allows the measurement of η as a function of particle diameter
dp for all position in the field as it is shown in Fig. 3.15 c).

This approach of course assumes that the total particles number for each
size bin is not significantly changing in presence of sound, i.e. there is no
aggregation or breakup of particles. To verify this assumption, the total number
of particles of each size bin over one half of the channel height was calculated for
5 measurements with and without the sound, using the metric defined in Eq. 3.2.
The half channel height was considered for this calculation as in this study the
use of a full wavelength resonator resulted in the symmetrical migration of
submicron oil particles towards a pressure antinode established in the middle
of the channel. The result, shown in Fig. 3.15 d), indicates an approximate
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linear increase in particle grouping with increasing particle size. However,
magnitude of particle grouping signal remains small and much lower than the
concentration signal, indicating the dominance of particle manipulation over
particle grouping.
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Figure 3.15: a) Particle size distribution at a pressure antinode, in the middle of
the channel, with and without sound excitation. The vertical axis represents the
concentration (No. particle/cm3), with error bars for the variation in each channel
over 5 consecutive scans (10 minutes of total acquisition time). b) Concentration
metric (η) as a function of particles diameter (dp) at pressure node and antinode.
The error bars represent the standard deviation of the fluctuations. (c) Concentration
metric (η) as a function of particles diameter (dp) and normalized relative vertical
distance from the transducer face (yi/λ). The dashed line indicates the position of
the data presented in a). d) Relative change in average particle number density over
half the channel height due to particle grouping.

3.4. Electrostatic sampling

Techniques based on acoustic forces aiming to manipulate submicron aerosols
are likely to be used in conjunction or instead of electrostatic precipitation
(ESP). These techniques are well established and were reviewed in Chapter 2.
One application was considered more specifically throughout this study: the
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sampling of aerosols for near real-time virus detection (Norosensor 2014). For
this application, acoustics can potentially assist ESP, for instance by sorting
particle according to size prior to sampling. In this context, it becomes neces-
sary to know the influence of environmental parameter such as the velocity of
air currents surrounding the sampler. For this purpose, experiments were car-
ried out in controlled conditions to produces the results presented in Paper 5,
using the facilities and methods described in the following. The experimental
setups used to quantitatively study the effect of flow velocity and of particle
size on the collection efficiency of two ESP samplers are shown schematically
in Fig. 3.16. They are based on the use of an open-circuit wind tunnel, of
an aerosol generator to seed the flow, of measurement instrumentation and of
the electrostatic samplers investigated. In the following sections the different
elements are presented in more details.

3.4.1. Wind tunnel experiment

The wind tunnel has a rectangular test section with dimensions of 0.40 m ×
0.50 m ×2 m (W×H×L) as shown in Fig. 3.16. The air velocity range was cho-
sen to cover the conditions encountered in typical indoor settings (0.1-1 m/s)
(Baldwin & Maynard 1998). The flow is seeded upstream of the test section,
following the procedure described in Section. 3.4.2. To reveal the amount and
sizes of the particles captured, a small proportion of the flow is removed down-
stream of the samplers and analyzed using a procedure described in Sec. 3.4.4a.
Flow velocity measurements in the vicinity of the samplers are carried out using
optical measurement techniques: Particle Image Velocimetry (PIV), and Laser
Doppler Anemometry (LDA), which are presented in Sec. 3.4.4b.

3.4.2. Aerosol generation and measurement

The flow is seeded with particles produced using an atomizer (ATM221, TOPAS)
generating polydispersed aerosols of different composition (KCl in aqueous so-
lution or DEHS oil). Stability in the particle number density and size distribu-
tion is paramount to insure reproducibility of the results. Great care allowed
a stability better than 10% for KCL and better than < ± 5% for DESH oil
over 30 min of operation. For practical reasons, the entire volume of air flow-
ing through the wind tunnel could not be seeded. To seed streamlines close
to the samplers, a particle-laden gas stream is inserted in the midplane of the
test section through a L-shaped stainless steel pipe 5 mm in diameter, 70 cm
upstream of the location of the samplers.

