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RÉSUMÉ

En 2012, la deuxième plus importante éclosion de legionellose de l’histoire de l’Amérique
du Nord a eu lieu à Québec, au Canada, entraînant 181 cas confirmés et 14 décès. La
source de l’éclosion était une tour de refroidissement, un échangeur de chaleur qui fournit
des conditions idéales pour la croissance de la bactérie responsable, Legionella, et qui génère
de grandes quantités de d’aérosols capables de transporter ce pathogène. Malgré l’adoption
de réglementations, les cas continuent d’augmenter partout dans le monde, atteignant en
moyenne 1,9 à 2,4 cas pour 100 000 personnes annuellement en Amérique du Nord et en
Europe en 2020. Les efforts de recherche ont été largement consacrés à la prévention de
la croissance bactérienne. Cependant, comme cette maladie est transmise par l’inhalation
d’aérosols contaminés en suspension dans l’air, une lacune majeure dans la caractérisation
du processus d’infection réside dans la compréhension de la génération et du transport des
aérosols. L’objectif principal de cette thèse est d’étudier ce problème en utilisant une ap-
proche de dynamique des fluides, intégrant également les aspects énergétiques des tours de
refroidissement, pour améliorer l’évaluation du risque de transmission aérienne de Legionella.
La recherche est divisée en 5 articles, chacun abordant un aspect spécifique du problème.

Le premier article est lié à la mesure des aérosols. En effet, l’évaluation précise des risques
de contamination par Legionella à partir des tours de refroidissement nécessite une caractéri-
sation précise des gouttelettes contaminées. Cependant, la performance des techniques de
mesure bien établies dans le domaine de la science des aérosols est rarement évaluée pour les
gouttelettes à base d’eau. Quatre instruments reposant sur des principes de fonctionnement
différents pour fournir une distribution de taille des aérosols ont été comparés en utilisant
des aérosols à base d’huile et d’eau. Des différences de mesures, causées par l’évaporation et
le dépôt, ont été corrigées par des facteurs de correction empiriques, permettant une évalua-
tion quantitative de la distribution de taille des aérosols à l’aide d’instruments abordables et
accessibles. En mettant en oeuvre une technique de séchage proposée, les instruments peu-
vent fournir de manière fiable la distribution de taille à la source d’aérosols, une information
critique pour l’évaluation du risque.

Le deuxième article explore l’évaluation du risque de Legionella provenant des tours de re-
froidissement par la caractérisation des gouttelettes d’aérosol générées et libérées par les
systèmes en fonctionnement. L’évaluation quantitative des risques microbiens (EQRM),
un modèle statistique couramment utilisé pour quantifier la charge associée aux maladies
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d’origine hydrique, a été précédemment adaptée au contexte de la transmission de Legionella
à partir des tours de refroidissement. Cependant, il repose sur des hypothèses dérivées
d’études obsolètes, dont la validité est de plus en plus remise en question, ce qui pourrait
avoir des implications significatives pour les résultats. Ainsi, une campagne d’échantillonnage
in situ à grande échelle a été menée pour caractériser les aérosols rejetés par les tours de re-
froidissement afin d’améliorer ce modèle. Les résultats ont menés à la suggestion de stratégies
pour mitiger les risques.

Le troisième article est dédié à la caractérisation de la dynamique d’évaporation des gout-
telettes chargées de Legionella, un paramètre critique mais souvent négligé impliqué dans la
transmission par voie aérosolisée. Diverses propriétés de l’eau, telles que la présence de solides
non volatiles, la viscosité et la tension de surface, influencent l’évaporation. Les expériences
ont montré qu’un tension de surface plus faible prolongeait l’évaporation jusqu’à 14%, tandis
qu’une viscosité plus élevée retardait le début de l’évaporation. Les concentrations élevées
de solides suspendus non volatiles ont presque doublé le temps d’évaporation. Ces résultats
impactent les risques de contamination, soulignant la nécessité de modèles d’évaporation
améliorés pour le développement de stratégies d’atténuation des risques efficaces.

Le quatrième article discute de l’effet de la densité en nombre d’aérosols sur leur dynamique
d’évaporation. Une configuration expérimentale polyvalente a été développée en utilisant la
tête d’impression à jet d’encre XAAR XJ128 pour générer des gouttelettes pour la carac-
térisation de l’évaporation dans un panache. Les mesures expérimentales ont été comparées
à un modèle d’évaporation théorique pour une seule goutte d’eau pure dans de l’air à 30%
d’humidité relative. Les résultats ont montré que la densité en nombre de gouttelettes influ-
ençait les taux d’évaporation, les gouttelettes s’évaporant à des taux comparables au modèle
pour une humidité relative de 60 à 80% lorsque presque toutes les buses de la tête d’impression
étaient utilisées.

Le cinquième article explore l’effet énergétique d’une stratégie émergente de réduction des
risques impliquant la filtration de l’eau des tours de refroidissement. Bien que Legionella soit
transmise par la voie aérienne, le contrôle de la croissance bactérienne dans l’eau de la tour de
refroidissement est crucial. La filtration par micro-sable est efficace pour réduire Legionella
et les risques de contamination, bien qu’elle ne soit pas largement adoptée. Pour inciter à
son utilisation, l’impact sur l’efficacité énergétique de la tour de refroidissement a été évalué.
Le coefficient de performance de la tour de refroidissement était, en moyenne, 18% plus élevé
et s’est amélioré 63% du temps avec la filtration. La modélisation par apprentissage machine
a estimé des économies d’énergie entre 5 et 13%, principalement en périodes de charges plus
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élevées. Ainsi, l’intégration de la filtration augmente l’efficacité énergétique et le contrôle
bactérien, favorisant la durabilité.

Une approche globale a été adoptée pour améliorer l’évaluation des risques de contamination
par Legionella à partir des tours de refroidissement. En abordant la dynamique des fluides
impliquée dans la mesure, le transport et l’évaporation des gouttelettes d’aérosol contaminées,
ainsi que l’effet d’une stratégie émergente de réduction des risques sur l’efficacité énergétique
d’un système de tour de refroidissement, cette recherche contribue au développement de
stratégies d’atténuation efficaces.
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ABSTRACT

In 2012, the second largest legionellosis outbreak in North America occurred in Quebec City,
Canada, resulting in 181 confirmed cases and 14 deaths. The source of the outbreak was a
cooling tower, a widely adopted heat exchanger which inherently provides ideal conditions
for the growth of the Legionella bacteria responsible for the disease and that generates large
quantities of aerosol droplets capable of transporting this pathogen. Despite new regula-
tions, cases continue to rise worldwide, reaching 1.9 to 2.4 cases per 100,000 people annually
in North America and Europe in 2020. Research efforts have been largely dedicated to
preventing bacterial growth. As this disease is transmitted via the inhalation of airborne
contaminated aerosol droplets, a major research gap lies in the understanding of the fluid
dynamics of aerosol generation and transport. The main objective of this thesis is to inves-
tigate this problem using a fluid dynamics approach, also integrating the energetic aspects
of cooling towers, to improve the risk assessment of airborne Legionella transmission. The
research is divided into 5 articles, each addressing a specific aspect of the problem.

The first article is related to the measurement of aerosol droplets. Indeed, accurately assess-
ing Legionella contamination risks from cooling towers requires precise characterization of
contaminated aerosol droplets. However, the performance of measurement techniques well
established in the field of aerosol science is seldom assessed for water-based droplets. Four
instruments relying on different operating principles to provide aerosol size distribution were
compared using oil and water-based aerosol droplets. While oil-based measurements were
consistent, significant discrepancies arose for evaporating water-based particles. These dif-
ferences, caused by evaporation and deposition, were addressed through empirical correction
factors, enabling quantitative assessment of aerosol size distribution using affordable and ac-
cessible instruments. By implementing a proposed drying technique, sampling instruments
can reliably provide size distribution at the aerosol source, critical information for airborne
transmission risk assessment.

The second article explores the risk assessment of Legionella from cooling towers through
the characterization of the aerosol droplets generated and released from operating systems.
Quantitative microbial risks assessment (QMRA), a statistical model commonly employed to
quantify the burden associated with waterborne diseases, was previously adapted to the con-
text of Legionella transmission from cooling towers. However, it relies on hypotheses derived
from outdated studies, the validity of which is increasingly questioned, potentially leading
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to significant implications for the results. Thus, a large-scale in situ sampling campaign was
conducted to characterize the aerosol released from cooling towers to improve this model.
The improved QMRA emission model based on our measurements lead to the suggestion of
strategies to mitigate risks.

The third article is dedicated to the characterization the evaporation dynamics of Legionella-
laden droplets, a critical but often overlooked parameter involved in airborne transmission.
Various water properties, such as non-volatile matter, viscosity, and surface tension, influ-
ence evaporation. Experiments showed that lower surface tension extended evaporation by
up to 14%, while higher viscosity delayed evaporation onset. High non-volatile concentrations
nearly doubled the evaporation time and increased droplet nuclei size, increasing contamina-
tion risks. Variability in droplet nuclei size and non-volatile concentration further impacts
risks, highlighting the need for improved evaporation models for the development of effective
mitigation strategies.

The fourth article discusses the effect of the number density of aerosol droplets on their evapo-
ration dynamics. A versatile experimental setup was developed using the XAAR XJ128 inkjet
printhead to generate droplets for evaporation characterization within a plume. Experimen-
tal measurements were compared to a theoretical evaporation model for a single droplet of
pure water in quiescent air at 30% relative humidity. Results showed that the number density
of droplets influenced evaporation rates, with droplets evaporating at rates comparable to
the model for 60-80% relative humidity when nearly all printhead nozzles were employed.

The fifth article explored the energetic effect of an emerging risk mitigation strategy involving
the filtration of cooling tower water. Although Legionella is transmitted via the airborne
route, controlling bacterial growth in cooling tower water is crucial. Microsand filtration
has proven effective in reducing Legionella and contamination risks, though it is not widely
adopted. To incentivize its use, the impact on cooling tower energy efficiency was evaluated.
The coefficient of performance of the cooling tower was, on average, 18% higher and improved
63% of the time with filtration. Machine learning modeling estimated between 5-13% energy
savings, mainly in periods of higher loads. Thus, integrating filtration increases energy
efficiency and bacterial control, promoting sustainability.

A comprehensive approach was adopted to improve the assessment of Legionella contamina-
tion risks from cooling towers. By addressing the fluid dynamics involved in the measurement,
transport and evaporation of contaminated aerosol droplets, as well as the effect of an emerg-
ing microbial growth control strategy on the energy efficiency of a cooling tower system, this
research contributes to the development of effective mitigation strategies.
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CHAPTER 1 INTRODUCTION

Si la nature n’était pas belle,
elle ne vaudrait pas la peine d’être connue

et la vie ne vaudrait pas la peine d’être vécue
- Poincaré (1908)

The transmission of infectious diseases is a major vulnerability of modern civilization, exacer-
bated by the growing population density. Indeed, the COVID-19 pandemic has detrimentally
affected the world in drastic ways. In the midst of this global health crisis, death counts surged
even with stringent regulations in place and the help of vaccines [1]. The economical reper-
cussions are substantial and will be long-lasting [2]. It may have changed society as we know
it, with pathogen transmission at the forefront of public awareness for the foreseeable fu-
ture. Another environmental issue is rising antibiotic resistance, which further demonstrates
that the way pathogens are dealt with can affect billions of people worldwide, sometimes
in unintended ways [3]. However, the concept of a pandemic, and of infectious diseases in
general, is not recent. Bacterial or virus-related outbreaks have tarnished history, yielding
catastrophic effects. Indeed, the bacteria responsible for tuberculosis may have killed more
people than any other microbial pathogen [4]. The black death is well known for wiping out
half of Europe’s population and the 1919 Spanish flu is still the deadliest pandemic in history,
with a death count of 100 million [5]. Major health crises are often predicted by experts and
yet, contamination dynamics are still misunderstood [6]. In order to help prevent history
from repeating itself, a deeper understanding of the transmission routes of pathogens must
be obtained.

The understanding of the airborne transmission of pathogens presents a complex challenge
due to the intricate fluid dynamics involved in transporting pathogen-laden particles through
the air [7]. A prime example is the bacteria Legionella, increasingly recognized as a significant
cause of often underdiagnosed and sporadic community-acquired infections transmitted via
the airborne route [8, 9]. The most frequent source of outbreaks for this pathogen is water
from cooling towers, which are large heat exchangers widely installed on buildings using
water as a heat transfer media to dissipate excess heat, and potentially pathogens, into the
surrounding environment through an aerosol plume [10]. There are an estimated 2 million
cooling towers installed in North America and Legionella accounts for approximately 1.9
yearly cases per 100 000 people [11]. Furthermore, the number of cases has been steadily
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growing worldwide for the past 30 years [12]. With the temperature rise associated with
climate change, the increasing energy demand for cooling towers is expected to exacerbate
the risks of Legionella infections [13].

Historically, most of the scientific effort to limit the spread of pathogens from water sources
has focused on water treatment and disinfection strategies [9]. As a result, the multiphase
flow dynamics associated with the transport of Legionella-laden aerosol droplets from cooling
towers remain poorly understood. Nonetheless, the emerging field of airborne disease trans-
mission has been rapidly evolving in recent years, bridging the gaps between microbiology,
aerosol science, and multiphase fluid dynamics. The airborne transmission of pathogens is
now widely recognized as a critical research gap, but the complexity of the fluid dynamics
involved in transporting pathogen-laden aerosol droplets leaves experts divided on the most
effective mitigation strategies, as much remains unknown about how these pathogens spread
through the air [3]. The following sections introduce the research gaps at the heart of these
disagreements and leading to the scope of this project.

1.1 Airborne and droplet transmission

The World Health Organization (WHO) defines air pollution as the "Contamination of the
indoor or outdoor environment by any chemical, physical or biological agent that modifies
the natural characteristics of the atmosphere" [14]. As such, biological airborne particles can
be considered as pollutants as they can cause detrimental respiratory diseases when inhaled.
The transmission of pathogens via airborne aerosol droplets has long been recognized [15].
Yet, advancements on the characterization of the airborne transmission process of pathogens
have been limited [3]. Current understanding largely centers on the following: The extent of
pathogen survival and particulate transport behavior in the air is governed by the complex
multiphasic dynamics between the pathogens, the aerosol droplets carrying them and the
surrounding mixture of air and water vapor.

Two distinct transmission routes are described in the literature: droplet and airborne trans-
mission. The World Health Organization (WHO) uses a threshold particle size of between 5
and 10 µm for the transition between the droplet and airborne transmission. However, the
practical distinction between the transmission routes is disease-specific and dependent on
environmental conditions [16]. Larger airborne particles behave differently than their smaller
counterparts (Figure 1.1). Droplet transmission is characterized by relatively large particles
with large settling velocities and limited effects from evaporation. For pathogen transmis-
sion to occur, the subject must be near the source to inhale the droplets or directly come in
contact with them once they are deposited on surfaces (fomites). As for airborne transmis-
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sion, smaller droplets settle slower and can remain airborne for longer as they reach a stable
diameter through evaporation. The smaller the particles, the further they can travel in the
airways and the lungs [17, 18]. However, small particles can only carry a limited number of
pathogens [19].

This dichotomy between large and small droplets remains at the core of the mitigation strate-
gies recommended by the World Health Organization (WHO) and The American Centers for
Disease Control and Prevention (CDC) and is still debated today [20]. Nonetheless, potential
outbreak sources such as cooling towers do not generate isolated pathogens, but rather a tur-
bulent plume comprised of moist air and potentially contaminated particles. Seminal work
by Bourouiba on anthropogenic airborne disease transmission identified that the transport
mechanism of potentially contaminated particles is better represented by multiphase clouds
flowing from a source point [21] (Figure 1.2). The effect of this updated model is that gas
clouds extend the range of droplets of all sizes by trapping them and carrying them forward
farther than they would reach had they been emitted as isolated droplets in a fluid at rest.
Locally moist air can also protect droplets from evaporation. Therefore, contamination via
aerosol is characterized by the dispersion of a particle-laden fluid into the environment, acting
as a multiphase cloud, with both airborne and droplet transmission potentially contributing
as transmission routes. The implications of the fluid dynamics governing pathogen-laden
turbulent plume clouds are thus significant for the establishment of mitigation strategies for
the airborne transmission of Legionella [3].

Figure 1.1 Illustration of the dichotomy between airborne and droplet transmission.
Reprinted with written permission from CCA [22].

For convenience, and in accordance with the literature, particle and droplets will be used
interchangeably to refer to individual finite pieces of the disperse phase suspended in air.
Aerosol will refer to the entirety of the disperse phase within the surrounding continuous
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Figure 1.2 Multiphase Turbulent Gas Cloud From a Human Sneeze. Reprinted with written
permission from Cambridge University Press. [21,23].

gas [24].

1.2 Water as a transmission vector

Airborne transmission does not only stem from anthropogenic aerosol droplets such as those
produced by coughing, sneezing, talking or signing, but occurs from man-made engineered
systems as well [3]. While the properties of the fluid carrying the pathogens diverge sig-
nificantly between the two sources, the fundamental principle remains the same: Aerosol
droplets containing pathogens are carried from the exposure source to the contamination site
through a multiphase cloud.

Engineered systems offer the necessary nutrients and moisture for microbial growth, including
biofilm accumulation (biofouling) driven by water stagnation in piping networks and suitable
temperatures. They also facilitate aerosol generation and transport, allowing pathogens to
spread. Among these pathogens, Legionella is particularly concerning due to its ubiquity in
freshwater and its ability to thrive in systems such as cooling towers. Once contamination
occurs, controlling the growth of Legionella becomes challenging [9]. Despite this, the signifi-
cance of outbreaks and sporadic infections caused by Legionella is often underestimated [25].
As an airborne transmitted disease, the complexity of tracking its transport from unknown
sources to inhalation sites adds to the difficulty of linking clinical cases to environmental
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sources.

Potential infectious engineered sources involve aerosol generation as an unintended conse-
quence of regular operation. Multiple aerosol generation mechanisms are reported in the
literature and stem mostly from perturbations in a liquid-gas interface resulting in fluid frag-
mentation [26]. The end result is the creation of small water droplets containing biological
matter. Bacteria and viruses trapped in these droplets are protected from the environment by
an aqueous layer and can survive airborne for extended periods of time [27]. Once airborne,
water from aerosol droplets evaporates partially leaving nuclei small enough to be inhaled.
The size of water-based droplets evolves in accordance with environmental conditions such
as temperature and relative humidity [28], which makes it challenging to accurately measure
their size. Identifying the transmission routes of these pathogen-carrying particles involves a
deep understanding of the fluid dynamics governing their evaporation and size distribution.

The advantage of studying engineered systems is that the aerosol generation is steady in
time and the large volume of aerosol droplets generated makes their detection statistically
easier. Toilets, whirlpools, spas, and even living (green) walls are considered potential sources
of bacteria that can be transmitted via aerosol [29]. However, the most prominent source
of Legionella-laden aerosol contamination remains cooling towers, illustrated in Figure 1.3,
which generate and release large quantities of potentially contaminated droplets due to the
direct contact between air and water inherent to their operation [30]. Aerosol generation,
dispersion, and deposition within the cooling towers, as well as particle capture before they
are released into the environment, are not sufficiently understood to enable the identification
and prediction of the precise conditions leading to potential outbreaks.

1.3 Project scope

Regardless of the substantial efforts to reduce the risks associated with the airborne trans-
mission of pathogens from engineered systems, such as cooling towers, sporadic cases and
outbreaks still occur every year at an increasing rate worldwide. The lack of understand-
ing of the fluid dynamics governing the transport of Legionella-laden aerosol droplets from
cooling towers to inhalation sites is a critical gap in the current knowledge. This research
therefore aims to shed light on the factors contributing to pathogen spread, with a focus on
aerosol characterization, to inform more effective mitigation strategies.