3.4.3. Electrostatic samplers

3.4.3a. Airpoint sampler.

The Airpoint sampler is a commercially available device (Airpoint Sverige
AB) that operates at -17 kV, generating a negative corona using 3 needles as
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discharge electrodes, labeled as A in Fig.3.16b) and d). A metal plate is used
as the collection electrode, labeled as B in Fig.3.16 b) and c). The electrodes
are housed in a plastic case. For safety reasons, the current at the collector is
kept very low, less than 80 mA.

3.4.3b. ESSA sampler.

The ESSA (ElectroStatic Sampler for Air), shown schematically in Fig. 3.16
c) and e-h) is a research ESP sampler consisting of a cylindrical shell (open at
both ends) 140 mm in diameter and 140 mm in length. Two 3D-printed skele-
ton support structures are designed to sit tightly inside the shell and house
the discharge and collection electrodes. The discharge electrode consists of 7
tungsten needles, with a tip radius <10 µm, positioned axi-symmetrically at a
radius of 32.5 mm from the shell axis, labeled as A in Fig.3.16c) and f). The
collection electrode is an electrically-connected 200 µL liquid droplet held in
place by surface tension using a specially designed cage collector, labeled as B
in Fig.3.16c) and g-h). This cage collector is intended to maximize the area
of the air-to-liquid interface while minimizing air-to-solid interface, in order to
capture airborne particles directly into liquid, allowing for convenient integra-
tion with point-of-care (PoC) analysis systems and for the direct bio-analysis
of airborne pathogens. In this configuration, the electric field is optimally con-
verging towards the collector, enabling efficient and localized collection. Unlike
the Airpoint, the ESSA design allows independent control of the inter-electrode
distance and of the potential difference applied.

3.4.4. Data acquisition

3.4.4a. Particle concentration measurement. To sample the flow, a pipe is po-
sitioned at the mid plane of the channel, downstream of the ESP in the test
section. It can be traversed vertically using a micrometer translation stage,
labelled as D in Fig. 3.16b-c). Tygon tubing (4.8 mm inside diameter) is used
when possible to minimize the deposition of aerosol particles during sampling
and transport (Sanchez et al. 2013). The particle number density and size dis-
tribution are measured downstream of the samplers using an optical spectrom-
eter (Mini-LAS 11-R, GRIMM) every 6 seconds. One data-point is obtained by
keeping the sampling pipe at a fixed location while turning the ESP samplers
on and off at time intervals of 2 minutes (50% duty cycle), for 20 minutes of
total acquisition time. To assess the collection efficiency of the samplers for
particles of different sizes, a capture efficiency metric (η) is defined using the
particle number densities measured for each size bins. η s therefore a func-
tion of the particle diameter (dp) and corresponds to the difference between
the averaged particle number density in two consecutive intervals (i) with and
without electrical field Con,i and Coff,i divided by Coff,i. This value is then
averaged over consecutive on-and-off sequences over a 20 minutes acquisition
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time, as shown in Eq. 3.3.

η =

∑n
i=1

Con
dp,i−Coff

dp,i

Coff
dp,i

n
, (3.3)

Here i is the number of on-and-off intervals during the 20 minutes sampling
time. Negative values of the metric (η < 0) indicate that, when the electrodes
are electrically charged, particles are either captured by the samplers, or mi-
grated away from the sampling pipe. In other words, η represents the relative
change in the particle number density for each size bin due to presence of the
electric field.

3.4.4b. Air velocity profile around the samplers.

Two experimental techniques are used to quantify the flow fields around
and within the samplers: Particle Image Velocimetry (PIV), and Laser Doppler
Anemometry (LDA). PIV allows for the visualization of large scale structures
while LDA was used to gather precise velocity profiles immediately next to
the collection electrodes and statistics on the fluctuation of this velocity. The
PIV systems used (LaVision) provided the flow measurement in a field of view
of 40 by 55 mm, acquired at 15 fps (1024×1280 pixel, FlowMaster). The LDA
system (Dantec Dynamic LDA FlowLite) provided velocity data with high tem-
poral resolution from a 1.5 mm3 measurement volume. Both of these techniques
rely on the presence of tracer particles in the flow. As these particles are La-
grangian tracers, in the absence of external forces they follow the flow stream-
lines. However, when the particles are charged and there is an electric field,
they experience electrostatic force that can result in a deviation from the flow
streamlines. Consequently, the velocity fields gathered when the electric field
is present should carefully interpreted.

The 1D velocity profiles collected using LDA system above the Airpoint
with and without the electric field are shown in Fig.3.17a), for the case when
wind tunnel imposes a velocity (Ucenter ≈ 0.394 m/s) around the sampler and
particles are constantly seeded. For this relatively low convection rate, only
small changes in the axial velocity above the Airpoint are observed: the parti-
cles are decelerated in a layer of fluid with a thickness of approximately 3 cm
and accelerated above that. Similar velocity profiles gathered with the ESSA
reveal a much stronger influence of the electric field on the trajectory of the
particles, as can be seen in Fig.3.17b). These profiles are measured across the
diameter of the shell in the mid-plane, 2 cm upstream of the entrance of the
shell, both in the presence and absence of electrical charging. They also re-
veal the occurrence of an unexpected and strong back-flow near the axis of the
cylindrical shell when the electric field is present.

To shed light on this phenomenon, flow field patterns within the ESSA are
visualized using PIV through a transparent glass shell in the inter-electrode re-
gion and close to the collecting electrodes. The time-averaged velocity fields in
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the inter-electrode region for cases with and without electrical field are shown in
Fig. 3.18. Fig. 3.18a) shows a uniform velocity field across the ESSA in absence
of electrical field. Fig. 3.18 b,c,d) show the velocity field for cases with 13kV,
15kV, 17kV electrical potential differences across the electrodes, respectively.
In these cases, two convective rolls can be seen in the measurement plane, from
the negative electrodes towards the positive collector. These rolls result from
the convergence of the 7 streams emanating from the needles towards the col-
lector, forming a cone-shaped structure. As these jets meet at a single point,
part of the momentum is directed backward, forming the back-flow observed
along the axis of the cylinder. With higher electrical potential difference the
recirculating features becomes stronger in the inter-electrode region due to a
higher convection of mass towards the collector, as is shown in Fig.3.18 b,c,d).

In Fig. 3.18 the positions of all seven needles are indicated with black rect-
angles. However, as they are arranged concentrically on a ring and placed
orthogonally to the laser sheet, not all the needles fall within the laser plane.
The observed velocity field is therefore not exactly symmetric with respect to
axis of the cylindrical shell in the laser sheet plane. This is because the distance
between the laser sheet and the two closest needles is not equal at the top and
bottom of the field of view. It is also important to notice here that the flow
is not strictly axisymmetric, as the 7 needles induce local distribution in the
electric field and therefore in the particle trajectories.
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Figure 3.16: a) Schematic representation of the open-circuit wind tunnel, b) and c)
magnified view of the wind tunnel test section and the experimental arrangements
used for the Airpoint and ESSA samplers, respectively. Labels A,B,C indicate the
negative electrode, positive electrodes and the points where velocity is acquired using
LDA. d) Image of the Airpoint ESP sampler. e-h) Images of the ESSA, negative elec-
trodes and holder, positive electrode and a magnified view of the positive electrode.
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Figure 3.17: a) Velocity profile, up to 7 cm above the Airpoint collection surface in
the mid-plane section, with the vertical axis (Y1rel) the relative distance from the
collection surface. b) Velocity profile 2 cm upstream of the ESSA’s shell in the mid-
plane section, with the vertical axis (Y2rel) the relative distance to the axis of the
cylindrical shell. The wind tunnel center velocity is UCenter ≈ 0.394 m/s.
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Figure 3.18: Time-averaged velocity fields measured by PIV in the inter-electrode
region at the mid-plane of the ESSA sampler. a) Without the electrical field. b,c,d)
Velocity field in presence of the electric fields with 13kV, 15kV, 17kV potential dif-
ference, respectively. The needles at the left side of the b,c,d figures are charged
negatively with 8kV, 9kV, 10kV respectively. While the collector filled with the
saline solution is charged positively with 5kV, 6kV, 7kV, respectively.