In the following chapter, an extensive literature review is presented, covering the challenges
associated with cooling towers and Legionella, the different aerosol size distribution measure-
ment instruments available, as well as the water-based droplet evaporation mechanisms, to
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(a) (b)

Figure 1.3 (a) Industrial cooling tower. (b) Aerosol plume generated from an industrial
cooling tower and released into the ambient air [31].

identify the research needs of the project. After a critical assessment of the literature, the
specific objectives of the project are discussed. The results are then discussed in the next
5 chapters in the form of 5 journal articles A general discussion of the impact of this work
is presented in chapter 9. The thesis is finally summarized in chapter 10, also including
limitations and recommendations for future work.
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CHAPTER 2 LITERATURE REVIEW

I am an old man now, and when I die there are two matters on which I hope for
enlightenment. One is quantum electrodynamics and the other is the turbulent motion of

fluids. And about the former I am really rather optimistic.
- Horace Lamb (1932)

2.1 Challenges associated with cooling towers and Legionella

Cooling towers are an important part of typical Heating, Ventilation and Air Conditioning
(HVAC) systems employed to evacuate excess heat from large buildings and industrial equip-
ment. They are not only comprised of the tower itself but also include the plumbing system,
pumps and chillers (Figure 2.1). The water for the heat exchange flows throughout this large
surface area system, making it challenging to control the bacterial growth or to efficiently
disinfect a highly contaminated cooling tower [32]. Legionella can develop anywhere in the
network where it is wet, and then be transported toward the cooling towers where it can be
aerosolized and discharged into the environment [33]. To fully grasp the issue of bacteria-
laden aerosol dispersion from cooling towers, it is essential to understand the underlying fluid
mechanisms at play. In this section, a detailed review of cooling towers and Legionella is
presented, as well as the state of the art for regulations put in place and the current attempts
to evaluate and reduce the contamination risks.

2.1.1 Water cooling towers

A cooling tower is a specialized heat exchanger that removes heat from process water through
latent heat transfer between hot water and colder ambient air circulated inside the cooling
tower [35] (Figure 2.2). As this occurs, a significant volume of water is evaporated and the
excess heat of the building is discharged into the environment as a multiphase flow of vapor
and aerosol droplets [36]. Despite the health risk associated with Legionella transmission,
cooling towers remain widespread due to their relative affordability and efficiency [37].

Airflow dynamics

Cooling towers are typically divided into categories according to specific aspects of the sys-
tem, the most interesting in the context of airborne transmission being airflow dynamics,
impacting the aerosol generation and dispersion into the environment. The direction the air
travels in cooling towers can either be considered a crossflow or a counterflow with respect
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Figure 2.1 Cooling tower plumbing system, including pumps, chillers and heat exchangers. [34]

to the falling water (Figure 2.3) [39]. For crossflow cooling towers, water flows downwards
vertically through the fill material, a medium used in cooling towers to increase the surface
area available for heat transfer, while the air flows horizontally across the falling water. In
counterflow cooling towers, the air enters an open area beneath the fill media and flows
vertically upwards, against the flow of falling water sprayed from pressurized nozzles [40],
generally making them approximately 25% more effective at heat transfer than crossflow
cooling towers [41].

Another characteristic differentiating cooling towers is the way air is drawn into the system
(Figure 2.4). It can affect performance, but also the aerosol generation and dispersion into
the environment. Mechanical draft cooling towers use electric motor-driven fans to circulate
the air through the tower. An axial fan is typically positioned on top of the cooling tower to
pull the air through. It is the most common type of cooling tower and the most efficient [41].
In some systems, a blower-type centrifugal fan is placed at the air intake to force air into
the cooling tower which creates high entering and low exiting air velocities. This is called a
forced draft and it consumes more power than induced draft cooling towers [43].
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Figure 2.2 Cooling tower working principle [38].

Differences between cooling towers

Variations in the design of cooling towers, even among those of the same type, can significantly
impact aerosol production and dispersion, particularly in terms of the positioning of spray
nozzles relative to the fan [44]. Additionally, the fill material is prone to biofouling and
bacterial growth, depending on the operational conditions [45] (Figure 2.5). These design
variations create a diverse range of cooling tower configurations. Each system presents unique
characteristics complicating the generalization of the fluid dynamics governing the airborne
transmission of bacteria-laden aerosol droplets.

Aerosol generation

The aerosol generation processes inside cooling towers are not well characterized. How-
ever, the direct contact of water and air provides the right conditions for the generation of
a large volume of aerosol droplets through multiple possible generation mechanisms. For
bacteria-laden droplets, short-lived unsteady fluid fragmentation dominates the aerosol gen-
eration process, via coupled interfacial instabilities on the free surface [46]. One obvious
way droplets are generated is through the spray nozzles of counterflow cooling towers which
produce droplets expected to be within the 0.5 to 5 mm size range [47]. Smaller droplets
evaporate when they come in contact with the air inside the cooling tower and the result-
ing small dried nuclei thus generated are expelled into the ambient air [48]. The inside of
a counterflow cooling tower under the fill media looks similar to pouring rain (Figure 2.6).
Therefore, droplets between 1 and 10 µm in diameter are likely also generated by the impact
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(a) (b)

Figure 2.3 a) Crossflow cooling tower. b) Counterflow cooling tower [42].

of larger water droplets in the shallow water basin [26]. Another known way to generate
such particles is through the bursting of bubbles on the water film flowing on the walls of
the fill media [49], from which droplets between 1 and 500 µm in diameter are expected to
be generated [50]. Multiple other mechanisms could be involved in aerosol generation inside
cooling towers, an overall inevitable phenomenon as the direct contact between water and
air responsible for the aerosol generation also provides the heat exchange.

Each individual droplet size and trajectory, as well as its pathogen concentration and viability,
are governed by the properties of both the droplet and the surrounding multiphase flow
[51]. These characteristics and their evolution in time and space are critical to assessing the
contamination risks and controlling the extent of an outbreak [24]. In the context of airborne
transmission, the aerosol generation process provides the initial conditions of the individual
pathogen-laden particles, but the transport through a turbulent plume in the environment
determines their ultimate fate [21].

2.1.2 Drift eliminators

Once bacteria-laden aerosol droplets are discharged into the environment in a plume of air
and water vapor from a cooling tower, airborne transmission and human contamination are
governed by meteorology and are therefore disorderly and very difficult to manage. Thus,
the contaminated droplets must ideally be captured at the outlet of cooling towers before
they are released into the ambient air. Concurrently, a large volume of water is lost from
cooling towers due to evaporation and aerosolization. Drift eliminators are used primarily
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Figure 2.4 Left : Mechanical draft induced type cooling tower. Right : Mechanical draft
forced type cooling tower. [39]

Figure 2.5 Biofouling in fill material

to limit these water losses to the unavoidable evaporative contribution, but they also lower
aerosol dispersion [42]. Drift eliminators are cost-effective systems consisting of small chan-
nels imposing sharp bends to the airflow and covering the outlet of the exhaust air from the
cooling tower (Figure 2.7). The design of drift eliminators strikes a balance between max-
imizing water capture efficiency and minimizing pressure losses, while minimizing material
usage [52].

Types of drift eliminators

Different versions of drift eliminators are employed on cooling towers (Figure 2.8). A first
type is the cellular drift eliminator, consisting of an alternating series of corrugated sheets
assembled to form closed cells, which are designed specifically for particle removal efficiency.
A second type is the blade-type drift eliminators, composed of thick blades that are held
together with end caps. Cellular type drift eliminators provide more surface area to capture



12

Figure 2.6 Inside of an operating cooling tower

Figure 2.7 Location of drift eliminators on different types of cooling towers [42]

droplets and are thus the most efficient [39], but they are more costly [41].

Working principle

The mechanism behind particle capture in drift eliminators is described by aerodynamics
(Figure 2.9). The channels of the drift eliminators first create a sudden change of direction
in the air stream which separates denser droplets from the airflow. The separated droplets
have too much inertia to abruptly change direction and impact the eliminator surface on
which they lose their momentum and are drained back into the cooling tower [53].

Since the flow speed is small through drift eliminators, a two-dimensional incompressible
flow can be assumed [55]. It is also assumed that the droplets are sufficiently small and
light to have minimal effect on the airflow. The motion of the small droplets is essentially
controlled by drag forces, not by gravity. Some large droplets escape collection because of
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Figure 2.8 Blade type drift eliminator on the left and cellular type drift eliminator on the
right [42]

air turbulence, and particle bounce can occur at liquid-air interface on the wet fill material
under specific circumstances [53,54,56].

Drift eliminator efficiency at capturing aerosol droplets in a given size range is directly related
to the infection risks associated with a specific system. The theoretical drift eliminator
collection efficiency depends on the density of the particle ρp (kg/m3), the particle diameter
Dp (m), airflow velocity Ue (m/s), the viscosity of the gas µ (Pa · s), the width of the channels
of the drift eliminator b (m) and the angle of the direction change of the drift eliminator θ
(◦), and is given by the following equation [57]:

η = ρp(Dp)2Ue

18µb θ (2.1)

As mentioned above, there is a compromise to be made between capture efficiency and energy
consumption; a higher collection rate entails higher flow pressure drop which means higher
energy consumption from the cooling tower. Essentially, in order to achieve the highest
collection efficiency, drift eliminator geometry must be as complex as possible, increasing
pressure drop [53]. Most cooling tower managers tend to value low energy consumption more
than excessive water losses, simply because replacing the evaporated water is cheaper [58].

Multiple comparative studies on different types of drift eliminators have been conducted,
either numerically or experimentally, typically in wind tunnels [59–63]. Most agree that
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Figure 2.9 Droplet behavior and collection by drift eliminators, reprinted with written per-
mission from Elsevier [54]

drift eliminator design can be further improved, especially towards the capture of smaller
droplets [64]. Nevertheless, the drift eliminator efficiency at capturing droplets is dependent
on the specific cooling tower characteristics [55] and the evaluation of drift eliminators needs
to consider the entirety cooling system, as multiple factors can influence their efficiency [62],
including the way the water is distributed in the cooling tower [64]. Furthermore, the optimal
conditions for a specific drift eliminator are dynamic, depending among other things on the
state of cleanliness of the cooling tower [65]. Even though each cooling tower system is
unique, drift eliminators are mostly of the two types mentioned above and are not customized
to the system. Even with the significant number of studies conducted on drift eliminators,
knowledge is still limited on their capture efficiency in the context of airborne transmission.

2.1.3 Legionella

Measuring approximately 0.3-0.9 µm by 1.5-5 µm [66], Legionella is a Gram-negative bacil-
lus, meaning that it is rod-shaped (Figure 2.10). The gram-negative characteristics provide
the bacteria with a dual membrane structure that makes it highly resistant (50-100%) to
commonly used antibiotics and chemical disinfectants [67]. Legionella is responsible for two
pneumonia-like illnesses in humans, particularly affecting at-risk individuals: Legionnaires’
disease, with a mortality rate of 10%, and Pontiac fever, an influenza-like, self-limited ill-
ness [10]. Legionellosis refers to both of these diseases. More than 95 % of cases are sporadic
and the primary exposure source is rarely identified [68], which means that the total number
of cases is most likely underestimated [69]. It is not typically transmitted anthropogeni-
cally because it is deposited too deep within the lungs to be ejected through a cough or a
sneeze [70]. Thus, its preferred transmission media is water. Legionella is responsible for 402
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M$ per year in health care cost in North America [11,71,72].

Legionella refers to the bacteria genus which is divided into multiple species. The most
prevalent is the Legionella pneumophila species which is divided into 15 serogroups. The
other species of Legionella are often grouped together and referred to as Legionella spp. In
Europe, 90% of cases are caused by Legionella pneumophila and more than 85% are linked
to serogroup 1 alone [73]. However, 24 of 58 known Legionella species have been implicated
in human diseases [10].

Figure 2.10 Scanning electron microscopy (SEM) impage of Legionella pneumophila

Legionella naturally exists in freshwater and quickly reproduces inside man-made engineering
equipment that yields the right conditions for growth, such as intermittent stagnant water,
temperature, hosts and biofilm. Aerobic biological systems provide the best environment
for Legionella proliferation because of the temperature range, usually between 20 and 50
◦C [74], and the presence of protozoa [75]. Indeed, Legionella grows inside protozoan hosts
associated with biofilm and can be released into the water, assisted by the shear forces induced
by turbulence in the flowing water [76].

Legionella transmission

Legionella is transmitted via inhalation of small airborne droplets from a contaminated wa-
ter source that has allowed the organism to grow and spread (Figure 2.11). For example,
whirlpools and flushing toilets generate aerosol droplets able to carry biological matter [77].
However, since most of these potential sources usually deal with small volumes of water and
no significant forced airflow, the extent of the outbreak they can cause is limited. In con-
trast, cooling towers deal with large flow rates of air and potentially contaminated water.
They are therefore the main source of Legionella outbreaks through the discharged aerosol
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plume [78]. Contaminated cooling towers can even contribute to seeding other nearby cooling
tower systems [79,80].

Figure 2.11 Transmission of Legionella pneumophila. Reprinted with written permission from
Elsevier [81].

Effect of aerosolization on bacteria

The relationship between the concentration of bacteria inside the cooling tower water and the
concentration of airborne bacteria discharged in the aerosol is of the utmost importance to
accurately assess the risks associated with Legionella infections. This rate of bacteria transfer
from water to aerosol is governed by the aerosolization mechanisms inside the cooling tower.
Knowledge is limited on this relationship but a higher concentration of Legionella in water is
not always linked with a higher concentration in aerosols [10]. The transfer rate of solids from
a bulk liquid to the air has typically been considered very small, on the order of maximum
1% [82, 83], supposed from the working mechanisms of cooling towers [84–86]. However, in
these studies, the bacteria concentrations were compared in different fluids (water vs. air). To
adequately characterize the bacterial transfer from the bulk liquid to the generated droplets,
the concentrations should be compared within the same media. In this case, the pathogen
concentration in the cooling tower process water should be compared to the concentration
inside the aerosolized water present in the air in the form of droplets. No basis for such
a correlation was proposed, highlighting the pressing need to quantify it for an accurate
assessment of the risks associated with Legionella infections.

The viability of pathogens being carried via the airborne route depends on multiple factors.
A thorough review of these factors, from the generation of contaminated aerosol droplets
to their inhalation and deposition in the respiratory tract, can be found in appendix A.
Here, we will focus specifically on the survival of Legionella in aerosol droplets. Legionella
thrives at 65% relative humidity and is significantly less active at 90% and 30% [87]. Solar
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radiation has a lethal effect on airborne Legionella as well [10]. However, in the context of
airborne transmission, the contamination through inhalation depends on the metabolic state
of the bacteria. When the conditions are suboptimal, Legionella transitions into a viable
but nonculturable (VBNC) state to enhance survivability. In that state, its only focus is
to survive as it does not grow or reproduce until the ambient conditions become favorable
again. This process can make Legionella detection harder, especially when airborne as it can
be assumed that it enters the VBNC state when aerosolized [88]. In essence, the survival of
bacteria in aerosol droplets depends on multiple environmental and metabolic factors, but it
is typically in the range of hours [46,89,90].

Microbial growth control

The current most widespread method to control the growth of Legionella in a plumbing
system is through chemical water treatment. Chemical compounds include chlorine, ozone
and copper-silver ionization [91]. Continuous injection of biodispersive agents is typical
as well to limit biofilm formation [92]. Cooling tower water disinfection and conditioning
strategies for large units can cost from 50 000 to 300 000 USD annually [93]. These strategies
are often damaging to the cooling tower system over time, inducing significant corrosion
and scale formation, which can reduce the heat transfer efficiency by up to two orders of
magnitude, and compromise cooling tower performance, potentially causing operational issues
[40,94].

In practice, every cooling tower system uses a specific treatment method which typically com-
bines multiple chemical compounds used at different time intervals. Legionella can adapt to
a wide variety of environments and often survives chlorine-based disinfection [10]. Therefore,
chemical treatments are not always effective and important levels of contamination still occur,
most often during the summer warm weather. As such, newer and older cooling tower sys-
tems are susceptible to Legionella contamination [95]. Sustainable physical treatments such
as thermal inactivation and mechanical filtration of the process water have become more
relevant in recent years [74,96,97]. Cross-flow microsand filtration effectively removes partic-
ulate matter and microorganisms larger than 1 µm from water. These systems are typically
combined with a lower dosage of the chemical treatment. This approach not only enhances
microbial control but also contributes to a reduction of corrosion and scale formation [98,99],
thereby improving the overall physical state of cooling tower systems. Nevertheless, cross-flow
microsand filtration is not widely adopted [91].
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2.1.4 Regulations

In 2012, between July 18th and October 8th, 181 cases of legionellosis were reported in
the Quebec City area (QC, Canada), 14 of which were fatal. Cooling towers harboring the
pathogenic strain and were held responsible for its dissemination [100]. This major outbreak
led to the adoption of provincial regulations. Concentration of Legionella in water must not
exceed 104 CFU/L, with regular monitoring and corrective actions required if this threshold is
surpassed. If the concentration exceeds 106 CFU/L, the cooling tower must be shut down and
disinfected. These thresholds are less stringent than those in Europe [101], and sporadic cases
still occur every year throughout the province. Thus, updated regulations are needed [102].

Cases associated with Legionella remain largely underestimated in many countries world-
wide. The United States has been known to have a reactionary mindset to outbreaks and
be very late at establishing regulations for Legionella monitoring of cooling towers [103]. In
contrast, the threshold for immediate action set by the European Working Group for Le-
gionella Infections (EWGLI) is among the most rigorous in the world [104]. There is a clear
dichotomy between Europe, which uses Legionella spp. as a benchmark for monitoring and
regulation, and North America, where the focus is primarily on Legionella pneumophila as the
key indicator for assessing health risks in water systems [104]. As Legionella infections have
increased worldwide in the past few decades [8,105,106], it is often argued that standardized
regulations are needed and that adequate training of cooling tower managers remains the
best way to mitigate risks [95, 104].

There are currently no strict regulations regarding the discharge of aerosol particles from
cooling towers into the environment in the province of Quebec. However, there are some
guidelines from governments worldwide such as having a flow rate under 3 m/s, having airtight
drift eliminators and protecting the humid surfaces from the sun to prevent temperature
increases [107]. Guidelines are also provided on the total quantity of pollutants of all types
that can be released into the environment from a stationary source, which should be lower
than 15 µg/m3 of air for particle matter smaller than 2.5 µm and lower than 45 µg/m3 for
particle matter smaller than 10 µm [14]. However, these guidelines cannot be easily applied
to aerosol droplets because their mass changes constantly due to evaporation. Therefore,
Legionella transport into the ambient air is technically governed by the WHO guidelines, but
it is not adapted to address airborne transmission and also not enforced.

2.1.5 Risk assessment

The transmission of Legionella exhibits distinct seasonal patterns, with a higher incidence ob-
served during warmer weather. Additionally, rainfall, elevated humidity, and low atmospheric
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pressure have been linked to an increase in cases [10]. Assessing the risk of Legionella trans-
mission is particularly complex due to the multitude of factors influencing droplet formation
and their subsequent dispersion into the environment. Nonetheless, educated estimations
can provide orders of magnitude for the risks.

In the realm of infectious disease control, particularly in the context of respiratory infec-
tions, Quantitative Microbial Risk Assessment (QMRA) provides a systematic framework to
quantify the likelihood of exposure to airborne pathogens and assess the subsequent risk of
infection. By integrating data on pathogen concentrations, aerosol dynamics, and human
exposure factors, QMRA models the transmission dynamics, allowing for the identification
of critical control points and the development of targeted intervention strategies. Hamilton
et. al adapted the QMRA methodology to the airborne transmission of Legionella pneu-
mophila from cooling towers [81,108]. It assumes that Legionella pneumophila exposure risks
are based on the combination of multiple models: the emission of potentially contaminated
aerosol droplets from a cooling tower, their atmospheric dispersion, the inhalation and de-
position of the particles depending on their size, and finally the pathogenic dose-response
specific to each individual.