CHAPTER 4

Discussion

4.1. Implications and limitations of the results

Small particles or droplets suspended in fluids naturally tend to follow stream-
lines, because drag forces are typically much larger than other forces. This is
especially true for particles and droplets in gases, with Stokes number much
smaller than unity (Stk�1). As as a result, capturing such particles is very
difficult and advanced techniques are required to exert forces larger than drag
over a sufficiently long exposure time to cause the deviation of submicron par-
ticles from streamlines. These difficulties also make such flows very challenging
to investigate experimentally. This thesis faced these challenges head on and
addressed them to provide new insights on the capabilities and limitations
associated with acoustic particle manipulation and electrostatic sampling tech-
niques for submicron particles. Experiments on the acoustic forces acting on
aerosol particles were carried out in a unique versatile flow-through separation
channel instrumented with advanced diagnostic tools. An experimental study
covered the effect of several parameters (flow, acoustic, geometry) on the sepa-
ration efficiency for submicron solid particles in air (Paper 3). Improvements in
the diagnostic methods later allowed quantitative estimation of the net acoustic
force on submicron oil particles in a standing wave field (Paper 4). To highlight
the difference between acoustic and electrostatic forces on submicron aerosols,
the collection efficiency of two electrostatic samplers was investigated (Paper
5), as function of particle size and of the velocity of air currents around the
samplers.

4.1.1. Acoustophoresis

The results presented in Paper 3 qualitatively demonstrate that acoustics can
be used efficiently to manipulate submicron aerosol particles using high fre-
quency excitation and moderate flow rate (50-100 mm/s). In the context of
the results presented, this statement means that up to 80% of the particles
initially present in the aerosol can be concentrated in 30% of the flow in middle
of the channel. The simplicity of the experimental method used to quantify
particle number density, based on light scattering, allowed the investigation of
the effect of a large number of key parameters that influence the magnitude
of the acoustic force experienced by the particles. These include the acoustic

65
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pressure amplitude, the gas flow velocity in the resonator and the parallelism
of the channel walls. This method however has limitations: the measurement
does not provide quantitative information and no data is obtained on the par-
ticle size. The results show a clear displacement of the particles towards the
pressure antinodes, with a clear increase in the separation efficiency with the
sound pressure amplitude. This trend is expected from the theories available
for the various forces experienced by particles in a standing wave field. A
longer residence time of the particles within the acoustic field, i.e., a lower
average gas velocity through the channel, results in a somewhat more gradual
increase in the separation efficiency than expected. A saturation phenome-
non at lower velocities most likely occurs, which limits further accumulation at
pressure antinodes. The effect of the parallelism between the transducer and
the reflector on the separation efficiency was investigated for different chan-
nel heights. Logically, loss of parallelism resulted in a resonator with smaller
Q-value, associated with a sharp drop in the separation efficiency. This de-
crease was more pronounced for smaller channel heights, an important point
as to achieve high acoustic force high frequency excitation is desirable. Smaller
frequencies require smaller channel heights, and therefore tighter fabrication
tolerances.

These results demonstrate that the theoretical framework developed assum-
ing that the fluid surrounding suspended particles is a continuum is sufficient to
identify the general trends in the parametric dependence of the acoustophoresis
phenomenon for submicron particles in gases. However, the acoustic manip-
ulation of submicron particles in air takes place essentially in the transition
regime, as the particle diameter (dp) is on the same order of magnitude as
the mean free path of the air molecules (λm). In the transition and molecu-
lar regimes, defined for Knudsen number (Kn = λm

dp
) 0.1<Kn<10 and Kn>10,

respectively, the acoustophoretic forces on particles can no longer reliably be
calculated using only bulk quantities such as viscosity and density. This is
problematic because to be able to harness the potential of acoutophoresis for
submicron aerosol particle manipulation, advanced separator geometries need
to be designed, with accurate acoustic force modeling required for this purpose.