Emission model

According to the QMRA methodology developed by Hamilton et. al, the emission rate
of Legionella pneumophila into the environment Qem (particles/s) can be calculated, with
knowledge of the pathogen concentration per volume of water Cw (particles/Lw) as well as
the volumetric flow rate released from the cooling tower V̇air (Lair/s), the drift eliminator
capture efficiency η (-), the ratio of bacteria transferred from the water to the airborne
aerosol droplets Rwa (-), the volume of water aerosolized Vw (Lw), the volume of air sampled
by the OAS Vair (Lair) and the ratio of accuracy for the detection method Rm (-):

Qem = CwV̇airVwRwaη

VairRm

(2.2)

The model considers the emission rate for droplets in the 1-10 µm size range. This emis-
sion model estimates the concentration of viable pathogens released from the cooling tower
based on their water concentration. However, it lacks crucial data linking the concentration
of Legionella pneumophila in the cooling water to that in the discharged aerosol droplets.
Without this key information, the accuracy of the model is limited.
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Atmospheric dispersion model

The atmospheric dispersion model allows to estimate the Legionella pneumophila concentra-
tion downstream from a cooling tower. Hamilton used a Gaussian atmospheric model which
considers a point source for the emission [81, 108] (Figure 2.12). The average Legionella
pneumophila concentration emitted by a cooling tower can be determined at any point in
space according to the following equation :

Cair(x, y, z) = Qem

2πµσyσz

exp[− y2

2σ2
y
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z

]) exp[−λx
µ

] (2.3)

Where Cair (particle/m3) is the average airborne Legionella pneumophila concentration, Qem

(particle/s) represents the emission rate of Legionella pneumophila, and µ is the average wind
speed in the x direction (m/s). The terms σy and σz (m) denote the standard deviations of
the concentration distribution in the y and z axes, respectively. The variables x, y, and z (m)
represent the longitudinal, lateral, and vertical distances from the point source, while He (m)
refers to the height of the point source relative to the ground. The reflection coefficient on the
ground is denoted by α, and λ (s−1) signifies the inactivation rate of Legionella pneumophila.

Figure 2.12 Gaussian distribution of the concentration within the plume of an atmospheric
pollutant, reprinted with written permission from CCA [109]

The values of σy and σz can be obtained from the following semi-empirical equations :
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σy = Ryx
ry (2.4)

σz = Rzx
rz (2.5)

Where x is the longitudinal distance from the emission source and Ry, Rz, ry and rz are
determined from the atmospheric Pasquil-Gifford stability classes [110].

Inhalation and deposition model

The inhalation model defines the dose of Legionella pneumophila that is inhaled and deposited
within the respiratory tract of an exposed subject. It can be calculated with the following
equation, assuming a constant deposition rate of 25% in the respiratory tract [81,108] :

D = CairIt
n∑
i

FiDEi (2.6)

Where D (particle) is the dose of Legionella pneumophila deposited in the respiratory tract
of the exposed subject, Cair (particle/m3) is the average airborne Legionella pneumophila
concentration, and I (m3/min) is the inhalation rate of the subject. The term T (min)
represents the length of exposure. Fi (-) denotes the fraction of Legionella pneumophila
aerosolized into droplets of size 1 to 10 µm, while DEi (-) is the average probability that an
aerosol of diameter i is deposited.

Dose-response model

Two dose-response models for Legionella pneumophila were developed by Armstrong and Haas
[111] based on experimental data quantifying the probability of response (fever or mortality)
in guinea pigs following inhalation of aerosols contaminated with Legionella pneumophila
serogroup 1 [112]. The dose-response model provides the best fits to the data from these
experimental animal studies. It can be expressed by the following equation:

Pinf = 1 − exp(−rD) (2.7)

Where Pinf (-) is the probability of infection, r (-) is the median probability that a Legionella
pneumophila bacterium initiates infection.
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This dose-response model has been used in QMRA studies to predict subclinical severity
infection in humans [81, 108]. Clinical severity was defined as an infection requiring medical
attention or the seeking of healthcare services. The epidemiological validation of these dose-
response models was studied by Armstrong and Haas [113] based on data obtained during
three outbreaks of legionellosis associated with public spas in Japan and the Netherlands.
The authors found good agreement (generally less than one order of magnitude difference)
between reported subclinical and clinical infections and the infection risks calculated by
QMRA based on estimated exposures.

The dose-response models for Legionella pneumophila allow for estimating the probability of
infection associated with a single exposure. To account for multiple exposure events over an
extended period, the individual probability of infection can be combined according to the
following equation:

Pinf, annual = 1 −
N∏

i=1
(1 − Pinf, i) (2.8)

Where Pinf, annual (-) is the probability of one or more infections over a total of N exposure
events, and Pinf, i (-) is the probability of infection per exposure event. If we assume that the
probability of infection per event is constant, the probability of infection can be simplified
to the following form:

Pinf, annual = 1 − (1 − Pinf)N (2.9)

The health impact of a clinically severe infection is often assessed using the disability-adjusted
life years (DALY) factor calculated by van Lier et al. based on surveillance data for Legion-
naires’ disease in the Netherlands [114], according to the following equation:

DALY = FDALY × Pinf (2.10)

Where FDALY (-) is the disability-adjusted life years factor for Legionnaires’ disease, which
accounts for the severity of the disease and the duration of the infection.
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2.1.6 Experimental characterization of the aerosol droplets from cooling towers

Few experimental characterizations of aerosol droplets discharged from cooling towers have
been conducted. One of the most pressing research gaps related to the contamination risks
is the quantity of viable Legionella that are transferred from the bulk water to the aerosol
droplets [108]. A key challenge in addressing this question is the ability to sample pathogens
while maintaining their viability. Nocker et al. proposed a methodology using a liquid
impinger to sample aerosol droplets, which was tested on four operational cooling towers.
This approach enabled flow cytometry analysis of the collected samples, providing valuable
insights into the viability of airborne pathogens [115].

One aspect of the aerosol discharged from cooling towers that remains elusive is the size
distribution of potentially contaminated droplets. Ruiz et al. developed a methodology
using an impactor combined with image processing to measure the size distribution of aerosol
droplets from cooling towers. However, their technique lacked the resolution needed for
accurate risk assessment [116]. As a result, current risk assessment models often rely on
size distributions measured from aerosols generated in laboratory settings, which may not
fully represent real-world conditions [66,81]. The precise size distribution of aerosol droplets
emitted from cooling towers therefore remains poorly characterized.
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2.2 Considerations on energy

The evaporative cooling efficiency, or performance of a cooling tower in terms of heat transfer
is affected by multiple parameters. A critical one is the wet-bulb temperature, the lowest
temperature that can be reached under current ambient conditions only by the evaporation of
water, which depends on the atmospheric temperature and the relative humidity. The heating
or cooling load, which is the amount of thermal energy that a building needs to exchange with
its environment in order to maintain the indoor temperature at established levels [117], as well
as the flow rate of air and of circulating water [118] can also affect the performance of a cooling
tower system. Additionally, heat inertia, a measure of heat gradually stored and released
in a building, also plays a significant role in determining operational efficiency [119]. The
evaporative cooling efficiency can be defined as the ratio of the energy to be evacuated by the
tower (thermal load) to the energy required to operate the system [120]. This metric is called
the coefficient of performance (COP) and is a measure of the effectiveness of transferring
heat between two fluids [121].

Biofilm accumulation can also influence the performance of a cooling tower system. Biofilm
can act as an insulating layer, decreasing the heat transfer rate by up to three orders of
magnitude [122]. Biofilms can also reduce the effective diameter of pipes, impeding the flow
of water and reducing the heat transfer efficiency as less water is exposed to the surrounding
air [123]. Cross-flow microsand filtration can effectively remove biofilm and other particulate
matter from the process water, thereby potentially improving the heat transfer efficiency of
cooling tower systems [124–126].

One key characteristic influenced by the wet-bulb temperature, the load, the heat inertia and
even biofilm accumulation is the operating rate, a ratio reflecting the working intensity of the
cooling tower, according to the operation of the fan and the water pumps. It is calculated by
averaging the ratios of the current operation over the maximal operation for the fan speed and
the water pump [127]. However, although a consistently high operating rate is indicative of a
low coefficient of performance, the operating rate of a cooling tower is not an indication of its
efficiency [128]. Despite technical advancements in cooling tower design, most systems still
operate below their optimal efficiency levels [129], resulting in increased energy consumption,
higher operating costs, and potentially negative environmental impacts [130–132]. As such,
there is a strong need to address these inefficiencies through the integration of innovative
technologies.
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2.3 Aerosol size distribution

As the fate of pathogen-laden aerosol droplets depends, among other factors, on their size,
the infection risks cannot be assessed without proper physical characterization. The size
distribution of aerosol droplets helps in understanding their physical properties as well as
evaluating the infection probability. The number concentration for specific sizes can provide
valuable information on the associated risks and guide the adoption of mitigation measures.

The number size distribution of particles dispersed in a fluid is represented by a list of
values that defines the relative number of particles present according to their size [133], and
is divided into small size classes called bins. In aerosol sizing instruments, the number of
size bins is finite. When comparing aerosol size distributions measured by instruments with
varying resolutions, the resulting plots of concentration versus particle diameter will differ
due to discrepancies in the size binning of each measurement. To account for the fact that
the number of size bins is not the same for every instrument, and that the bins are unequal in
width, the y-axis on size distribution plots is normalized by dividing the number concentration
(dN) of each bin by the logarithm of the bin width (dlogDp) [134]. This results in a log-
normal distribution that is independent of the bin width. Generally, log-normal distributions
tend to be the best fit for single-source aerosol droplets. Some instruments already provide a
normalized size distribution measurement, but for other instruments, the concentration must
be normalized through data post-treatment to allow comparison with other instruments.

2.3.1 Sampling considerations

The ability of particles to follow streamlines is characterized by the Stokes number, a dimen-
sionless parameter that describes the behavior of a particle in a flow. It is defined as:

St =
ρp · d2

p · g
18 · µ · v

(2.11)

where St (-) is the Stokes number, ρp (kg/m3) is the particle density, dp (m) is the particle
diameter, g (m/s2) is the acceleration due to gravity, µ is the dynamic viscosity of the fluid
(Pa·s), and v is the flow velocity (m/s). When the Stokes number is significantly less than
one, particles can easily follow the airstream, resulting in lower capture efficiency. Conversely,
particles with a Stokes number greater than one tend to deviate from the airstream, leading
to effective impaction on the collection surfaces.

Some measurement instruments require the flow to be sampled. These instruments typically
have an inlet where the flow is drawn in with a pump and then measured. A sampling tube
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can also be added to the inlet of these instrument to add range to the instrument and reach
in deeper areas [135, 136]. For instruments requiring sampling for measurement, the inlet
flow rate must be controlled to ensure that the sample is representative of the flow. One
of the ways to do this is through isokinetic sampling, where the flow rate of the sample
being drawn in form the instrument is adjusted to match the flow rate of the source [137]
(Figure 2.13). Isokinetic conditions are achieved when the velocity of the air entering the
sampling probe matches the velocity of the surrounding flow, while sub-isokinetic and super-
isokinetic conditions occur when the probe velocity is lower or higher, respectively. Under
sub-isokinetic conditions, large particles, tend to bypass the probe due to their inertia, leading
to under-sampling, whereas super-isokinetic conditions cause over-sampling as the probe pulls
in more large particles than are representative of the flow. Smaller particles are less affected
by non-isokinetic sampling because their low inertia allows them to follow the air streamlines
into the probe more uniformly [137]. Isokinetic sampling has the advantage of providing a
representative sample of the flow, but it can be difficult to achieve in practice due to the
complexity of the flow and the need for a precise flow rate control.

 

Figure 2.13 Schematic representation of isokinetic sampling.

2.4 Size distribution measurement instruments

Suspended particles can be characterized through different types of measurement depending
on the instrument used. The most prominent are the aerodynamic diameter, the electrical
mobility diameter, laser diffraction measurements and optical size measurements. The aerosol
size covered by currently available measurement technologies ranges from 0.002 µm to several
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millimeters between all types of instruments [138].

2.4.1 Impactors

Cascade impactors are perhaps the most widely used instruments for measuring fine particle
size distribution. These devices work by utilizing a series of stages, each equipped with a
collection surface, where particles are separated based on their aerodynamic behavior. As
the sample aerosol flows through the impactor, larger particles, which cannot follow the
streamline due to their inertia, impact the collection surfaces and are captured (Figure 2.14).
The size associated to each stage is a D50 value, meaning that particles with a given threshold
size are collected with 50% efficiency. Number size distribution can then be derived from
the mass of particles collected on each stage, assuming sphericity and constant density [139].
The measured size range can be quite wide, from approximately 0.10 µm to 10 µm and
the number of stages generally spans from 3 to 13, which yield a low resolution for this
instrument. However, microbial detection and characterization can be conducted on the
different stages and as such, the cascade impactor is the only approach that can provide
size-resolved microbiological data [140,141].

Figure 2.14 Measurement principle of the cascade impactor, reprinted with written permission
from CCA [139].

2.4.2 Aerosol spectrometers

Optical aerosol spectrometers (OAS) are sampling instruments that measure the light scat-
tered from single particles with a diode laser to obtain their size distribution (Figure 2.15
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a). Laser diffraction measures the angular variation and intensity of light scattered as a
laser beam passes around a suspended particle (Figure 2.15 b). Although OAS are typically
employed for measurements of particle matter, they can theoretically be used to measure any
flow of particles including water-based aerosol droplets.

(a) (b)

Figure 2.15 a) Optical Aerosol Spectrometer (MiniLAS model 11-R, GRIMM Aerosol Technik
Ainring GmbH & Co, Ainring, Germany). b) Measurement principle of the optical aerosol
spectrometer, reprinted with written permission from Taylor & Francis [142].

2.4.3 Scanning Mobility Particle Sizers

The Scanning Mobility Particle Sizer (SMPS) is a commonly used instrument for measuring
the size distribution and concentration of submicron particles, whether solid or liquid, in the
range of 1 nm to 1000 nm. Upon entering the system, particles are electrically neutralized
using either a radioactive source or soft x-rays. These neutralized particles then pass through
a Differential Mobility Analyzer (DMA), which classifies them based on their electrical mo-
bility. Electrical mobility refers to the ability of a particle to move in an electric field, with
smaller particles having higher mobility due to their lower resistance to movement. Par-
ticles are thus subjected to an electrostatic force allowing a segregation according to their
size [143]. As a result, smaller particles with higher mobility exit the DMA first, followed by
larger particles with lower mobility. These particles then proceed to a Condensation Particle
Counter (CPC), where the concentration of particles of a given size is measured [144]. A
schematic representation of the SMPS mode of operation is illustrated in Figure 2.16.
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(a) (b)

Figure 2.16 a) DMA flow schematics. b) SMPS schematics. Reprinted with written permis-
sion from Taylor & Francis [144].

2.4.4 Phase Doppler Anemometry

Phase doppler anemometry is based on light-scattering interferometry where the measure-
ment volume is defined by the intersection of two pairs of laser beams, each forming inter-
ference fringes. The measurements are performed on single particles as they move through
this volume. Particles scatter light from both interference patterns. Receiving optics placed
at a specific location projects a portion of the scattered light onto multiple detectors. Using
three detectors provides both a large measurable size range and a high measurement resolu-
tion. Each detector converts the optical signal into a doppler burst containing information
on the particle size and velocity [145]. The particle velocity is obtained from the doppler
shift of the interference fringes, its size can be acquired from the phase shift. Phase doppler
anemometry offers great potential for aerosol size distribution measurement. First, it exhibits
a large dynamic range, detecting particles from 0,5 µm to 8000 µm, while simultaneously
measuring velocity. Then, it is very precise and no experiment-specific calibration procedure
is necessary. Moreover, it is very robust against optical distortions and movement of the mea-
surement point allows the mapping of entire flow fields with an excellent spatial resolution
(sub-mm). An overview of its working mechanism is illustrated in Figure 2.17.
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Figure 2.17 Measurement principle of phase doppler anemometry [145].

2.4.5 Instrument Comparison

An extensive amount of laboratory and field studies comparing different aerosol characteri-
zation techniques are available in the literature, but critical aspects inherent to water-based
contaminated aerosol droplets remain poorly documented. The SMPS being the gold stan-
dard for sub-micron particle size distribution measurements, it is often used as a comparison
basis for other instruments [146]. Sousan et al. [134] compared the SMPS with an OAS for
particle matter and found that the OAS overestimated the concentration of particles smaller
than 0.5 µm, but the instruments provided similar concentrations for larger particles. Mass
concentrations were more similar but cannot be applied to water-based aerosol droplets be-
cause of evaporation [147]. Moore et. al compared different spectrometers against a reference
SMPS and suggested that disparities between optical instruments could be due to the dif-
ferent optical properties of particles [148]. Since the size of water-based droplets can change
rapidly, optical properties could also vary across the size range of interest, especially with
the presence of non-volatile matter in the droplets. Also, the PDA system was found to
accurately measure particles changing size when it was compared to image analysis for spray
particles, despite a tendency to underestimate the size of particles [149], thus revealing good
potential for aerosol evaporation experiments. Dodge [150] compared multiple instruments
for sprayed droplets, including a PDA system. His general conclusion is that only instruments
using the same measuring principles yield matching results and differences in average size
distribution for instruments using different working mechanisms can be as high as a factor
of 5. Finally, Vo et. al [151] compared different portable optical size spectrometers, reveal-
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ing that portable instruments are as precise as their larger counterparts while providing the
advantage of being sturdier and easier to transport.

2.5 Evaporation of contaminated airborne water-based droplets

Investigations on aerosol evaporation from as early as 1934 have demonstrated that water-
based droplets quickly decrease in size in ambient air as they lose their water content through
evaporation. This process leaves behind a small nucleus that contains some water and the
solid parts of the initial particle content, including potentially viable pathogens [152]. The
ability of the airborne pathogens to remain infectious under the conditions of the dried-up
nuclei determines if it can be transmitted over a long distance via the aerosol route. As the
fate of an aerosol droplet is thus dependent mostly on its size, evaporation plays a critical
role in airborne transmission [3]. In this section, an exhaustive review of the fluid dynamics
related to droplet evaporation in the context of airborne transmission is presented.

2.5.1 Evaporation mechanism of an aerosol

The configuration typically associated with aerosol droplets dispersed within moist air is that
of a spherical droplet having no velocity relative to its surrounding gas (Figure 2.18) [153].
Indeed, aerosol droplets below 100 µm in diameter generally follow the streamlines of the
airflow due to their low inertia [23].

The evaporation of aerosol droplets in humid air is fundamentally governed by the diffusion
of water vapor through the surrounding air. This process is driven by the gradient in water
vapor concentration between the surface of the droplet and the atmosphere [153]. According
to Fick’s law of diffusion, the mass flux of water vapor, J (kg/(m2 · s)), from the surface of a
droplet is proportional to the concentration gradient of water vapor, which can be expressed
as [154]:

J = −D∂C

∂rd

= −D Cs − C∞

rfinal − rinitial

where D (m2/s) is the diffusion coefficient of water vapor in air, A (m2) is the surface area
of the droplet, C (kg/m3) is the concentration of water vapor. Cs is the molar concentration
of the vapor at liquid–vapor equilibrium near the droplet surface, and C∞ is the molar
concentration of the vapor at a large distance from the droplet. rd is the radial distance from
the droplet surface.

As water evaporates from the droplet, a higher concentration of water vapor at the surface
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Figure 2.18 Airborne droplet evaporation process. ṁf is the mass flow rate of water vapor, Q̇
is the heat transfer rate, Ts is the surface temperature of the droplet, T∞ is the temperature
of the surrounding gas, Cs is the molar concentration of the vapor at liquid–vapor equilibrium
near the droplet surface, C∞ is the molar concentration of the vapor at a large distance from
the droplet, D is the molecular diffusion coefficient of the vapor in the gas phase, rd is the
current radius of the droplet, A is the surface area of the droplet.

of the droplet compared to the surrounding air creates a concentration gradient that drives
the diffusion of vapor away from the droplet. This concentration difference sustains the
evaporation process, provided that the vapor pressure at the droplet surface exceeds that
of the surrounding air. As evaporation progresses, the droplet will shrink and the process
will continue as long as the local vapor concentration remains below the equilibrium vapor
pressure at the surface (Cs > C∞) [24, 153,154].

The mass flow rate of water vapor, ṁf (kg/s), released from the droplet through evaporation
can be calculated by multiplying the mass flux by the surface area of the droplet. Maxwell
described the stationary evaporation of a droplet by assuming that the rate of evaporation is
entirely determined by the rate of vapor diffusion in the surrounding gas, and that the vapor
concentration near the droplet surface is equal to the vapor concentration at liquid–vapor
equilibrium. As a result, Maxwell obtained the following equation for the rate of droplet
evaporation [154,155]:
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ṁf = 4πrdD(Cs − C∞), (2.12)

The evaporation of water droplets is also significantly influenced by heat transfer, which
is primarily driven by the temperature difference between the droplet and the surrounding
gas [24, 153]. This thermal gradient creates a convective heat flux towards the droplet,
facilitating the phase change from liquid to vapor. For simplicity, we neglect the contributions
of conduction and radiation in our analysis, focusing on convective heat transfer, as these
contributions are typically small compared to convective heat transfer in the context of
airborne transmission [3]. According to the principle of energy conservation, the rate of heat
transfer Q̇ (W) from the droplet surface to the surrounding gas can be expressed as [24]:

Q̇ = h · A · (Ts − T∞)

where h (W/m2K) is the convective heat transfer coefficient, A (m2) is the surface area of
the droplet, Ts (K) is the surface temperature of the droplet, and T∞ (K) is the temperature
of the surrounding gas.

Evaporation is a coupled process of diffusion and heat transfer [24, 153, 154]. Thus, the
flow in this configuration is solved using the mass and energy conservation equations at the
interface of the liquid and gas phases. Multiple models have been developed to describe the
evaporation of droplets considering both mass and energy conservation equations. We will
focus on two of the most prominent in the context of airborne transmission.

2.5.2 Models of droplet evaporation

The Balachandar et. al model was developed for the evaporation of droplets in the context
of anthropogenic airborne transmission [20]. Assuming that the droplet is spherical, the rate
at which a small sphere loses mass through evaporation is influenced by the diffusion of the
vapor layer away from the surface of the droplet. The rate of evaporation is given by the
following equation [156,157]:

−dm

dt
= πdDρpNu ln(1 +Bm) (2.13)

Here, m (kg) is the mass of a droplet with diameter d (m), D (m2/s) is the diffusion coefficient
of the vapor in the surrounding air, and ρp (kg/m3) is the density of the surrounding air. The
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dimensionless Spalding mass number Bm (-) is given by Bm = Yd−Yp

1−Ys
, where Yd (-) is the mass

fraction of water vapor at the droplet surface, and Yp (-) is the mass fraction of water vapor in
the surrounding air. Nu (-) is the dimensionless Nusselt number, calculated according to the
Froessling equation from the Reynolds number, Re, and the Prandtl number, Pr, knowing the
velocity and viscosity of the surrounding air v (m/s) and µ (N · s/m2) respectively, according
to the following equations:

Nu = 2 + 0.4Re1/2Pr1/3 (2.14)

Re = dρpv

µ
(2.15)

Pr = µ

ρpD
(2.16)

Assuming that Nu and Bm remain nearly constant for small droplets, equation 2 can be
integrated to derive the following relationship for the evolution of the droplet, defined as the
squared law of evaporation [158]:

d(t) =
√
d2

e − k′t (2.17)

Where
k′ = 4DNu ln(1 +Bm) (2.18)

In these equations, de (m) is the initial diameter of the droplet, and k′ represents an effective
evaporative diffusivity with units of m2/s.

The Pruppacher-Klett model is more complex, considering the effect of Stefan flow and the
temperature dependence of diffusion coefficients [159,160]. The evaporation rate dm

dt
(kg/s) is

given by:

−dm

dt
= 2πdMwDCTpSh

RT∞
ln
(
ps − p

psat − p

)

Where
CT = T∞ − Tp

T∞ − 1.6

(
2 − k

T 2−k
∞ − T 2−k

p

)
(2.19)
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In the previous equations, Mw (kg/mol) is the molecular weight of water and p (kg/m · s2)
is the atmospheric pressure of air. CT (-) is a correction factor accounting for the temper-
ature dependence of the diffusion coefficient, with k (-) being a constant between 1.6 and
2. The partial pressure of vapor on the droplet surface is given by ps and psat (kg/m · s2)
is the saturation vapor pressure. T∞ (K) is the temperature far from the droplets, Sh is
the dimensionless Sherwood number, calculated according to the Froessling equation from
the Reynolds number, Re, and the Schmidt number, Sc, which are given by the following
equations:

Sh = 2 + 0.6Re1/2Sc1/3 (2.20)

Sc = µ

ρpD
(2.21)

ps can be calculated from the following equation:

ln ps

psat

= 4MwσLV qw

RT1ρwde

(2.22)

Where σLV (kg/s2) is the surface tension of the droplet, qw (-) is the mass fraction of water
in the droplet and R (J/(mol · K)) is the universal gas constant.

Another important aspect of evaporation in the context of airborne transmission is the nuclei
size of the aerosol droplet. The nuclei size is reached when the vapor pressure at the surface
of the droplet is in equilibrium with the vapor pressure of the atmosphere, meaning the rates
of evaporation and condensation are equal [161]. This final size of the droplet nuclei ddr (m)
is given by the following equation and is equivalent for both models. It is a function of ψ (-),
the volume fraction of non-volatile solids suspended initially in the droplet [20, 159]:

ddr = deψ
1/3 (2.23)

Regardless of the model employed, the timescales for aerosol droplet evaporation are on the
order of a few seconds for initial droplet sizes of several hundred microns, considering both
mass and energy balances at the droplet surface [3]. Evaporation can be categorized into three
distinct regimes based on droplet size: the diffusion regime for larger droplets, the diffusion-
kinetic regime for intermediate sizes, and the kinetic regime for smaller droplets [162]. In
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the case of aerosol droplets in the range of 100 µm generated within cooling towers, evap-
oration typically begins with diffusion and transitions to kinetic-driven processes as droplet
size decreases [163]. This trend indicates that evaporation rates increase as droplet size de-
creases, following the well-known d2 law [24, 153, 154]. According to this law, the square of
the droplet diameter decreases linearly with time during the evaporation process, particu-
larly in the diffusion regime. This relationship provides a simplified method for predicting
evaporation times for droplets of varying sizes. However, the evaporation process is inher-
ently complex and remains partially understood, especially regarding airborne transmission
involving aerosol droplets with non-volatile matter and organic suspended solids [3].

2.5.3 Effect of non-volatile matter

The presence of a significant concentration of non-volatile matter in the bulk solution during
the aerosolization process implies that a fraction of that non-volatile matter can be trapped
inside the droplets upon their generation, and influence the subsequent evaporation process.
The size distribution of the aerosol droplets is not uniform, inducing variability in the quantity
of non-volatile matter aerosolized. As moisture evaporates, the solute concentration per unit
of bulk liquid increases inside the droplet [164]. The non-volatile matter trapped inside
droplets can slow the evaporation process down [165] and as the solute concentration increases
with diminishing droplet diameter, the evaporation process is slowed down exponentially,
leading asymptotically to the final droplet nuclei size. These solids also move inside the
droplet during the evaporation process [166], but this motion does not appear to significantly
affect the evaporation rate [167]. Nevertheless, the extent of the influence of non-volatile
matter on evaporation dynamics is still not well-documented [20,168].

The bulk media properties such as viscosity, a measure of the cohesive forces of the molecules
forming the liquid, and surface tension, a measure of the tension per unit length at the free
surface of the liquid, also play a significant role in the evaporation process. As viscosity
increases, the evaporation rate decreases because of a reduction in the mass transfer rate
between the core and the outer layer within the droplet [169]. Therefore, for equivalent
conditions, water evaporates much quicker than oil because the molecular interactions are
much stronger in oil than in water. Viscosity is different for water from different sources,
which may extend the airborne droplet lifetime depending on the bulk media properties [170].
Cooling tower water, especially after a stagnation period, contains a large volume of dissolved
solid particles compared to the normal drinking water used for the makeup of evaporated
water, and is therefore significantly more viscous.

The addition of biodispersive agents (surfactants) in cooling towers reduces the surface ten-
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sion. A lower surface tension is typically associated with a longer evaporation rate [171].
This occurs due to the dual interfacial properties of surfactants. Most surfactants have a
hydrophilic head and a hydrophobic tail [172]. Consequently, once the droplet is generated,
a surfactant lipid layer gradually forms on its surface, reducing surface tension [171] and
impeding the diffusion of water molecules from the surface into the surrounding air, thereby
decreasing the evaporation rate [156]. Essentially, the aerosol droplets generated from differ-
ent bulk media will have different evaporation rates. Consequently, there is a strong research
need to quantify the effect of surface tension and viscosity on the evaporation dynamics of
airborne aerosol droplets.

In cooling towers, water properties such as viscosity and surface tension differ markedly
from other water systems, potentially influencing evaporation. Viscosity can increase with
the presence of biofilm, reaching up to 1.25 mPa · s compared to 1 mPa · s for tap water
[173–175]. The intermolecular forces between the molecules of the bulk solution are stronger
at higher viscosity, and the evaporation rate can decrease as a result [24]. While the surface
tension of tap water is approximately 73 mN/m, that of cooling tower water can drop to
as low as 62 mN/m due to the addition of biodispersive agents employed to control biofilm
growth [176, 177]. A lower surface tension is typically associated with a longer evaporation
rate [171]. Non-volatile components, including biofilm, bacteria, viruses, disinfectants, salt,
and organic matter, can also influence the evaporation dynamics from a thermodynamic
point of view [24, 173]. Indeed, unless the relative humidity is very low, some water will
remain in the droplet nucleus. This remaining water leads to an equilibrium diameter that
increases with higher initial non-volatile solid concentrations [178]. However, the extent of
the influence of surface tension, viscosity and non-volatile solids on evaporation dynamics
remains not well-documented [20,168].

2.5.4 Influence of environmental parameters

Multiple environmental parameters of the media surrounding the aerosol droplets affect evap-
oration [24,153,154]. These factors are especially important in the context of airborne trans-
mission as they often cannot be controlled and can be rapidly changing. Temperature and
relative humidity are the most dominant parameters influencing evaporation. Their effect on
the evaporation of droplets is well documented.

As temperature increases, the kinetic energy of the molecules of the liquid droplet increases,
allowing more molecules to escape the liquid phase and enter the gaseous phase. Higher
temperatures also reduce the surface tension of the droplet, facilitating the release of water
molecules into the air. Additionally, evaporation rates are faster in warmer environments
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because the increased energy overcomes the molecular bonds holding the liquid together
[153,162,179].

Relative humidity is the ratio of the partial pressure of water vapor in the air to the saturation
vapor pressure of water at a given temperature [179]. Mechanistically, relative humidity
affects the vapor pressure gradient between the droplet surface and the ambient air [24,154].
At lower relative humidity levels, this gradient is steep, allowing for efficient water vapor
diffusion away from the droplet. As relative humidity increases, the vapor pressure of the
surrounding air approaches the vapor pressure at the surface of the droplet, diminishing the
driving force for evaporation. It is therefore directly related to the capacity of the air to absorb
additional water vapor. As relative humidity increases, the potential of the surrounding air
to additional water vapor becomes limited, effectively slowing the evaporation process. At
100% relative humidity, evaporation halts because the air is saturated, and no additional
moisture can be absorbed [161].

2.5.5 Droplet Evaporation Experiments

Comprehending the evaporation dynamics of pathogen-laden airborne particles is essential for
accurately assessing contamination risks, yet this understanding remains incomplete. As pre-
viously discussed, particle size distribution plays a critical role in the contamination potential
of specific pathogens. Therefore, gaining a deeper insight into the evaporation mechanisms
of bacteria-laden droplets is crucial for predicting pathogen concentration, viability, and po-
tential for contamination under various conditions [17]. Accurate data on aerosol droplet
evaporation rates are also essential, as particles that are either too large to be inhaled or too
small to carry pathogens do not contribute to contamination [180].

Most studies used direct measurement such as optical methods for droplet evaporation as-
sessment. Researchers have observed particles with microscopic optical techniques [181] and
different evaporation regimes have been evaluated with high-speed cameras [182]. However,
monitoring aerosol evaporation with optical methods remains challenging because the size
scale involved is very small and evolves rapidly. A refined technique for evaporation monitor-
ing of free-falling aerosol droplets of 25-50 µm was proposed by Hardy et al. Droplets were
injected in a column and illuminated during their free fall with a vertical laser strobed at
the same frequency of the droplet generation, allowing the monitoring of the droplet evapo-
ration with a high speed camera [183]. Some research groups have used acoustic levitation
to study the behavior of a single droplet. However, it was shown that acoustically levitating
droplets evaporate faster than free-falling droplets [170,184]. Acoustically levitated droplets
can oscillate and vibrate in the acoustic field, which can increase the surface area available
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for evaporation. This dynamic movement allows for more efficient mass transfer of water
vapor from the droplet to the surrounding air. Overall, there is a research need to define a
robust method to characterize the evaporation of airborne contaminated aerosol droplets.

2.5.6 Aerosol generation

Multiple types of devices can accurately generate aerosol droplets using various aerosoliza-
tion techniques. Most aerosol generators utilize spray atomization or ultrasonic nebulization
principles, producing an aerosol with a consistent size distribution [185–187]. However, these
aerosol generation mechanisms do not reliably produce monodispersed droplets. They also
induce large strains on the bulk solution [188], making them unsuitable for airborne transmis-
sion contexts, as they could compromise the viability of pathogens contained in the aerosol
droplets.

Monodispersed droplets can be generated through thermal jetting or piezoelectric droplet
generation. In thermal jetting, heat forces ink from the print head to the substrate by
powering microscopic resistors behind the nozzle. This intense heat vaporizes a small amount
of ink, creating a rapidly expanding bubble that ejects a droplet from the orifice [185, 189].
In piezoelectric droplet generation, microscopic piezoelectric elements such as crystals or
ceramics are positioned behind the nozzles. When an electrical charge is applied, these
elements bend backward, forcing precise amounts of liquid through the nozzle. This method
allows for excellent control over the ejection rate and results in perfectly spherical droplets of
varying sizes. Because piezoelectric generation does not heat the bulk fluid, it is particularly
well-suited for airborne transmission applications.

These monodispersed generation techniques are integral to inkjet printing, which is recognized
as one of the most effective methods for accurate and reliable droplet generation. The
underlying principle involves creating a pulse within the fluid; with each pulse, fluid is pushed
outside the channel, and due to the surface tension of the bulk media, a droplet forms at
the nozzle [190]. Inkjet technology offers a low-cost, reliable, and convenient method for
generating droplets, making it increasingly relevant in a wide range of industrial applications.
Although it has been around since the 1950s in specialty printing, its impact across various
fields is becoming increasingly apparent, leading to a growing number of studies exploring
inkjet printing as a droplet generation mechanism [191].
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Figure 2.19 Schematic representation of thermal a) and piezoelectric b) inkjet printing.
Reprinted with written permission from CCA [192].
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CHAPTER 3 RESEARCH OBJECTIVES

3.1 Critical analysis of the literature

The risks posed by Legionella airborne transmission from cooling towers are substantial, with
reported cases steadily increasing over the past 30 years. These risks are likely to be further
exacerbated by the effects of climate change, which may create conditions more favorable for
Legionella proliferation and transmission. The literature review identified several key research
gaps that must be addressed to improve our understanding of the physical processes involved
in the transmission of Legionella from cooling towers and to develop effective mitigation
strategies. These gaps are summarized below.

3.1.1 Water-based aerosol droplet size distribution

The literature review highlights the importance of accurately characterizing the size distri-
bution of water-based aerosol droplets and to characterize the viability and concentration of
the pathogens they carry, in order to assess the associated contamination risks. However, no
known instrument can achieve a high-resolution measurement of the size distribution while
also allowing for microbial assessment of an aerosol flow. Therefore, data acquired from mul-
tiple instruments must be combined to fully characterize aerosol droplets. Few studies have
investigated the correlation between different aerosol measurement instruments with different
working mechanisms. This comparison is therefore necessary to link the results from different
measurement instruments throughout the literature and improve our understanding of the
mechanisms governing airborne transmission.

Furthermore, instruments used in the context of aerosol airborne transmission are typically
designed for other purposes such as air pollution monitoring. Although they show promising
results for water droplet characterization, their usage must be done with careful consideration
when dealing with water-based particles subject to evaporation. These techniques often
require thorough calibration processes and thoughtful assumptions about the optical and
physical properties of the measured particles, which is even more challenging for droplets
that evaporate over time and that contain biological material. There is also no consensus
on the standard protocol to compare aerosol size distribution from different instruments,
which can lead to different results for the same measurement, depending on the measurement
technique employed. Hence, comparing size distribution measurement instruments is an
essential foundation for accurate measurements of contaminated aerosol droplets and enables
the combination of measurements from multiple instruments to assess the contamination
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risks.

3.1.2 Cooling towers and drift eliminators

A broad overview of the challenges associated with Legionella contamination from the aerosol
generated inside cooling towers was presented. Due to the complex fluid dynamics involved
in aerosol generation and environmental transport, infections are often underdiagnosed, and
accurately assessing the contamination risk is challenging. Indeed, there is a significant
gap in the literature regarding the direct link between bacterial concentrations in cooling
towers and the corresponding concentrations discharged into the environment. While some
general relationships between ambient conditions and infection rates are known, the physical
processes driving the generation of contaminated aerosol droplets are largely unexplored.
Additionally, although several studies have investigated the efficiency of drift eliminators,
many are outdated, rely on numerical models that do not accurately predict the behavior
of operating cooling towers, or are based on wind tunnel experiments that fail to capture
real-world conditions. These studies often focus more on the aerodynamics related to the
energy efficiency of drift eliminators rather than their effectiveness in capturing bacteria-
laden particles, and typically do not account for multiphase flows. To ultimately improve the
understanding of aerosol generation processes inside cooling towers and its transport into the
environment, it is primordial to conduct an in situ experimental sampling campaign. To the
best of the author’s knowledge, no comprehensive study has characterized aerosol generation
and transport across a wide range of cooling towers.

3.1.3 Risk assessment

Numerous studies have assessed the risks associated with Legionella pneumophila and cooling
tower systems. Some of these studies have employed risk assessment models such as Quantita-
tive Microbial Risk Assessment (QMRA), a systematic approach based on statistical models
that estimates the likelihood and severity of adverse health effects resulting from exposure.
However, the QMRA model developed by Hamilton et al. for airborne transmission from
cooling towers has notable limitations, particularly concerning aerosol generation, particle
size distribution, and drift eliminator capture efficiency. Moreover, current regulatory action
levels for Legionella in cooling towers are based not on quantitative risk assessments but
rather on water bacteeria concentrations. Therefore, there is a need for an optimized and
simplified risk assessment strategy to enhance regulatory frameworks and better mitigate the
risks associated with Legionella.

It is well known that most cases of Legionella infection are sporadic. As a result, there is
no established methodology to reliably link these sporadic cases to specific cooling towers,
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particularly given the limited understanding of aerosol generation and transport. The pres-
ence of various types of cooling towers on large buildings further complicates the comparison
of aerosol generation and transport across different systems. This lack of a robust founda-
tion for investigations hampers the development of effective mitigation strategies. Moreover,
as previously discussed, there are currently no regulations governing the release of airborne
microbial loads into the environment. While general guidelines exist to advise cooling tower
managers on water quality, there is no enforcement or oversight by authorities regarding
what is actually emitted into the air. Consequently, there is a pressing need to deepen our
understanding of the transmission process from cooling towers and to connect this knowledge
to water quality. This will enable the amendment of regulations and the implementation of
strategies to reduce the infection risks associated with Legionella.

3.1.4 Aerosol generation for droplet evaporation

Much of the existing literature on droplet evaporation addresses the simplified scenario of a
single droplet in quiescent air, which fails to capture the complex fluid dynamics governing
the evaporation of small-scale particles containing trapped solids. In reality, aerosol droplets
generated and released by cooling towers exist within a turbulent aerosol plume, a condition
that significantly alters the evaporation dynamics, but that is not well characterized. In
such environments, the evaporation of aerosol droplets is likely influenced not only by the
proximity of neighboring droplets but also by the thermo-physical properties of the plume
itself. This reveals a critical gap in our understanding of the evaporation processes of airborne
droplets within a plume. As highlighted in the literature review, inkjet printing technology
has shown considerable promise for the simultaneous generation of closely spaced aerosol
droplets of uniform size, offering a potential avenue for studying these complex evaporation
dynamics.