To address this need, the separation channel mentioned above was modified
and equipped with sampling system capable of sending a fraction of the flow
at well-defined heights across the channel to an on-line quantitative diagnostic
system. By sampling only the middle 10% of the channel, spanwise averaging
is eliminated in the concentration signal, allowing for quantitative estimation
of the acoustic forces. Additionally, a new particle seeding system made of an
aerosol atomizer and a diluter was used to produce oil particles with very low
temporal variation in the total number of particles over long acquisition times
of up to 8 hours.
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This improved experimental facility allowed the quantitative estimation of
the acoustic forces by measuring the particle number density and size distri-
bution as a function of position across the channel height. This information
enables us to estimate the acoustic force on the submicron particles suspended
in air as a function of particle size. The results are presented in Paper 4,
demonstrating that a noticeable difference between the trends measured exper-
imentally for the net acoustic force and the prediction of theoretical models.

From the three main theoretical models for acoustic forces considered used
in this study, the primary acoustic radiation force has the lowest magnitude
for submicron aerosol particles. The forces caused by asymmetric drift and vis-
cosity oscillation effects dominate and result in a translation of the DEHS oil
particles to pressure antinodal planes of the standing acoustic field. However,
in order for the experimental results to match the theoretical prediction for
these two dominant forces, a radiation force is also needed, with a magnitude
approximately equal to that predicted by the thermo-visocus theoy. Interest-
ingly, size-dependence and magnitude observed experimentally for the acoustic
contrast factors match well the prediction of the thermo-viscous theory(Karlsen
& Bruus 2015).

The results also reveal a significant effect of the slip correction factor used
in the drag model on the estimated value for the acoustic contrast factor,
inferring a substantial influence of molecular effects on the estimated net force
on submicron particles in air. The influence of molecular effects should be
investigated further to clarify their role in gas-phase acoustophoresis, either
by modifying available theoretical frameworks or using alternative approaches
such as molecular dynamics.

In all experiments in the resonator, the particle-enriched bands were visual-
ized through the particle trajectories revealed using light scattering. This infor-
mation allowed the identification of the optimum resonant frequency, resulting
in the maximum concentration of particles in enriched bands. These visualiza-
tions revealed a change in the number of particle enriched bands between the
Mark I (open-ended) and Mark II (close-ended) versions of the channel. Most
interestingly, in the open-ended channel (Paper 3) the optimal separation is
observed as a double particle-enriched band formed in middle of the channel.
Pressure measurement indicate the establishment of a pressure antinode at this
location in middle of the channel. However, in the close-ended configuration
(Paper 4), only a single thick particle-enriched band of DEHS oil aerosols is
formed in middle of the channel.

The change in the appearance of the particle-enriched bands between these
two experiments can be associated to the different types of aerosol particles
used. However, it is interesting to note that the double band feature can also be
observed with DEHS oil particles in the closed-ended channel when the speed is
reduced. Taking into account the fact that the DEHS particles are much smaller
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than the TiO2 particles and therefore more difficult to deviate from streamlines,
one probable hypothesis is that this observation is associated with a saturation
phenomenon. The physical origin of this saturation is still unknown, but high
concentration of TiO2 particles near the antinode can potentially locally alter
the pressure field, resulting in an unexpected double particle-enriched band in
middle of the channel.

4.1.2. Electrostatic samplers

Samplers based on Electrostatic Precipitation (ESP) offer great potential to
capture bioaerosols for subsequent analysis. Key characteristics of ESP sam-
plers remain however largely under-investigate, namely the size-dependance of
sampling processes and the influence of air currents on the capture efficiency.
The facility used in this thesis to investigate these issues provides an open-
air controlled environment, representative of the conditions in indoor settings.
Two samplers were studied: The first (Airpoint) captures the particles on a
solid flat surface, while the second (ESSA) collects the particles directly in a
small liquid volume for integration with Point-of-Care analysis systems. Here
the collection efficiency was evaluated by calculating the relative change in the
number density of particles with different sizes downstream of the samplers.
For both devices, the collection efficiency was below 40% for submicron par-
ticles and generally decreased sharply for smaller particles. Surprisingly, the
results on the research sampler (ESSA) show a non-monotonous trend in the
collection efficiency as a function of the particle size, where the lowest collec-
tion does not occur for the smallest particle size. PIV data was used to shed
light on this observation: this behaviors is associated with the formation of
recirculation cells in the inter-electrodes region, where smaller particles stay
longer compare to bigger ones. The results demonstrates that the shape of the
electric field established in the samplers strongly affects the trends in the col-
lection efficiency as a function of particles size. The overall collection efficiency
for the ESSA sampler was evaluated to be up to five times greater than that
of the Airpoint sampler for aerosol particles in the submicron range.

4.2. Future directions

The results presented in this thesis offer unique insights on the manipulation
possibilities offered by acoustic forces on submicron particles suspended in
gases. Considering the complexity of the phenomenon involved and of the
diagnostic tools implemented to measure them, these results are not com-
plete and further investigation is still required to fully understand gas-phase
acoustophoresis and validate theoretical models. The following directions are
therefore proposed for future work.

4.2.1. Molecular effects
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The influence of molecular effects is one particular point that warrants fur-
ther attention. These effects are expected to be significant and the theoretical
framework currently available for acoustophoresis is developed considering the
fluid surrounding the particles as a continuum. The accuracy of this approach
to estimate acoustic force on submicron particles can only be validated against
quantitative experimental data sets such as those included in this thesis. This
is not a trivial task however, as several forces are acting simultaneously on the
particles (radiation, asymmetric drift and the force induced by viscosity vari-
ations). Molecular effects present in all of these forces and it is likely that all
current theoretical models could be improved to better take them into account.
A significant challenge in future experimental work is therefore to devise config-
urations where these forces can be investigated as much as possible uncoupled
from one another.

4.2.2. Quantitative validation of theoretical models for all acoustic forces

The model used in this study consider different physical origins for acoustic
forces, such as radiation, asymmetric drift and periodic changes in viscosity in
compressible fluids. As a result, the magnitude and direction of the primary
radiation force can depend on several parameters, including the physical prop-
erty of the aerosol (particle size, density and compressibility of the particle and
the carrier medium) as well as the frequency of the standing wave. The results
in this thesis for the first time the size-dependent behavior of the acoustic con-
trast factor for submicron particles in air. The effect of the physical properties
of the aerosol particles (beyond their size, for instance their compressibility or
thermal properties) and of the frequency of the acoustic field on the magni-
tude and direction of the primary radiation force, were not investigated. The
effect of these interesting and relevant parameters could however be studied by
modifying the existing facility. For instance, different seeding approaches could
be implemented to generate stable aerosol particles with different acoustic and
thermal properties such as water-air or oil-argon.

4.2.3. Advanced separator geometries

The current study demonstrates a potential for the use of acoustic manipulation
technique as a tool for the continuous separation of micron and submicron
particles suspended in gases. Further developments can focus on techniques to
perform selective separation of particles within a specific size range i.e., a band-
pass separator. These could then be adapted to deliver advanced capabilities
such as sorting based on the physical properties of the phases present in a gas.
To make this possible, several technical aspects have to be investigated further,
including the development of energy efficient sound generation systems and the
design of high throughput acoustic resonators geometry optimized to perform
specific tasks.
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4.2.4. Scaling up

Implementing acoustic filtering or sorting in industrial applications requires the
development of medium- to large-scale resonators capable of treating high flow
rate particle-laden streams. A possible approach to this can be the division of
the main stream into parallel arrays of small separation channels, where the
enriched and depleted stream can be extracted in distinct outputs downstream
of the acoustically active zone. However, to identify the maximum limit of the
treatment for a single separation channel the effect of several parameters on the
separation efficiency have to be investigated, including the turbulence intensity
level and the maximum total particle concentration. It is expected that a high
level of turbulence would reduces the separation efficiency due to the remixing
nature of turbulent flows. The high concentration loading can also causes the
saturation in the enriched bands and contamination of the depleted regions if
not all particles can be focused.