3.1.5 Evaporation of contaminated aerosol droplets

The evaporation of water droplets containing Legionella is a critical factor in the airborne
transmission from cooling towers. However, existing risk assessment models often neglect this
process, leading to an underestimation of the associated risks. The evaporation dynamics of
aerosol droplets can be influenced by various water properties, including the presence of non-
volatile matter, viscosity, and surface tension. Despite this, the extent to which these factors
affect evaporation remains inadequately documented. Furthermore, much of the existing
research focuses on large droplets deposited on surfaces, which do not accurately represent
the behavior of an aerosol. The fate of a water-based particle within a multiphase flow
is intrinsically linked to its size and thus, its evaporation dynamics. Such information is
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essential for assessing the contamination risks and there is a pressing need for experiments
that precisely tracks the evaporation of airborne contaminated droplets. In essence, the
complex fluid dynamics involved in the evaporation of small-scale particles that have trapped
and transported solids remains largely an open subject, as few studies have targeted these
phenomena.

Balachandar et al. developed a simplified framework for predicting aerosol generation, disper-
sion, and droplet evaporation in the context of anthropogenic airborne transmission. Despite
their contributions, the authors identified a significant limitation in accurately determining
the evaporation rate of droplets containing non-volatile substances. Their model assumes a
uniform impact of non-volatile components on evaporation, which oversimplifies the issue.
In contrast, Pruppacher and Klett presented a comprehensive evaporation model for water-
based droplets related to the fields of cloud microphysics and aerosol science. This model
accounts for the effects of non-volatile matter, viscosity, and surface tension on evaporation,
as well as its impact on droplet nuclei size. However, it requires experimental validation for
applications related to airborne transmission.

3.1.6 Cooling tower water filtration

Effective management of cooling tower systems requires thorough control of bacterial growth.
While traditional chemical water treatment methods remain the most common strategy, they
are costly, damaging to the system and yield limited results when used in isolation. Cross-flow
microsand filtration systems present a promising alternative, with the added advantage of
potentially enhancing evaporative cooling efficiency and saving energy. However, as the extent
of the effect of the technology on the performance of cooling towers remains speculative,
widespread adoption of this technology has been limited. As such, there is a need to quantify
the effect of water filtration on the energetic performance of cooling towers to provide a basis
for the adoption of this solution. Additionally, understanding the technology’s efficiency in
controlling the growth of Legionella and integrating this with its impact on cooling tower
performance will contribute to the accurate assessment of the contamination risks and to the
development of more comprehensive and safer management practices.
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3.2 Research Objectives

Based on the aforementioned research needs, the following objectives are defined :

Objective 1 : Compare size distribution measurement instruments for water-based
aerosol droplets, assessed in conditions where evaporation is ongoing.

Objective 2 : Characterize the aerosol generated by operating cooling towers fitted with
different types of drift eliminators.

Objective 3 : Improve the risk assessment modelling of Legionella airborne transmission
from cooling towers.

Objective 4 : Develop an experimental setup for the study of the evaporation of the
droplets from an aerosol plume.

Objective 5 : Characterize the evaporation dynamics of contaminated droplets in the
context of Legionella airborne transmission from cooling towers.

Objective 6 : Quantify the effect of water filtration on the cooling tower energetic
performance.
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3.3 Research Outcomes

The results of this research are discussed in the next five chapters of which four are presented
as journal articles. The research outcomes are as follows :

ARTICLE 1 : Comparison of Aerosol Spectrometers: Accounting for Evaporation
and Sampling Losses This article compares the performance of four different aerosol size
distribution measurement instruments with a focus on water-based aerosols. It is the result
of objective 2 and has been published in Measurement Science and Technology [193].

ARTICLE 2 : Identification and Mitigation of Operational Factors Increasing
Legionella Risks in Cooling Towers A large-scale sampling campaign was conducted on
15 operating cooling towers fitted with different types of drift eliminators to characterize the
aerosol generated. The data collected was used to improve the risk assessment model for
Legionella airborne transmission from cooling towers. This article is the result of objectives
3 and 4 and has been submitted to Water Research.

ARTICLE 3 : Evaporation of aerosol droplets from contaminated cooling tower
water This article characterizes the evaporation dynamics of airborne aerosol droplets, con-
sidering viscosity, surface tension and the presence of non-volatile matter, in the context of
Legionella airborne transmission from cooling towers. It is the result of objective 5 and has
been submitted to Physics of Fluids.

ARTICLE 4 : Evaporation of an Aerosol Plume from an Inkjet Printhead This
extended abstract presents an experimental setup for the generation of aerosol droplets by
inkjet printing technology to study of the effect of the proximity of droplets inside an aerosol
plume. This work is the result of objective 6 and has been submitted to Experiments in
Fluids.

ARTICLE 5 : Data-Driven Cooling Tower Optimization: A Comprehensive Anal-
ysis of Energy Savings Using Microsand Filtration This work quantifies the effect of
a cross-flow microsand filtration system on the energetic performance of an operating cool-
ing tower using a data-driven approach. A machine learning model also predicts the energy
savings potential of the filtration system. This article is the result of objective 1 and was
accepted for publication to Applied Thermal Engineering [194].



47

CHAPTER 4 ARTICLE 1: COMPARISON OF AEROSOL
SPECTROMETERS : ACCOUNTING FOR EVAPORATION AND

SAMPLING LOSSES

Published online in Measurement Science and Technology on January 12 2024 [193]
By

Xavier Lefebvre, Antonella Succar, Emilie Bedard, Michèle Prévost and Etienne Robert

4.1 Abstract

Measuring aerosol size distribution with precision is critical to understand the transmission
of pathogens causing respiratory illnesses and to identify risk mitigation strategies. It is
however a challenging task as the size of pathogen-carrying particles evolves over time due to
evaporation. Although measurement techniques well established in the field of aerosol science
are often used to characterize bioaerosols, their performance is seldom assessed with respect
to evaporation and deposition in sampling lines. Four instruments providing aerosol size
distribution were compared using oil and water-based particles. They each rely on different
measurement principles: phase doppler anemometry, light scattering, electrical mobility and
aerodynamic impaction. Size distributions of oil-based particles showed consistency across
different measurement instruments, but significant discrepancies arose for water-based par-
ticles undergoing evaporation. These larger differences result from both evaporation and
particle deposition in transit between the sampling point and the measurement inside the
instrument. Phase doppler anemometry was best suited for precise size distribution mea-
surement, as it eliminates the need for a sampling line, thereby preventing particle loss or
evaporation during transit. With this instrument as a reference, empirical correction factors
for evaporation and deposition were derived from dimensionless numbers and experimental
data, enabling quantitative assessment of bioaerosol size distribution using different instru-
ments. To obtain the size distribution at the source of the aerosol generation, complete
drying of a salt solution was performed. Using the complete drying technique and account-
ing for losses, sampling instruments can reliably provide this critical information and allow
for thorough risk assessment in the context of airborne transmission.

4.2 Introduction

The ability of aerosol particles to carry pathogens has been known for over a century [15]
and their role as a means of infection has since been the subject of a sustained research
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effort. The COVID-19 pandemic has highlighted the need to improve our understanding of
pathogen dissemination to effectively prevent outbreaks [195]. Potentially infectious aerosol
particles settle slowly or not at all depending on their size and on the air flow of indoor
environments [17]. These droplets, dependent upon environmental conditions, will gradually
lose part of their water content and shrink down to a small nucleus containing the solid
matter initially comprised in the droplet, including potential pathogens [152]. Since most
bioaerosol particles are water-based, they experience a decrease in size through evaporation
immediately following their separation from the bulk solution, unless relative humidity is
100%, in which case particles grow [196]. Such sub-micron droplet nuclei can travel further
from the source, remaining airborne until actively removed through ventilation systems [197],
and can penetrate deep in the airways when inhaled. Measuring aerosol size distribution
accurately is critical to predict the deposition site of particles within the respiratory tract, the
size and dose of pathogens they contain, to improve the understanding of their dispersion in
ambient air, as well as their settling and deposition dynamics, and to assess the performance
of aerosol control procedures or tools. Recent investigations have demonstrated that even
small differences in particle size can have a major effect on the behavior of pathogen-carrying
particles in indoor air, in the airways and in aerosol treatment systems, especially in the
sub-micron range [198–200].

Aerosol size distribution can be measured with a wide variety of instruments relying on
different operating principles [138,201]. The instrumentation currently used in experimental
studies of bioaerosol particles consists mainly of impactors and filters [202]. These choices are
motivated by the need to obtain cultivable samples and the typically low biological content
in air, requiring large volumes to be sampled. However, filters and impactors provide only
limited information on the size of the particles carrying pathogens in bioaerosol, and mostly
do so when implemented in cascade arrangements that are cumbersome to use.

Risk assessment infection models require the estimations of the number of particles, their
size distribution and their configuration-specific drying profile [108]. Research groups work-
ing with bioaerosol particles have explored the use of precise analytic tools to get this crit-
ical information, that can quickly and conveniently provide detailed particle size distribu-
tions [203,204] but are unable to capture culturable samples. As different physical phenomena
are involved with each instrument, there is a need to provide guidelines for meaningful inter-
pretation of experimental data combining size distribution information and the detection of
pathogens.

In this study, a transversal comparison between four instruments using different measurement
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techniques is performed. Two optical instruments are used: a Phase Doppler Anemometer
(PDA) that detects single particles going through a measurement volume without sampling
air [145], and a portable optical aerosol spectrometer (OAS) (GRIMM mini LAS 11-R) [142].
Detailed sub-micron size distributions are also obtained through the electrical mobility of
particles using a Scanning Mobility Particle Sizer (SMPS) [144]. Finally, a Cascade Impactor
is used to obtain the size distribution through the aerodynamic diameter of particles [139], a
method adopted in most bioaerosol studies where the particle size is obtained [205]. As wet
aerosol size changes dynamically due to evaporation, measurements are conducted on both
drying and non-drying aerosol droplets.

The main objective of this study is to improve our understanding of the deposition in the
transit and the drying behavior of water-based droplets in common aerosol spectrometers,
using four different experimental approaches. First, a comparison is performed using oil-
based and water-based particles suspended in air. Second, the effects of evaporation and
deposition on the size distribution are studied using an OAS and a PDA with water-based
droplets. Third, correction factors are defined to adjust the size distribution measurements
of multiphase flows experiencing evaporation and deposition during transit, according to a
reference instrument. Lastly, a technique is implemented based on the dried particle size
distribution obtained from a saline solution, enabling the calculation of the initial diameter
of the particles. These results allow for the use of cost-effective and portable spectrometers to
achieve a more accurate estimation of the size distribution at a specific location. Therefore,
the outcomes presented in this study serve as a valuable reference for characterizing droplets
containing pathogens in a scientific context.

4.3 Methodology

4.3.1 Aerosol Generation

As droplet size for volatile liquids can change rapidly due to evaporation, measurements were
conducted on both drying (water-based) and non-drying (Di-Ethyl-Hexyl-Sebacate (DEHS)
oil-based) aerosol droplets. The four aerosol spectrometers considered were first compared
using particles produced by a TOPAS GMBH model ATM 221 aerosol generator. This
instrument can be operated with water, a saltwater solution or DEHS oil, generating a stable
distribution of particles in the sub-micron range. The size distribution generated from this
type of instrument fluctuates by a maximum of 2.5% over several hours of use [206]. Aerosol
particles generated with DEHS, which has a density of 0.9 g/cm3, are spherical and serve as
a control for the aerosol emission size, as they dry very slowly over the course of a few hours.
During operation, the aerosol generator was connected to a mass flow controller (Hastings
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HFC 202), enabling regulation of the output flow rate of aerosol in the 0-25 standard liter
per minute (SLPM) range.

The instruments were then compared using aerosol particles produced by a spray gun (1.0
mm Mini HPLV Air Spray Gun, Neiko) utilizing tap water. The spray gun, operated with
6 bars of pressurized air, yielded larger particles in comparison to the TOPAS aerosolizer
and was more suitable for covering the entire size range of the measurement instruments
employed in the study.

The last experiment was conducted with a solution of 10% m/m NaCl (density of 2.16 g/cm3)
dissolved in tap water, aerosolized with the spray gun. For saltwater-based measurements,
aerosol particles were completely dried with a desiccator column filled with silica gel beads
(Model DDU 570, TOPAS GMBH). The use of high salt concentration ensured the presence
of a detectable nucleus after drying.

4.3.2 Aerosol characterization

Phase doppler anemometry (PDA)

The phase doppler anemometry (PDA/LDA system, Dantec Dynamics, Skovlunde, Den-
mark) technique is an extension of laser doppler anemometry. The measurement volume is
defined by the intersection of two pairs of laser beams with wavelengths of 532 and 561 nm.
As single particles flow through the measurement volume, light is scattered from the inter-
ference patterns created by the two laser beam pairs [145]. The particle velocity is obtained
from the doppler shift of the interference fringes, while information on its size can be ac-
quired from the phase shift. Since the measurement volume is very small, measurements are
considered punctual, distinguishing the PDA from the other instruments, making it ideal for
the measurement of spray particles [207]. The measurement size range was from 0,5 µm to
8000 µm for the instrument used in this study. Specific settings (Appendix), were selected to
ensure that the maximum number of particles were detected by the PDA, without saturating
the detectors. The PDA measurements, being made directly in the region of the flow where
the aerosols are sampled for the other instruments, are used as reference.

Optical Aerosol Spectrometer (OAS)

An optical aerosol spectrometer (OAS) (MiniLAS model 11-R, GRIMM Aerosol Technik Ain-
ring GmbH & Co, Ainring, Germany), is an optical instrument that measures the light scat-
tering of single particles with a diode laser to obtain the size distribution of an aerosol [142].
It is usually employed for atmospheric measurements. However, when used to characterize
the size distribution in a flowing aerosol, it is common to connect a sampling tube to the
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inlet of the instrument [135,136].

For this study, a 1.5 m sampling tube, of which the smallest section was 2 mm in diameter,
was connected at the inlet of the instrument for particle measurements. It is recognized that
employing a long sampling line may lead to sampling losses [208]. However, the functionality
of the instrument was dependent on the use of a sampling line in the studied configuration
and the objective was to evaluate and compare instruments under conditions that accurately
reflect their typical use for bioaerosol [209] [210] [211]. The inlet sampling flow rate was
set at 1.2 L/min. Particles with a size ranging from 0.25 to 32 µm were measured. The
instrument requires knowledge of the particle density for mass distribution measurement.
Repetitive measurements were taken every 6 seconds for 5 minutes and averaged in a single
size distribution.

Scanning mobility particle sizer (SMPS)

The scanning mobility particle sizer (model 3938 L76, TSI Incorporated, Shoreview, MN,
USA) used in the study, hereafter called SMPS, consists of a differential mobility analyzer
(DMA model 3081A) and an ultrafine condensation particle counter (CPC model 3736),
which is butanol-based [144]. In the DMA, the particles are drawn to an electrically charged
rod at different rates as a function of their size, only letting one narrow particle size range go
through to the CPC. The condensation particle counter finally counts the particles of each
size and creates the size distribution.

Extensive literature, including studies by Wang and Flagan [212] and Watson et al. [213],
underscores the reliability of SMPS measurements, with any discrepancies between water-
based and calibration aerosols predominantly manifesting in the 10-30 nm range, deemed too
small to be relevant in the context of airborne transmission. Therefore, deviations in the
measurement efficiency of the SMPS were neglected for the size range considered here.

The DMA was fitted with a 71 µm impactor nozzle and a flow rate of 1.2 L/min was drawn
with a sheath flow rate of 2.0 L/min. The scanning time was 60 seconds, the retrace time
was 6 seconds and the purge time was 10 seconds, which yielded a total time of 76 s for each
measurement. These settings resulted in a diameter measurement range of 22 nm to 671
nm. The samples were drawn through plastic tubes of 4 mm in diameter connected to a 2 m
flexible silicone tube (TSI Conductive Silicone Tubing) at the inlet of the instrument. Results
are presented with diffusion correction applied in the software. Repetitive measurements were
performed every 2 minutes for a total of 3 scans, averaged in a single size distribution. The
impactor nozzle was cleaned between every set of 3 scans.
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Cascade Impactor

The aerosol flow was also measured with a Cascade Impactor (Dekati® Low Pressure Im-
pactor DLPI+). Particles with sizes ranging from 0.16 to 10 µm were collected on 14 different
stages based on their aerodynamic diameter, with a sampling flow rate of 10 L/min for 30
minutes. The size associated with each stage is a D50 value, implying that each particle with
a given size or larger is collected with 50% efficiency. The larger particles have more inertia
and are collected on the first stages while the smaller particles have less inertia and are found
on the lower stages. The samples were drawn through a flexible plastic tube with a diameter
of 12.7 mm and a length of 0.6 m. Each stage was cleaned with ethanol and water, and
weighed before and after measurements. Number size distribution was then derived from the
mass of particles collected on each stage, assuming sphericity and constant density.

The time delay between sampling and weighing was approximately 3 to 5 minutes. While
the evaporation of Di-Ethyl-Hexyl-Sebacate (DEHS) droplets is negligible over this time-
frame [214], for water-based droplets, substantial evaporation occurs, leaving only suspended
and dissolved solids for mass measurement. To address this challenge, it was assumed that
evaporation was complete and that the remaining solid particles were spherical, with their
individual mass obtained from the characteristics of the stage considered. The assumption of
complete evaporation was confirmed by visual inspection prior to weighting, although some
water could remain in the particles at the moment of impaction.

4.3.3 Experimental facility

The experiment aimed at diluting aerosol particles with clean air to produce a well-mixed
and low-speed flow into a sampling chamber common to all instruments (Figure 7.2). To
enable the comparison of the size distribution measured with each instrument using the
same aerosol, it was necessary to dilute with clean air to avoid saturation. The low flow
speed into the sampling chamber and a sampling tube diameter adapted to each instrument
flow rate resulted in equal velocities between the air around and inside the tube, which
minimized the divergence of the flow lines at the sampler inlet [137]. This isokinetic condition
prevents skewed size distribution measurements due to the inertial effects of particles entering
the sampling tube. The sampling chamber had a volume of 53 L and was made of clear
polymethyl methacrylate (PMMA, plexiglass) so that the optics of the PDA could measure
particles through the side walls. Honeycomb material was fixed at the inlet and outlet of
the mixing chamber to dampen large flow structures. During the measurements, the mean
temperature in the laboratory was 25◦C and the mean relative humidity was 42%.

For DEHS aerosol particles, the injection of aerosol particles was done perpendicularly to the
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longitudinal direction of the tube and set by the flow controller at 4.2 L/min, for a dilution
ratio of 1:5. The clean dilution air was injected from the other side of the tube, in the
same manner as the aerosol. By injecting the particles and the air perpendicularly from the
longitudinal direction of the tube, turbulence is created, and promotes the mixing of the two
flows. To ensure that the flow was properly mixed and that a steady state concentration
was reached, a tube of length 1.83 m with an inside diameter of 0.0762 m was used between
the aerosol inlet and the sampling chamber (L/D = 24). Measurements were also started
3 minutes after flow initiation. Following every measurement, the chamber was drained by
turning off the aerosol generator and injecting compressed air at 6.6 L/min for 10 minutes.
For all experiments, the measurements were replicated three times to assess repeatability.

Figure 4.1 Schematic representation of the experimental facility

4.3.4 Aerosol Drying

Aerosol generation from DEHS was ideal for instrument comparison since the particles only
dry over several hours in ambient conditions. Additionally, NaCl water-based aerosol particles
were used to study evaporation. The use of a sampling line was investigated by comparing
the size distribution measured by the OAS and the PDA, using the spray gun and salt
water to generate larger aerosol particles compared to those obtained from DEHS in the
TOPAS instrument. To remove the complexity associated with uneven evaporation for size
distribution measurement, the droplets were also completely desiccated and measured from
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the sampling chamber with the SMPS. The SMPS was used because dried particles are
smaller and in the appropriate size range for measurement with this instrument. The size
distribution was also measured without using the desiccator, for comparison.

Knowing the concentration of salt per volume of the water solution Cs (kg/m3) as well as the
measured mass of salt per volume of air Mf (kg/Lair), with the sampling flow rate V̇ (Lair/s)
and the measurement time t (s), the total volume of water for each size bin V (m3) can be
calculated.

V = Mf V̇ t

Cs

(4.1)

Then, knowing the number of particles for each size bin n, the diameter of the particles
generated at the source Ds (m), was derived, assuming that the transfer rate of NaCl from the
solution to the aerosol particles was constant and that the generated droplets were spherical.
The source size distribution was then reconstructed from the diameter at the source for each
size bin.

Ds = 3

√
6V
nπ

(4.2)

4.3.5 Number Concentration

To account for the fact that the number of size bins is not the same for every instrument,
and that the bins are unequal in width, the y-axis on size distribution plots is normalized
by dividing the number concentration of each bin by the logarithm of the bin width [134].
This results in a log-normal distribution. Some instruments such as the SMPS already
provide a normalized size distribution, but for the OAS, the Cascade Impactor and the PDA,
the concentration had to be normalized through data post-treatment. While the OAS and
the SMPS produce the size distribution by volume of air sampled, the PDA only counts
the number of particles passing through the measurement volume and the cascade impactor
yields the cumulative mass of the particles collected on each stage. The particle concentration
per liter of air NC therefore needs to be calculated in the case of the PDA and the cascade
impactor. For the latter, since the measurement was made over 30 min and the flow is
pumped at a constant rate of 10 L/min, the mass concentration was obtained for each stage
by dividing the accumulated mass M (kg/Lair) by the sampling flow rate V̇ (L/s) and the time
of measurement t (s). The number concentration was then calculated assuming sphericity
and constant density ρp (kg/m3), where Vp (m3) is the volume of one particle of the measured
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size.
NC = M

ρpVpV̇ t
(4.3)

For the PDA, the cross-section of the measurement volume perpendicular to the flow repre-
sents the measurement surface needed to calculate the volume of gas covered by the laser.
The measurement volume provided by the supplier was verified by laser irradiance measure-
ment [215], and confirmed at 2.6 mm by 153.1 µm. Assuming that the measurement volume
is ellipsoidal, the measurement surface could be derived. The speed of the flow through the
measurement volume is known, as the instrument also provides particle velocity, and the time
of the measurement remains constant. The concentration of particles per liter of air NP can
therefore be obtained by dividing the counted particle number N by the mean flow velocity
Vm (m/s), the time of measurement t (s) and the measurement surface S (m2).

NP = N

SVmt
(4.4)

The SMPS and PDA distributions are composed of 100 size bins, while the OAS and the
Cascade impactor only produced size distributions with 9 and 6 bins, respectively, for the
DEHS measurements. The size resolution improved slightly for water-based droplets with
respectively 11 and 7 bins used for the latter two instruments.

4.4 Results and Discussion

4.4.1 Instruments comparison

The size distributions of oil-based and water-based droplets were measured and compared
with the OAS, the SMPS, the PDA and the Cascade Impactor (Figure 4.2). The peak con-
centration of DEHS particles in the air was found to be approximately 6 × 107 for all the
instruments. However, the water-based measurements showed a wider range of peak concen-
trations, varying between 107 and 109 particles per liter of air. The modes of DEHS particles
coincided for all instruments at approximately 0.3 µm with a variance a thousand times
smaller than for the water-based measurements. Essentially, the size distribution statisti-
cally concurred for the measurement of DEHS droplets but not for water-based droplets and
the discrepancies between both configurations are significant according to a T-test conducted
on the modes of the distribution (p<0.05).

OAS and SMPS spectrometers as well as the cascade impactor require the use of a small inlet
sampling tube, in which some particles may be lost by impaction on the walls or through
evaporation. The use of a sampling line was investigated further by comparing the size distri-
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(a)

(b)

Figure 4.2 Comparison of the size distribution measurements from the four instruments a)
with DEHS aerosol particles. b) with water-based aerosol particles. Results are averaged
over three measurements. Shaded areas show the standard deviation within repeated runs.

bution obtained from the spray gun with the PDA and the OAS (Figure 4.3 a). In addition
to the expected losses in measurement associated with particle deposition, it was observed
that the size distribution of the OAS was shifted towards smaller particles. This shift indi-
cated that the measurement process was also affected by evaporation, which occurred rapidly
as the particles went through the sampling line (transit time of 1.16 seconds). Therefore,
deposition and evaporation of particles are likely responsible for the significant discrepan-
cies observed within the size distribution measurements conducted with instruments using
different working mechanisms and their effects must be considered.

Evaporation does occur between the generation and sampling site and is of significant interest
in the context of airborne transmission. However, the primary objective of this study aimed
to offer a practical comparison of aerosol size distribution measurement instruments under
consistent laboratory conditions. As such, the evaporation considered here pertains specifi-
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cally to the interval from the sampling point to the measurement point inside the instrument.
Thus, the measurement volume of the PDA could be considered as the source and coincident
with the sampling point of the other instruments.

As the sampling flow rate through the different instruments is generally fixed (except for the
SMPS for which a slight adjustment is possible), the sampling tube diameter is imposed to
achieve isokinetic sampling. When comparing the concentration measured by the different
instruments, the OAS measured up to 5 orders of magnitude fewer particles than the other
instruments (Figure 4.2 a). For particles larger than 0.25 µm, differences in the measurement
were at least 40%, and from 0.8 µm, reached close to 100%, revealing that larger particles are
less likely to be detected by the OAS (Figure 4.3 b). Some particles are lost, others evaporate
in transit and are detected at a lower size. This effect appears mostly significant with the
OAS. However, as the mode and shape of the distribution were qualitatively in agreement,
the results provided by this highly portable instrument remain valuable, especially when
measuring either dry or slowly evaporating particles.

Due to the lower resolution inherent in its measurement principle, the cascade impactor
showed the highest variability in the measurements (Figure 4.2). In effect, the use of cas-
cade impactors to characterize the size distribution of droplet-laden flows poses significant
challenges due to the inherent evaporation of droplets during sampling, following impaction
and prior to mass measurement. This temporal gap introduces uncertainties, particularly for
water-based droplets, as evaporation of the deposited droplets is significant. To mitigate this
issue, assumptions were made to assume total evaporation and treat the remaining solid par-
ticles as spherical entities. While cascade impactors offer benefits in capturing particles based
on their aerodynamic size, the limitations associated with evaporation and the subsequent
conversion process make them suboptimal instruments for achieving precise size distribution
characterization in the context of droplet-laden flows.

The PDA displayed among the most repeatable measurements and detected larger and more
particles than the other instruments in all investigated configurations, since it does not require
a sampling tube, minimizing evaporation and losses in the sampling line. Therefore, the PDA
can be regarded as a reference over its size range. However, since the wavelengths of the lasers
used in the PDA are approximately 0.5 µm, the measurements for smaller particles lacked
precision, and are therefore illustrated as a dashed line. For particles smaller than 0.5 µm,
the SMPS is considered the gold standard as very little losses are expected in transit for such
small particles.

Decripancies arose within the size distribution measurements of both water-based and oil-
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(a)

(b)

Figure 4.3 a) Comparison of the OAS and the PDA to show the effect of the sampling tube
on the measurements. Results are averaged over three measurements. Shaded areas show
the standard deviation within repeated runs. b) Sampling discrepancies observed with the
OAS compared to the other three instruments.

based particles from different instruments. Although much slower than for water evaporation
also occurs in oil-based particles, and the effect of particle deposition could be observed for
the measurement of larger oil-based particles from the OAS and the cascade impactor. How-
ever, the effects of evaporation and particle deposition on the size distribution measurements
were more significant for water-based particles because of their combined effect. The fact that
evaporation was negligible for DEHS measurements [214] explains the much better agreement
between the instrument than for water-based droplets, as only the effect of particle deposi-
tion caused the measurement discrepancies. As such, sections 3.2 to 3.4 will focus on the
development of empirical correction factors, with the PDA as a reference, for configurations
where evaporation and deposition in sampling lines are occurring.
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4.4.2 Evaporation

The evaporation of the measured particles can be characterized by the dimensionless Sher-
wood number, which represents the ratio of the convective mass transfer h (m/s) to the mass
diffusivity D (m2/s). With knowledge of the particle diameter dp (m), the Sherwood number
can be calculated [154] :

Sh = h

D/dp

(4.5)

While the Sherwood number itself may not explicitly include terms for temperature and
relative humidity, the convective mass transfer coefficient (h) it includes is influenced by
these ambient conditions [154]. The convective mass transfer coefficient h (m/s) is a function
of the surface of the droplet A (m2), the molar mass transfer ṅA (mol/s) and the vapor
concentration difference between the boundary surface and the ambient air ∆c (mol/m3):

h = ṅA

A∆c (4.6)

Therefore, changes in temperature and relative humidity in the atmosphere can indirectly
affect the Sherwood number and, consequently, the mass transfer characteristics of aerosol
droplets during evaporation.

The mass diffusivity coefficient can be easily derived for DEHS and water with respect to
ambient air, knowing the relative properties of the interacting fluids. As for the convective
mass transfer coefficient h, it is a function of the mass transfer rate at the interface of the
droplet, the area of the interface and a driving force coefficient, which is dependent upon the
conditions, and complex to infer. However, using dimensional analysis for the evaporation
of a spherical droplet, the Sherwood number can also be defined as the Froessling function,
dependent upon the Reynolds and Schmidt numbers [216]. With knowledge of the density
of the fluid ρ (kg/m3), the dynamic viscosity of the fluid µ (kg/ms), and the velocity of the
particles relative to the air u (m/s), it was calculated here using the following equation :

Sh = f(Re, Sc) = 2 + 0.552(Re) 1
2 (Sc) 1

3 (4.7)

Where
Re = ρudp

µ
; Sc = µ

ρD

The rate of evaporation I (kg/s), characterized as the loss of water m (kg) over time t (s), is
linearly proportional to the surface area of a liquid droplet of and thus to the square of the
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droplet diameter d (m) [154].

I = −m
t

∝ πd2

Therefore, a correction factor for the evaporation of droplets before they are measured needs
to consider the square root of the transit time (t). Also, although very slow due to the
nature of the fluid, evaporation does occur for DEHS droplets. Because DEHS is used as a
reference for evaporation, the correction factor must consider the Sherwood numbers of both
oil-based (ShDEHS) and water-based droplets (Shwater). Finally, the properties of the fluids
and the aerosol generation mechanism influence the size of the generated droplets. As such,
the correction factor must include the ratio of the modes of the water-based size distribution
(Dp;m,water), over the DEHS size dsitribution (Dp;m,DEHS). In light of all these hypotheses,
the following empirical correction factor can be used to adjust for the bias of the droplet
diameters measured due to evaporation:

Kevap = Dp;m,water

Dp;m,DEHS

√
t

ShDEHS

Shwater

(4.8)

The transit time t was calculated by dividing the volume of the sampling line (m3) by the
sampling flow rate (m3/s). The PDA was used as the reference instrument. As such, the
correction factor was applied respectively to each of the particle sizes for all the instruments
except for the PDA, and the correction factor incorporated the ratio of the modes from the
size distribution of different fluid, measured with the PDA. As an example with the OAS,
a transit time of 1.16 seconds, Sherwood numbers of 36.13 and 32.86 respectively for DEHS
and water and the ratio of the modes of 13.33, yielded a correction factor Kevap of 13.60. For
a particle size of 0.5 µm measured with the OAS, the corrected particle size was therefore
6.8 µm (Figure 4.5).

4.4.3 Sampling line deposition

The deposition of particles on the walls of the sampling line, resulting in measurement losses,
can be characterized by the Stokes number and the length of the sampling line. The Stokes
number quantifies the capacity of the particles to follow the streamlines of the flow. The
length of the sampling line affects the particle essentially through the transit time available
for deposition to occur. Sampling line deposition of particles mostly influences the measured
concentration, which is not affected equally for all droplet sizes, as larger particles, with a
larger Stokes number, exhibit a higher propensity for settling and colliding with the walls.
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Both the length of the sampling tube and the Stokes number can be combined in a single
parameter [217]. However, in this section, we will assess the effect of both phenomena on the
measurement separately.

Particle transit

The likelihood of particle loss through settling in the sampling line during transit, before
reaching the measurement point of the instrument, can be characterized by the dimensionless
Stokes number, which is the ratio of the characteristic time of a particle t0 to the characteristic
time of the flow. Knowing the particle density ρp (kg/m3), the diameter of the particles dp

(m), the dynamic viscosity of the air µg (kg/ms), and the flow speed u (m/s), the Stokes
number is defined as :

Stk = t0u

dp

(4.9)

where
t0 =

ρpd
2
p

18µg

For large particles, the Stokes number is therefore large and impaction on the sampling line
walls, which are bound to include bends, is more likely to occur because of the inertia of the
particles. The flow rate was 1.2 L/min in the sampling line of the OAS, 2.0 L/min for the
SMPS and 10 L/min for the cascade impactor. For a 0.5 µm particle, this resulted in Stokes
number of 9.8 × 10−3, 4.1 × 10−3 and 2.02 × 10−3, respectively, inside the sampling lines of
the OAS, the SMPS and the cascade impactor. The Stokes number for OAS measurements
was more than twice that of the SMPS and was five times larger than that of the cascade
impactor, explaining the losses in the sampling line for larger particles with the former. The
differences here were exacerbated by the fact that these losses are strongly size dependent,
as well as the ability of the OAS to detect much larger particles, up to 32 µm.

The Stokes number (Stk) depends on the droplet diameter and is therefore size specific.
Thus, a correction factor for particle deposition inside the sampling line must affect the con-
centration differently depending on the particle size, the droplet fluid and the measurement
instrument used. For a specific particle diameter, the Stokes number varies linearly with the
properties of the fluid, so the correction factor is expected to be a linear function. Also, par-
ticle deposition occurs regardless of the fluid, but the properties of the fluid making up the
droplets influence the behavior of the particles. Consequently, the correction factor should
include the ratio of the density of DEHS and water as well as the viscosity of the ambient air.



62

The following empirical correlation can therefore be used to correct the bias of the droplet
concentration measured due to particle deposition :

Kdep = αStk (4.10)

Where
α = 0.87

µair

ρDEHS

ρwater

= 4285

In the correction factor, the factor of 0.87 is an empirical value that corrected for the differ-
ences in viscosity of the humid air surrounding the aerosol in relation to the ambient air [218].
The correction factor was multiplied by the concentration and was size-dependent. The ref-
erence for the calculation of the empirical correlation factor was the PDA, meaning that it
was applied to the particle sizes of all the instruments except for the PDA. As an example,
approximately 104 water-based particles of size 0.5 µm were measured with the OAS per liter
of air. The Stokes number was 9.8×10−3, which yielded a correction factor of approximately
42. The corrected particle concentration was therefore 4.2 × 105 particles per liter of air.

Effect of the sampling line length

The length of the sampling tube also affects the measured concentration through measure-
ment losses. Here, the effect of the use of different sampling tube lengths was investigated
experimentally, using DEHS particles to avoid the complications associated with evapora-
tion. The size distribution obtained using the SMPS and sampling lines of 7 different lengths
(0.5, 1.0, 1.5, 2.0, 3.0, 4.0 and 5.0 m) are shown in Figure 4.4 (a). If losses were only the
results of inertial effects, the Stokes number reveals that particle deposition should be more
significant for larger particles. In the SMPS however, selected based on its suitability for
the sub-micron size range investigated, the measurement losses did not exhibit a significant
change as a function of the particle size. It was therefore assumed that the correction factor
for the sampling line length is not size-dependent.

By using the same measurement instrument, as well as DEHS aerosol droplets to characterize
changes in the particle deposition from changes in the length of the sampling line, the resulting
observations represent the added probability of particles interacting with the sampling line
wall due to its extended length, without the combined effect of evaporation and Stokes
number-dependent deposition.

The losses in the sampling line were approximately proportional to the cube of the sampling
line length L (Figure 4.4 b). The correction factor for the measurement losses induced by
the length of the tube is therefore in the form of a power law with empirical coefficients a,
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(a) (b)

(c)

Figure 4.4 a) Average of SMPS measurement triplicates of the concentration as a function
of droplet diameter for five sampling tube lengths (0.5, 1.0, 1.5, 2.0, 5.0 m). b) Curve
fitting of the concentration (y) as a function of the tube length (x), for the mode of the
size distribution. c) Corrected size distribution according to the sampling line length with
reference to the 1.5-meter sampling line.

b and c. To correct for the length of the sampling line, the measured concentration can be
multiplied by the ratio of the power law applied to the length of the sampling line of the
corrected measurement instrument over the length of the sampling line of the instrument
used as a reference. As an example, if the SMPS was used as the reference instrument and
the size distribution of the OAS was to be corrected, the correction factor would be :

KlengthSMP S = a(LOAS)b + c

a(LSMP S)b + c
(4.11)

Where Table 4.1 displays the empirical constants.

Applying a single fitting curve corresponding to the mode of the distribution (Figure 4.4
b) caused minimal disparities when the size distribution measured through the 7 sampling
line lengths with the SMPS were corrected (Figure 4.4 c), especially when compared to the
uncorrected measurements (Figure 4.4 a). This is convenient in this context due to the
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Table 4.1 Empirical constants for the correction factor of the sampling line length with the
SMPS

Empirical
Constant Value

a −6.097 × 107

b 3.02
c 1.092 × 1010

narrow size range measured using the SMPS.

A better reference to use when correcting for sampling losses is the PDA, which does not use
a sampling line. In this case, a proportionality empirical correlation variable β can be used,
calculated using the correlation applied to a sampling tube of length zero, multiplied by an
empirical constant of 10, acquired through trial and error, which allowed for a better fit. The
correction factor can be applied to all instruments covering a wide range of sizes, despite
being derived from measurements in the sub-micron size range. The β variable is used to
adjust the concentrations to the reference PDA, which is assumed not to be subjected to
sampling and evaporation losses, as it performs direct measurements at the location where
the other instruments are pulling aerosol. As such, this approach not only allows for a
thorough comparison between different instruments, but also provides a means to improve
the accuracy of results obtained from affordable tools such the OAS, which costs significantly
less than the PDA but is subject to significant sampling and evaporative losses. Considering
the PDA as the reference, the best fit for the mode of the concentration of the 7 investigated
sampling lengths yielded the following correction factor :

Klength = β

a(L)b + c
= 1.0915 × 1011

−6.097 × 107(L)3.02 + 1.092 × 1010 (4.12)

Where
β = 10(a(0)b + c) = 1.0915 × 1011

4.4.4 Corrected comparison

The empirical correction factors presented in the previous sections were applied to the water-
based size distribution produced with the spray grun (Figure 4.5). The evaporation correction
factor Kevap was applied to the particle diameter and the correction factors for the sampling
line losses Klength and Kdep were both applied to the particle concentration. A summary of
the correction factors is presented in Table B.2.

The modes of the corrected size distribution (Figure 4.5) coincide very well, with a droplet
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Figure 4.5 Comparison of the four instruments with water-based aerosol particles corrected
empirically. Shaded areas show the standard deviation within repeated runs of the initial
measurements.

diameter of approximately 4 µm, showing that the measured size distribution of water-based
particles is not statistically different than that of DEHS particles when corrected with the
approach described previously, according to a T-test on the modes (p>0.05). Therefore,
the correction factors allow the comparison and combination of measurements obtained from
different instruments relying on sampling lines and working with droplets undergoing evap-
oration.

As observed in Figure 2, where disparities in size distribution measurements were identified,
the correction factor for evaporation needs to account for particle diameter. This approach
was motivated by the significant impact of evaporation on size distribution, particularly for
smaller droplets, as substantiated by previous studies [219] [220]. In contrast, the correction
factor for sampling line length played a more pronounced role on aerosol concentration, with
little effect observed on the particle size (Figure 4a), for the conditions investigated here.
Although a particle size-dependence can be expected for the deposition in the sampling line,
with bigger particles depositing more easily, we did not observe such a quantifiable effect for
the size range considered here. The correction factors, detailed in Table B.2, target both
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evaporation and deposition, acknowledging their preferential effects on size distribution and
concentration.