4.2.5. ESP sampling

The investigation of the performance of ESP samplers with submicron aerosols
revealed as expected an influence of the surrounding air velocity on the collec-
tion efficiency. Although electrostatic precipitation is a mature technique for
treating aerosols, the results were not trivial to predict and interpret. For ex-
ample, the establishment of a complex electrostatic field in one of the sampler
resulted in a non-monotonous variation of the collection efficiency with particle
size, unexpectedly increasing as the particle size decreased below a threshold
value. To continue the progresses in the development of ESP samplers, espe-
cially for purpose such as the detection and control of aerosol pathogen trans-
mitted in air through real-time or near-real-time analysis, the following future
work is identified:

1) Characterize the effect of relevant design parameters that influence the
shape of the electric field on the collection efficacy, including the distance be-
tween electrodes and the electrical potential difference between them.

2) Perform three-dimensional quantitative flow field measurement to inves-
tigate the complex trajectories of the particles around the samplers, to provide
complete information on the mechanisms involved in the collection of submi-
cron particles, as a function of particle size and surrounding gas velocity.

3) Extend the velocity range investigated in Paper 5 for lower and higher
values to study the effect of turbulence on the collection efficiency. This requires
development of a test chamber or the use of a wind tunnel adapted for this
purpose.

4) Investigate the collection of biological particles, which was not done in
the current study due to safety consideration. Information on the effect of
sampling on the viability of pathogens should be obtained, as a function the
sampler operating conditions.
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Papers and authors contributions

Paper 1
Turbulence and geometric effects on the efficiency of continuous

acoustic particle separation in a gas

Etienne Robert (ER), Ramin I. Jajarmi (RIJ), Markus Steibel (MS),
Klas Engvall (KE), Proceeding of the 8th International Conference on
Multi-phase Flows, ICMF2013, Jeju, Korea, May 26 - 31.

A simple experiment was conducted using laser light scattering as a
diagnostic tool to provide qualitative information on the particle number
density as a function of position in the channel. The effect of different
parameters (flow velocity and the turbulence intensity, acoustic) on the
acoustic separation efficiency of particle within the resonator was inves-
tigated. ER prepared the manuscript and conducted part of the data
analysis, MS conducted the main parts of the experiment, RIJ conducted
a minor parts of the experiments along with a minor contribution in data
analysis, KE provided feedback general guidance with regards to poten-
tial application in biomass gasification systems.

Paper 2
Acoustic separation of sub-micron particles in gases

Etienne Robert (ER), Ramin I. Jajarmi (RIJ), Jan Pettersson (JP)
and Klas Engvall (KE), Proceeding of the 21th International Congress
on Acoustics, ICA2013, Montreal, Quebec, Canada, June 9.

In this study a quantitative diagnostic tool was used to measure the
particle size and number density in the acoustic separation channel. This
study provided preliminary information on the on-line quantitative char-
acterization of the size distribution and number density of submicron
aerosol particles in the resonator. The results obtained demonstrated
that this approach is feasible and guided subsequent work to design the
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more sophisticated and robust experimental facility described in Paper
4. ER prepared the manuscript and conducted the main part of the data
analysis, RIJ conducted the experiments in close collaboration with JP,
KE provided feedback and general guidance with regards to potential
application in biomass gasification systems.

Paper 3
Acoustic Separation of Submicron Solid Particles in air

Ramin J. Imani (RIJ), Etienne Robert (ER), Published in Ultrason-
ics (2015), Volume 63, December 2015, 135-140.

The experiments performed in Paper 1 were repeated using a bet-
ter visualization system while implementing important changes in the
experimental facility to improve the quality of the data obtained. For
instance the orientation of the separation channel was changed from hor-
izontal to vertical to avoid gravitational settling issues. RIJ modified the
available acoustic separation channel, carried out the experiment, ana-
lyzed the data and prepared the manuscript under direct supervision of
ER. Parts of these results have also been presented in:

Efficiency Assessment of Acoustic Solid-Particle Separation in Gases

Ramin J. Imani (RIJ), Etienne Robert (ER) Acoustofluidics con-
ference 2014, 11-12 September, Prato, Italy

Paper 4
Quantitative Estimation of the Acoustic Force on Submicron Aerosol

Particles in a Standing Wave Field

Ramin J. Imani (RIJ), Etienne Robert (ER), in preparation for sub-
mission to journal of Aerosol Science and Technology.

A novel dataset on the net acoustic force on submicron aerosol par-
ticles is obtained using the diagnostic approach introduced in Paper 2.
Part of the flow is sampled and subsequently analysed on-line. This in-
formation provide quantitative information on both the number density
and the size distribution of particle as function of position in a standing
wave acoustic field. These results are used to estimate the net acoustic
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force acting on submicron particles suspended in air. The experimental
facility was designed by ER and RIJ. RIJ conducted the experiment, an-
alyzed the data and prepared the manuscript under direct supervision
of ER. Parts of these results have also been presented in:

Quantitative Measurement of Acoustic Separation of Submicron Solid

Aerosols Ramin J. Imani (RIJ), Etienne Robert (ER) 24th Inter-
national Congress of Theoretical and Applied Mechanics,
ICTAM2016, 21-26 August 2016, Montreal, Canada

Paper 5
The Influence of Air Flow Velocity and Particle Size on the Collec-

tion Efficiency of Electrostatic Aerosol Samplers

R. J. Imani (RIJ), L. Ladhani (LL), G. Pardon (GP), W. V. D.
Wijngaart (WW), E. Robert (ER), in preparation for submission to
journal of Aerosol Science and Technology.

Two portable aerosol samplers relying on electrostatic forces are in-
vestigated with respect to their collection performance as a function
of particle size, while exposed to air currents of varying velocity. The
first sampler is a commercial product (Airpoint AB) that captures the
particles on a solid flat surface, while the second sampler (ESSA) is a
research tool under development in the KTH Micro and Nano Systems
department which enables the collection of particles onto a small liquid
volume for subsequent Point-of-Care (PoC) analysis. LL designed and
manufactured the ESSA sampler and contributed to the preparation of
the manuscript. RIJ carried out the experiments at KTH Mechanics on
both the Airpoint and ESSA samplers under supervision of ER. RIJ was
also in charge of most of the data analysis and wrote the majority of the
manuscript. WW and GP provided feedback on the manuscript. Parts
of these results have been presented in:

Aerosol Sampling of Submicron Particles Using a Portable Elec-

trostatic Ionizer: Effect of Bulk Flow Velocity on Collection Efficiency

R. J. Imani (RIJ), L. Ladhani (LL), G., W. V. D. Wijngaart (WW),

E. Robert (ER) 9th International Conference on Multi-phase
Flows, ICMF2016, 22-27 May 2016, Firenze, Italy
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Gassó, S., Grassian, V. H. & Miller, R. L. 2010 Interactions between mineral
dust, climate, and ocean ecosystems. Elements 6 (4), 247–252.

Gerone, P. J., Couch, R. B., Keefer, G. V., Douglas, R., Derrenbacher,
E. B. & Knight, V. 1966 Assessment of experimental and natural viral aerosols.
Bacteriological reviews 30 (3), 576.

Giddings, J. C. 1985 A system based on split-flow lateral-transport thin (splitt) sep-
aration cells for rapid and continuous particle fractionation. Separation Science
and Technology 20 (9-10), 749–768.
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