The approach presented here based on correction factors can be adapted to other aerosol
sizing measurements relying on sampling. Although the correction factors for evaporation and
sampling line losses have been validated for the configuration described in Section 2, they can
be calculated for different fluid systems or experimental facilities, as they essentially depend
on flow conditions and particle characteristics, rather than instrumentation. Conversely, the
correction factor for the length of the sampling line requires the availability of a reference
instrument such as the SMPS or the PDA. In this study however, the empirical constants of
the correction factor were derived from SMPS measurements of submicron DEHS droplets
and were then successfully applied to larger water-based droplets measured with different
instruments. The results from this investigation can be used to correct experimental data
from sampling instrumentation such as optical aerosol spectrometers and impactors similar
to those used here.

Finally, the specific measurement instruments used in this study also have their advantages
and limitations which can influence the results depending on the application as further dis-
cussed in Appendix B. Applying these correlations to other measurement instruments besides
those considered here may also introduce errors due to inherent differences in their measure-
ment principles, as well as their sensitivity and measurement range.

Table 4.2 Summary of the correction factors for evaporation, as well as sampling line depo-
sition during particle transit and the length of the sampling line.

Correcting for : Correction factor Applied to :
Evaporation Kevap = mowater

moDEHS

√
t

ShDEHS

Shwater
Particle diameter

Sampling line deposition
during particle transit

Kdep = αStk
where

α = 0.87
µair

ρDEHS

ρwater

Aerosol
concentration

Length of
the sampling line

Klength = β
a(L)b+c

Klength = 1.0915×1011

−6.097×107(L)3.02+1.092×1010

Aerosol
concentration
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4.4.5 Circumventing Evaporation

The size distribution of NaCl droplets measured with the SMPS, with and without drying the
aerosol in a desiccation column (representing the dried and wet distributions respectively),
are presented along with the calculated initial size distribution (Figure 4.6). The particle size
as they were generated (source distribution) was calculated following the procedure described
in section 2, which avoids the complications associated with evaporation during measurement,
or between the aerosol source and the measurement point. The concentration at the source
was adjusted for the length of the sampling line. The maximum number of particles mea-
sured was approximately 2 × 109 particles per liter of air for the dried distribution, and was
approximately three times more for the wet distribution, revealing significant particle losses
in the drying process.

As expected, the measured particles were much smaller than at the source, due to evaporation.
Particles at the source ranged from 0.65 µm up to 10 µm and covered a broader range of
particles than the dried and wet measurements. 90 % of the generated particles were larger
than 1 µm and once measured, all the particles were submicron. This further supports
the signficance of the evaporation effect in the measurement process and the importance of
considering the measurement biases induced by the use of a sampling line with an evaporating
aerosol.

Mass conservation

Following the assumption that the solid concentration in each droplet is equivalent to the
bulk solution concentration, it is possible to conduct a mass conservation analysis. Knowing
the density of the bulk saline solution used to generate the measured droplets, the total
volume of water aerosolized Vt (m3) can be calculated by integrating the volume of a sphere
with the diameter of a measured droplet across the size range of the size distribution at the
source, multiplied by the number of measured droplets at that size Ns. The total mass of salt
at the source Ms (kg) can then be inferred with the concentration of salt in the bulk saline
solution Cs (kg/m3). With knowledge of the measured mass of dried solids Mf (kg), mass
conservation calculations can then provide the mass of solids lost during the measurement of
the dried particles ML (kg):

Ms = Mf +ML (4.13)

Where
Ms = Cs × Vt

Vt = Ns

∫ dmax

dmin

π(dp)3

6
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Figure 4.6 Size distribution from the SMPS with dried NaCl aerosol particles and the cal-
culated size distribution at the source. Results are averaged over triplicate measurements.
Shaded areas show the standard deviation within repeated runs.

The mass of the wet size distribution Mw (kg) can also be added to the calculations to isolate
the losses in the sampling line and from evaporation M∗

L (kg):

Ms = Mw +M∗
L (4.14)

Approximately 96% of the mass at the source was lost during measurement, attributed to
water evaporation, as well as particle deposition in the sampling line and the desiccation
column. Particle transit and Stokes number analysis indicated that these measurement losses
were significantly exacerbated for larger particles. Wet and dried size distributions only
showed a 4% mass difference, suggesting that most losses through evaporation occurred
during particle transit, reinforcing the key advantage of the PDA as a reference instrument.
Water content constituted 90% of the mass at the source, and over 15% of the total mass was
lost through sampling line deposition. This entails that evaporation is the dominant factor in
the differences between measurements, but that particle deposition also played a significant
role. The losses in the desiccation column accounted for less than 5% of all losses, primarily
affecting smaller particles due to Brownian motion-induced diffusion during evaporation.
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This explains the shift towards larger particles in the dried size distribution, where the wet
distribution measured with the SMPS had a maximum concentration at a diameter 2 times
smaller than the dried distribution.

Significance of the complete evaporation approach

Research groups focusing on bioaerosols face limitations when using Phase Doppler Anemom-
etry due to safety concerns and practical constraints. Nevertheless, the interest in under-
standing the size distribution of potentially contaminated droplets remains high. As an
alternative, portable and user-friendly instruments like an OAS or impactors are commonly
employed. However, these instruments suffer from losses during transit, primarily caused
by particle deposition in the sampling line, and evaporation. The incomplete and unknown
evaporation process makes the size distribution measurement largely arbitrary and dependent
upon environmental conditions. To address this challenge, our approach involves complete
evaporation of particles, allowing the calculation of the size distribution at the source by
considering the solid content in the bulk solution and after complete drying. However, the
significant losses during measurement must be considered. In this study, the PDA was used
as a reference to account and correct for these losses. The process of completely drying
water-based aerosol particles to then revert to their initial size also demonstrates the possi-
bility of extending this methodology to dry aerosol particles, in that case disregarding the
evaporation correction factor.

4.4.6 Applications

In the context of airborne transmission, the approach outlined also offers a valuable frame-
work for advancing our understanding of respiratory particle dynamics. The choice of appro-
priate measurement techniques, including a combination of data from several instruments and
empirical correction factors for evaporation and deposition, becomes particularly important
when applied to the study of aerosols originating from the respiratory system [21]. However,
a critical research gap lies in our understanding of aerosol size distribution within the airways
themselves [221]. By adapting the methodology proposed here to focus on airway aerosols, a
more accurate characterization of size distribution can be achieved, enabling researchers to
extract meaningful results from a range of measurement instruments. As such, the use of a
sampling line can be valuable to reach specific areas that are difficult to access. Incorporating
the correction factors derived in this study can also address potential losses during sampling
and transit. Moreover, the application of a complete drying technique allows for source char-
acterization, providing insights into the initial composition and behavior of aerosols directly
from the respiratory system. This comprehensive approach can contribute to a more robust
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characterization of the risks associated with respiratory pathogen transmission, facilitating
the development of targeted mitigation strategies.

4.5 Conclusions

A transversal comparison was presented between four aerosol size distribution measurement
instruments with different working mechanisms, performed in a flow of water and DEHS
aerosol particles suspended in the air. Instruments generally agreed when measuring par-
ticles that do not evaporate, but not when measuring water-based droplets. For DEHS
(oil-based) particles, all instruments detected comparable size distributions and concentra-
tions with minimal differences, except for the OAS, which generally measured at least 70%
fewer particles for sizes larger than 0.25 µm, indicating that deposition was also significant
for oil-based particles. For water-based aerosol particles, measurement discrepancies affected
all the instruments, sometimes exceeding one order of magnitude.

These differences between the measurement of water-based and oil-based particles were ex-
plained by the evaporation of water-based droplets before the measurement was conducted,
as well as measurement losses due to particle deposition in the sampling line. Empirical cor-
rection factors based on the Stokes and the Sherwood numbers, as well as the length of the
sampling line were developed to account these measurement biases, using the PDA, which
does not use a sampling line, as a reference. These results demonstrate that in the context
of airborne transmission, employing size distribution measurement instruments that are not
designed for bioaerosol measurements can provide actionable data for proper risk assessment
if particle deposition and evaporation are accounted for.

Evaporation was then further investigated by conducting measurements on dried particles and
subsequently reconstructing the size distribution at the source. Mass conservation allowed
for a quantitative assessment of the measurement losses due to evaporation and deposition.
Using this approach, affordable and portable OAS can be used to characterize size distribution
at the source if the solid content is known, circumventing difficulties associated with the
evaporation process. Therefore, the complete drying of the particles enables the evaluation
of the initial size of the generated particles, a critical information in the context of airborne
transmission.
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5.1 Abstract

Cooling towers (CTs) have been identified as a main source of Legionnaires disease (LD)
outbreaks but source attribution remains a challenge. A comprehensive study was completed
to quantify spatial and temporal variability of CT emission of Legionella pneumophila (L.p.)
aerosol droplets by conducting in situ sampling of 15 cooling towers. A wide range of inhal-
able aerosol emission rates spanning two orders of magnitude was measured and significant
temporal variability (up to 10X) was observed. Site specific CT aerosol discharge rates of
L.p. and Legionella spp. (L.spp.) not only reflected CT capacity but also operational rate
and installation characteristics. At high cooling tower working capacity, the efficiency of
drift eliminators for capturing potentially contaminated inhalable aerosol droplets dropped
to less than 50%, a critical consideration for exposure assessment. Estimates of viable L.p.
concentrations and transfer rates from water to aerosol droplets were generated from qPCR
and Intact Cell Counts (ICC) at each CT. Site-specific data were then used to assess the
impact of emission rates on viable L.p. concentrations, on daily risks using Quantitative Mi-
crobial Risk Assessment (QMRA). Water-based airborne viable Legionella concentrations,
operating rates and the efficiency of drift eliminators in capturing potentially contaminated
inhalable particles were combined in an improved emission model. Viable Legionella emission
rates varied in a 5,000-fold range spanning over 5 logarithmic units, driven mostly by the Le-
gionella concentration in water and the aerosol emission rate. QMRA derived risk estimates
spanned over 3 orders of magnitude across the monitored CTs, underscoring the potential
for extreme values associated with the large spatial and temporal variability to substantially
influence the risks associated with cooling towers. QMRA based risks suggest that, in the
absence of site-specific data, risk assessment should be conducted with the system operat-
ing at maximum capacity, particularly when water concentrations are at their peak. From
these results, a generalized QMRA emission framework which considers the transfer rates,
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drift eliminator capture efficiencies and the aerosol emission rates acquired throughout the
sampling campaign was formulated to provide CT managers and public health authorities
with an improved risk estimate, facilitating informed mitigation strategies and source inves-
tigation. More frequent L.p. monitoring and drift eliminator optimization appear as key
elements to mitigate the risks associated with the airborne transmission of Legionella from
cooling towers.

5.2 Introduction

Legionnaires’ disease (LD) is responsible for an estimated health care cost of 402 M$ per
year in the United States [11, 71, 72] and 1.2 B$ in Europe [222, 223]. Legionella can cause
Legionnaire’s disease (LD), a serious pneumonia with a 10% mortality rate, as well as Pontiac
fever, a self-limited illness [224–226]. Legionella pneumophila (L.p.), specifically serogroup 1
(L.p. SG1 ) and Legionella species (L.spp.) have been targeted by public health regulations
due to their persistence [227], prompting strict guidelines for water system management and
monitoring [104]. Infections occur via the inhalation or respiration of contaminated aerosol
droplets, making this transmission route critical epidemiologically [66,115].

Community acquired sporadic cases account for most LD cases and the exposure source is
typically unknown [8,9,79]. Sporadic cases displaying clear seasonal patterns have increased
9-fold between 2000 and 2020, leading to 1.9 and 2.4 yearly cases per 100 000 people in North
America and Europe respectively [8, 105, 106]. Cooling towers (CTs) have been identified as
the primary source of LD outbreaks associated with L.p. [80,228–231] and a probable source
of sporadic disease when spatial association can be made [232].

CTs are specialized heat exchangers that generate an aerosol plume of potentially contam-
inated droplets capable of traveling over long distances up to 12 kilometers as a by prod-
uct of their working mechanism [79, 233, 234]. Their complex network of heat exchang-
ers, chillers and piping offers large surface areas at conditions favorable for biofilm and
Legionella growth [74, 234, 235] operated at optimal temperatures and in many cases inter-
mittently [101, 236], making it challenging to efficiently implement control measures across
the CT system [235,237]. The barrier against the dissemination of contaminated droplets is
the drift eliminator. However, drift eliminators are designed to limit water losses through
the aerosol plume, not to capture aerosol droplets of a size relevant to lowering the risk of
Legionella transmission [53,59,238].

Quantitative microbial risk assessment (QMRA) statistical models are commonly used to
quantify the infection risks of airborne disease, and hav been applied to CTs [81, 101, 239].
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However, when applying these models to assess L.p. exposure risks from CTs, several chal-
lenges remain, particularly regarding key parameters such as droplet emission rate and size
distribution within the 1-10 µm exposure range, as well as the pathogen concentration and
viability within the aerosol plume [101,108,239,240].

To improve the impact of QMRA scenario analysis, it would be beneficial to select scenarios
on their applicability to best inform policy [241]. That is we aim to identify critical periods
of exposure by monitoring the spatial and temporal variability of the bioburden of Legionella
that considers both aerosol emission rate and pathogen viability, as outlined by [115].

The main objective of this study was to determine the spatial and temporal variability of the
bioburden of contaminated aerosol droplets released by cooling towers in order to improve
risks assessment of Legionella. The secondary objectives include: (1) documenting the spatial
and temporal variations in aerosol emission rates and size distribution of total and intact
bacterial cells, including L.p. and L.spp., from 15 CTs, (2) assessing the efficacy of drift
eliminators under varying operating conditions, (3) improving the estimates of pathogen
transfer from water to aerosol droplets, (4) conducting site-specific QMRA estimates using
real data to identify key parameters that could reduce risks and (5) proposing a conservative
generic framework to estimate the bioburden of contaminated Legionella aerosol droplets in
the absence of site-specific data.

5.3 Materials and methods

5.3.1 Selection of study sites

A total of 25 sites (labeled S1, S2, S3, etc.) were visited, with 15 CTs selected for fur-
ther investigation (Table C1 - Appendix). The CTs, located on municipal and institutional
rooftops or at ground level, varied in operation, some seasonal (March to September) and
others year-round. Full details of the CTs and their respective drift eliminators are in Ap-
pendix C. Key characteristics include the operating rate, calculated as the ratio of current to
maximal operation for fan speed and water pump [127], and the CT capacity, the amount of
heat that the tower can remove from the circulating process water, measured in tons of heat
removed. The study included crossflow, counterflow, and forced draft CTs, with capacities
from 50 to 5,000 tons.

5.3.2 Experimental approach

The sampling campaign was divided into two parts: a one-time sampling blitz and a longi-
tudinal monitoring effort. The sampling blitz involved the measurement of 15 different CT
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systems in the span of two weeks. The longitudinal monitoring sampling included 8 visits
between May and August 2022 at three CTs, which were also included in the blitz. Measure-
ments were conducted under varying atmospheric conditions, but never during heavy rains or
thunderstorms. Temperature and relative humidity were recorded throughout. More infor-
mation on the sampling sites, dates and psychrometric parameters is provided in Appendix
C.

Location of aerosol measurements

Aerosol droplets were characterized at different locations in and around the CTs to calculate
the drift eliminator capture efficiencies (Figure 5.1). The first sampling point established the
background aerosol in the ambient air, and was collected 5 to 10 meters upwind from the CT.
The second measurement point was located inside the CT and represented the concentration
of generated particles per liter of air inside the CT. The third sampling point was at the
exhaust air outlet of the CT and was a measure of the particles released to the environment.
One liter of water from the CT basin was sampled in sterile low-density polyethylene bottles
for physico-chemical assessment and microbial detection.

Point 3 : Over the Drift 
Eliminator

Point 2 : Under the Drift 
Eliminator

Point 1 : Baseline of 
ambiant air

Point 0 : Water from the 
basin (Water baseline)

Figure 5.1 Sampling points on the CTs, showed for S1.
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Optical aerosol spectrometer

Aerosol size distributions were obtained using an optical aerosol spectrometer (MiniLAS
model 11-R, GRIMM Aerosol Technik Ainring GmbH & Co, Ainring, Germany), hereafter
called the OAS. This instrument measures the size of individual particles from light scatter-
ing [142]. Particles with a size ranging from 0.25 to 32 µm were measured. A 1.5 m sampling
line was connected at the inlet for particle measurements. The inlet flow into the instrument
was 1.2 L/min. Repetitive measurements were taken every 6 seconds for 3 minutes at each
sampling point and repeated 3 times, then averaged in a single size distribution per measure-
ment point. Particles were completely dried before being measured to avoid saturation of
the sampling instrument with the high humidity present within and around the CT, using a
desiccator column filled with silica gel beads (Model DDU 570, TOPAS-GMBH). The actual
wet size distribution at the measurement point was then back calculated from the dried size
distribution according to the methodology of Lefebvre et. al [193].

Cascade Impactor

The aerosol flow was sampled with a Cascade Impactor (Dekati® Low Pressure Impactor
DLPI+). Each stage was cleaned with ethanol and water before measurements. Particles
with sizes ranging from 0.16 to 10 µm were collected on 0.05 µm Millipore filters disposed
on 10 different stages based on their aerodynamic diameter, with a sampling flow rate of 10
L/min for 30 minutes [193]. The samples were drawn through a flexible plastic tube with a
diameter of 12.7 mm and a length of 0.6 m. The filters were pooled together into a standard
liquid saline solution (0.9% w/v NaCl in MiliQ water) after the measurement.

SASS 3100

The SASS® 3100 dry air sampler (Research International, Inc., Seattle, USA) was used at
an inlet flow rate of 300 L/min, allowing for larger sample volumes to be collected. It was
fitted with a custom-made sampling tube of 0.025 m in diameter and 0.30 m in length to
safely reach deeper into the CTs. The microbial load was collected on standard bioaerosol
electret filters. Sampling was conducted at the outlet of the CT for 80 minutes. Elution of
the electret filters was conducted for microbial assessment using the SASS® 3010 Particle
Extractor (Research International, Inc., Seattle, USA), yielding 7 mL of solution [242]. This
volume was vacuum filtered on sterile 0.2 µm (Ø47 mm) Supor® PES membranes (PALL
Corp., Mississauga, ON, Canada). Membranes were then gently folded and processed within
2 hours.
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Flow velocity

The flow velocity at the CT outlets was measured using a telescopic hot wire anemometer
(VelociCalc Air Velocity Meter 9515, TSI, MN, USA) calibrated for instantaneous velocity
[243]. The anemometer, fixed to a tripod, took five equally spaced measurements along
the outlet fan radius. The volumetric flow rate was calculated by multiplying the average
flow velocity by the outlet’s surface area, assuming constant velocity. This rate was used
to normalize aerosol particle concentrations for comparison across systems. For non-circular
outlets, measurements were taken over a 1.5 m2 area instead of the total outlet area.

Physico-chemical parameters

Conductivity (0.01-200 mS/cm) and dissolved oxygen (0-20 mg/L) were assessed with the
HQ40dTM portable meter (HACH, London, ON, Canada). The probes were inserted in a
beaker containing approximately 150-200 mL of a well-mixed water aliquot taken from the
sample. Total dissolved solids (TDS), which refers to the combined content of all inorganic
and organic substances, were estimated from the conductivity using the correlation proposed
by Brown et. al [244, 245]. Two successive aliquots of 10 mL were withdrawn from the well-
mixed water sample for assessment of free and total chlorine equivalent concentrations (0 to
2.00 mg/L), based respectively on the HACH DPD Powder Pillows methods 8021 and 8167,
with the portable DR 2800TM spectrophotometer (HACH, London, ON, Canada). Whenever
free chlorine equivalent concentrations exceeded 0.05 mg/L, one mL of sodium thiosulfate
(10% v:v) was added.

Flow cytometry

Flow cytometry was conducted using a BD Accuri™ C6 Plus flow cytometer along with the
BD CSampler™ autosampler (BD-Biosciences, Mississauga, ON, Canada) to enumerate total
(TCC) and intact cell counts (ICC) based on the integrity of cell membranes as the viability
criteria. Quantification of cells was performed in duplicate with aliquots of 300 µL per sample
to discriminate between dead and live cells. TCC were stained with 3 µL of SYBR Green
fluorochrome and 3 µL of a mix of SYBR Green and propidium iodide fluorochromes stained
damaged (dead) cells (ICC). 3 µL of EDTA was also added to each aliquot. Before the
addition of dyes, aliquoted samples were incubated at 37 ◦C for three minutes. Samples with
dyes were incubated once again at 37 ◦C for 10 min in the dark. Cells were enumerated using
the FL3 ( 670 nm) and FL1 (530–533 nm) density plots, and bacteria gating was assessed
according to the EAWAG water quality template previously developed to discriminate TCC
and ICC [246,247].
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qPCR

For water samples, 1 L was vacuum filtered on 0.45 µm pore size MF-Millipore™ membranes
(47 mm in diameter, gridded) (Sigma-Aldrich, Oakville, ON, Canada). For aerosol droplets
sampled with the SASS 3100, 7 mL of the eluted solution was filtered. The quantification of
L.p., L.spp and L.p. SG1 DNA was conducted in triplicates by real-time qPCR according to
the instructions of the microproof® Legionella Quantification LyoKit - LP L.p. Real-Time
PCR kit (Hygiena/Biotechon). Fluorescence curves were recovered on the Bio-Rad CFX
Opus 96 Real-Time PCR Instrument and results were expressed in genomic units (GU) per
liter. For samples where inhibition was detected in only one of the triplicates, the inhibited
triplicate was therefore not included in the analysis. The limits of detection and quantification
were of 3 and 10 GU per reaction respectively.

5.3.3 Data analysis

Size distribution and capture efficiency

The theoretical size-dependant drift eliminator capture efficiency ηt (%) was calculated as-
suming spherical particles. It depends on the density of the particle ρp (kg/m3), the particle
diameter Dp (m), the airflow velocity Ue (m/s), the viscosity of the bulk liquid µ (kg/ms),
the width of the channels of the drift eliminator w (m) and the angle of the direction change
of the drift eliminator θ (◦), and is given by the following equation [248]:

ηt = ρp(Dp)2Ue

18µw θ (5.1)

The theoretical capture efficiencies were compared to the results from the in situ measure-
ments. Equation 5.2 was used to determine the drift eliminator capture efficiency η (%),
where Co and Cu are the size-dependant concentration of particles, respectively over and
under the drift eliminator, and b is the baseline concentration (particles/Lair):

η = 1 − Co − b

Cu − b
(5.2)

The baseline size distribution was subtracted from the concentrations measured around the
CTs to only consider the particles generated inside the CT.

Relationship between water and air

To ensure a consistent comparison, Legionella concentrations were evaluated in the bulk
water of the CT or in the cumulative water sampled from aerosol droplets generated and
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released from the CT. To maintain clarity throughout the article, we refer to these compared
concentrations as water and airborne.

The relationship between bacteria in water and aerosolized bacteria concentrations was cal-
culated by combining airborne size distribution assessments with qPCR detection. It was
assumed that the solid mass concentration in water remained constant during aerosolization
until evaporation. Using the sampled air volume, Vair (Lair), mass-based particle size distri-
bution, Dair (kg/Lair), and total dissolved solids (TDS, kg/Lw) for each water sample, the
total aerosol water volume, Vw (Lw), was calculated. This was based on particle diameter
x (µm) within the OAS detection range, assuming droplet sphericity. The airborne water
volume was obtained by summing the volumes from each particle concentration and diameter
combination in the studied size range :

Vw =
+∞∑
n=1

Dair ∗ πx
3

6 ∗ Vair

TDS

Vw = Vair

TDS

∫ 32

0.25
Dair ∗ πx

3

6 dx

(5.3)

After calculating the airborne water volume, the ratio of sampled air volume to airborne
water volume, Rh, was compared to the ratio of solution volume (used for microbial burden
estimation by PCR) to sampled air volume, Rs, to characterize the relationship between
bacteria in water and aerosolized bacteria concentrations. The airborne particle concentra-
tion per liter of water, Cw (particles/Lw), was then derived from the solution concentration
assessed by qPCR, Csol, using the volumetric relationship between the two media :

Cw = Csol ∗Rs ∗Rh (5.4)

where
Rs = Vsol

Vair

;Rh = Vair

Vw

5.3.4 Quantitative Microbial Risk Assessment (QMRA)

The QMRA methodology was adapted from Hamilton et. al. [81, 108]. It assumes that L.p.
exposure risks are based on the emission of potentially contaminated aerosol droplets from a
CT, the atmospheric dispersion of the generated particles, the inhalation and deposition of
the particles in the alveoli depending on their size, and finally the pathogenic dose-response
specific to L.p.. In this study, the emission rate of L.p. Qem (particles/s) was calculated
considering the pathogen concentration per volume of water Cw (particles/Lw) as well as
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the volumetric air flow rate of the CT V̇air (Lair/s), the drift eliminator capture efficiency (η
[-]), the ratio of bacteria in water transferred to the airborne aerosol droplets, the volume of
water aerosolized Vw (Lw), the volume of air sampled by the OAS Vair (Lair) and the ratio of
accuracy for the detection method Rm [-]:

Qem = CwV̇airVwRwaη

VairRm

(5.5)

The QMRA model considers the emission rate of inhalable droplets in the 1-10 µm size
range, which was used for the aerosolized water volume. Parameters for the dose-response
model, the inactivation during dispersion model, and the inhalation model were taken from
Hamilton et. al [81]. Exposure was assumed to last 1 hour, and daily risks were calculated
as per Signor and Ashbolt [249] to account for CT variability (Table C7 - Appendix). Daily
DALY was calculated by dividing the annual DALY by 365 [249]. A common health based
target for infection rates in drinking water is 10−4 infections per person per year [81,101,250].
The daily DALY target of 2.7 × 10−7 was calulated as 10−4 divided by 365 days per year, as
recommended by [249].
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5.4 Results and discussion

5.4.1 Space-time variability of aerosol emission rate

The size distributions of aerosol discharged from the 15 CTs sampled during the blitz, sorted
by total emission rate in the inhalable size range, are displayed in Figure 5.2 a. A large vari-
ability was observed in the size-dependent aerosol concentration from each CT. S2, S11, S21,
S22_1, and S22_2, exhibited similar average emission rates of approximately 1012 particles/s,
while disparities of over three orders of magnitude were evident between S16 and S6B, the
CTs with the highest and lowest emission rates, respectively. The distribution across droplet
sizes remained relatively constant, suggesting that when a CT produces more droplets, it
does so for all sizes. This phenomenon is typical of the main generation mechanisms associ-
ated with CTs (bubble bursting, droplet impaction and atomization) [3, 26], and consistent
size distributions were also observed in Legionella-laden aerosol droplets generated through
nebulization [66].

The large variability observed in the emission rates was expected, as each CT system’s
capacity is set to meet its building’s energy needs. However, multiple factors can influence
CT emission rates, such as capacity, operating rate, and the drift eliminator’s efficiency in
capturing aerosol droplets. For instance, combined capacity and operating rate influence
the airflow that carries droplets out of the CT and into the environment. Discharge flow
rates varied between 5- to 10-fold across the 15 systems (Figure 5.2 b). The emission rate
of S16 was exacerbated by its high airflow, whereas S22_2 displayed an average emission
rate across the monitored CTs due to its low airflow, despite generating the third-highest
volumetric droplet rate at almost 106 particles/Lair (Figure 5.2 c).

Particle emission rates varied considerably over time for the three CTs monitored longitudi-
nally (Figure 5.3 a). Despite similar mean emission rates and total particles emitted, fluctu-
ations of more than an order of magnitude occurred across measurements. For instance, S1
discharged over 108 particles/s during the June 2nd sampling, compared to approximately
106 on August 16th. However, the size distribution remained relatively constant week to
week, regardless of operating rate differences (Figure 5.3 b).

As the CT operating rate only partially explains the large spatio-temporal variability in the
emission rate, other factors, such as drift eliminator capture efficiency and bacteria transfer
rates from CT water to discharged aerosol, are investigated in the following sections.
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Figure 5.2 a) Comparison of the average emission rate for the sampled CTs (n=3). The box’s
central mark shows the median, while the bottom and top edges represent the 25th and 75th
percentiles. Whiskers extend to the 5th and 95th percentiles, with points beyond considered
outliers. b) Air flow rate at the outlet of the CTs during the blitz. c) Measured particle
concentration for the inhalable size range for the CTs sampled during the blitz.
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5.4.2 Drift eliminator capture efficiency

Site-specific drift eliminator capture efficiency varied over time for the three CTs monitored
longitudinally (Figure 5.3 b). During weeks 4 and 5 of the longitudinal monitoring (July 12th
to August 4th) notably poor capture efficiencies were noted for S1 and S11, corresponding
periods of high operating rates (> 90%). A potential association between efficiency variations
and wet-bulb temperature, typically used as a design criterion for CTs [251], was explored.
Weeks 4 and 5 were associated with wet-bulb temperatures above 18 ◦C, corresponding to
high thermal loads and thus conditions in which evaporative cooling is less efficient [28]
(Figure 5.4 a). The drift eliminator capture efficiency of S1 was observed to be linearly
proportional to the CT operating rate for inhalable aerosol droplets (Figure 5.4 b). Thus,
when CTs operate at high capacity, the ability of drift eliminators to capture inhalable aerosol
particles decreases.
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Figure 5.3 a) Comparison of the average emission rate for the three monitored CTs through
the 8 sampling weeks (n=3). b) Comparison of the size distribution and drift eliminator
capture efficiency from the longitudinal monitoring. Results are averaged over three mea-
surements (n=3). Shaded areas show the standard deviation within the repeated runs.
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Figure 5.4 a) Wet-bulb temperatures and the operating rates of S1 monitored during the
sampling campaign. The circled datapoints represent periods of high temperature and rela-
tive humidity. b) Drift eliminator capture efficiency for different droplet sizes as a function
of CT operating rate for S1.
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The average drift eliminator capture efficiency of the CTs monitored longitudinally, as a
function of droplet diameter, was compared with the theoretical collection efficiency calcu-
lated using equation 5.1 for the average mass distribution collected in towers S1 and S11
(Figure 5.5). S1 was fitted with a cellular-type drift eliminator, while S11 used a blade-type
drift eliminator, with Ue = 3 m/s, µ = 0.3 kg/ms, w = 2.2 cm, θ = 53◦ for the cellular type,
and w = 2.54 cm, θ = 35◦ for the blade type. These parameters were representative of the
drift eliminators installed on S1 and S11.

Experimental results confirm the theoretical expectation that cellular-type drift eliminators
would be more efficient at capturing particles than blade-type drift eliminators, mainly due
to increased surface area [53, 59, 238]. The blade type drift eliminator from S11 exhibited
approximately 20-30% better capture efficiency than S1 for particles sized between 1 and 10
µm (Figure 5.5). However, the large variability in capture efficiency (Figure 5.3 b) underscores
the importance of CT operating conditions on capture efficiency. Additionally, as depicted in
Figure 5.2 a, a considerable quantity of droplets was discharged into the environment despite
the presence of drift eliminators. Thus, due to their inherent design limitations in capturing
inhalable droplets and reduced efficiency at high operating rates, drift eliminators appear
insufficient to effectively mitigate exposure risks.

Regardless of operational conditions, theoretical capture efficiencies for both types of drift
eliminators remained below 80% for droplets in the 5-10 µm size range and below 40%
for particles smaller than 5 µm. While both types generally followed theoretical trends,
they demonstrated capture efficiencies up to 40% higher than predicted in the 1-10 µm
size range. Drift eliminators are designed to balance power consumption and water losses,
with manufacturers claiming they can capture over 99% of the mass of water discharged
from CTs [252]. Drift eliminators achieve this goal by capturing larger droplets to conserve
water. Despite droplets in the 1-10 µm size range constituting the majority of the total
number discharged droplets (Figure 5.2 b) and being associated with Legionella risks, they
represented only approximately 25% of the mass fraction of aerosolized water in the size
range of the OAS. Interestingly, for S1, droplets sized 1-4 µm accounted for only 5% of the
total mass sampled whereas droplets sized 5-10 µm accounted for 20%.

To limit Legionella risks associated with CTs, the target performance and resulting design of
drift eliminators need to be reevaluated to enhance their capture of smaller droplets in the
inhalable size range. Improvements of drift eliminators should consider the trade-off between
all aspects of CT operation including energy usage, including water conservation, head losses
due to inertial disturbances in the flow. The incorporation of Legionella into very small
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aerosol droplets (1-2 µm) remains to be investigated, considering the size of Legionella. As the
droplets sized 1-4 µm accounted for a small fraction of the sampled mass of water, improving
the capture of the droplet sizes ranging between 5-10 µm could be prioritized focus to reduce
exposure risks. Nonetheless, since the theoretical capture model was conservative for the
inhalable range, it can serve as a default value when considering the impact of operational
range on potential removal of inhalable droplets.
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Figure 5.5 Comparison of the average drift eliminator capture efficiency from the sampled
CTs with theoretical calculations. The grey section of each plots represents the size range
between 1 and 10 µm.
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5.4.3 Legionella transfer from water to aerosol droplets

Water L.spp. concentrations measured by qPCR for the 15 investigated CTs ranged from
102 to 105 GU/L during the monitoring of S1, S11, and S5 (Table C3 - Appendix).

Figure 5.6 a and b show flow cytometry and qPCR results for CT water and discharged aerosol
droplets across the 15 sampled CTs. Airborne and water concentrations refer to bacterial
concentration in water or in the water volume in a given volume of air (bacteria/Lwater).
On average, airborne bacteria concentrations were within one order of magnitude of water
concentrations for both flow cytometry and Legionella spp. qPCR results. L.p. and L.p. SG1
were undetected in aerosol samples, likely due to low water concentrations. Longitudinal
monitoring also revealed bacteria concentrations in water consistently within one order of
magnitude of airborne concentrations (Figure 5.6 c). Notably, data points clustered along
the diagonal (R2 = 0.89), indicating a strong correlation between airborne concentrations and
in the water, with no systematic enrichment observed. These findings align with previous
studies reporting similar bacterial concentrations during aerosolization [253–255].
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Figure 5.6 a) Flow cytometry results of total cell counts and viability ratio for the blitz
sampling campaign. b) qPCR results of the detected Legionella spp., L.p. and L.p. SG1 for
the blitz sampling campaign. Green and red dashed lines represent the quantification and
detection limits, with points below these limits shown as open-faced or triangular markers.
c) Bacterial concentration in airborne droplets versus CT water. The shaded area indicates
a difference of less than one order of magnitude. The coefficient of determination (R2) was
calculated using logarithmic values.
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Assessment of airborne viability revealed significant spatial variability (Figure 5.7 a). No-
tably, S11 exhibited nearly no viability in water and close to 100% airborne viability, while
S6A showed approximately 10% viability in water and 80% airborne viability. Overall, air-
borne viability was generally higher than viability in water. Residual chlorine equivalent
concentrations (0.2 to 2 mg/L) were measured in most CTs, potentially explaining lower
viability in water samples (Figure 5.7 b). Although extensive work links chlorine residual
to viability in water, its effect on airborne viability within aerosol droplets is unclear [256].
Chlorine is likely to be stripped during aerosolization and early transport due to the large
surface area of aerosol droplets. This could be contributing to the higher airborne viability.
Viable bacteria also tend to agglomerate at the water-air interface due to surface tension
effects and increased oxygen content, which could also be a contributing factor [3].

Multiple studies suggest that ICC determined through flow cytometry is applicable to qPCR
assessments [115, 257–259]. Therefore, airborne Legionella viability can be assumed to be
reflected by the viability ratio measured by flow cytometry. However, the absence of a
correlation between airborne viability and chlorine residual, combined with high temporal
variability and a limited sample size, prevented the fitting of a statistical distribution to
airborne viability data. To provide a conservative risk assessment, a viability associated
with the maximum observed value (approximately 100%) could be used as a point in time
estimation. Such a conservative approach would reflect critical conditions such as inadequate
treatment often cited as the cause of LD outbreaks.
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Figure 5.7 a) Airborne viability as a function of the viability in the water. The shaded area
represents a difference of less than one order of magnitude. b) Residual chlorine equivalent
concentration in the CT water monitored during the sampling blitz.
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5.4.4 Bioburden : Viable Legionella emission rate

The bioburden described by Nocker et. al [115] is defined as the rate of Legionella discharged
from CTs, thus combining both the aerosol emission rate and the viable Legionella concentra-
tion inside the aerosol droplets. The bioburden for L.p. is equivalent to the emission model in
the QMRA. Theoretically, modelling it would simply involve a function of the airborne viable
bacterial concentration discharged from the CT Cair (particles/Lair) and the volumetric flow
rate V̇ (Lair/s):

Qem = CairV̇ (5.6)

However, the challenge of detecting airborne Legionella through qPCR (Figure 5.6 b) makes
this strategy unreliable for risk assessment. Consequently, the methodology outlined in equa-
tion 5 was used to calculate the emission rate from the Legionella concentration in water
(Figure 5.8 a). On average, between 5 × 104 and 2.5 × 108 viable Legionella were released
in the environment per hour for S1. This emission rate was on average 10X higher than
depicted in a similar study [115]. Given that even a small concentration of L.p. can lead to
severe health outcomes near large emitters, the release of such a large number of potentially
contaminated aerosol droplets raises concerns for public health, especially considering the
large distance contaminated droplets can travel [78,83].

During the periods of August 8-12 and 15-19 (Weeks 7 and 8 of the longitudinal monitoring),
S1 exhibited emission rates two to three orders of magnitude lower than in preceding weeks
(Figure 5.8 a). This difference can be attributed to the viable Legionella concentration in
water and the concentration of discharged inhalable droplets. Indeed, the viability of the
airborne Legionella was lower during these two weeks (Figure 5.6 a). Also, while the L.spp.
concentrations in water remained similar between August 8-12, L.p. and L.p. SG1 levels were
below detection limits (Figure 5.8 b), explaining the lower emission rate for L.p. and L.p.
SG1 during this period. Conversely the lowest aerosol emission occurred between August
15-19, coinciding with lower wet-bulb temperature and accounting for the low emission rates
observed across all species that week (Figure 5.2 a). Furthermore, a linear regression revealed
that both factors explain most of the variability in the emission rate, yielding a combined
R2 of 0.92 (Figure 5.9 a). Individually, the concentration in water and droplet concentration
had similar correlations, with R2 values of 0.49 and 0.47, respectively (Figure 5.9 b). Thus,
weekly variability of the viable Legionella emission rate was driven by both the concentration
of Legionella in water and the concentration of inhalable droplets discharged.
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Figure 5.8 a) Viable Legionella emission rate from S1 during the monitoring sampling cam-
paign. b) qPCR results of the detected Legionella spp., L.p. and L.p. SG1 for the monitoring
sampling campaign of S1, S5 and S11. The green and red dashed line represents the quan-
tification and detection limits respectively. Measurements below the quantification limit are
displayed as open-faced scatter points. Measurements below the detection limit are shown
as half the detection limit in the open-faced triangular scatter points.



94

0.0 0.2 0.4 0.6 0.8 1.0
True values 1e7

0.0

0.2

0.4

0.6

0.8

1.0

Pr
ed

ict
ed

 v
al

ue
s

1e7

R-squared = 0.92

(a)

1 2 3 4 5 6 7 8
Viable L. spp.  concentration (GU/Lw) 1e7

0.0

0.2

0.4

0.6

0.8

1.0

Vi
ab

le
 L

eg
io

ne
lla

 e
m

iss
io

n 
ra

te
 (p

ar
tic

le
s/

s)

1e7

R-squared = 0.49

Data points
Linear regression model

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
Airborne droplets (particles/s) 1e8

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Vi
ab

le
 L

eg
io

ne
lla

 e
m

iss
io

n 
ra

te
 (p

ar
tic

le
s/

s)

1e7

R-squared = 0.47

Data points
Linear regression model

(b)

Figure 5.9 a) Linear regression of the viable Legionella emission rate from S1 during the mon-
itoring sampling campaign with three features: Airborne viability, concentration of L.spp. in
the water and Airborne droplet concentration. b) Linear regression of the viable Legionella
emission rate from S1 with each feature individually.
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5.4.5 Effect of emission rates on contamination risks

The daily Disability-Adjusted Life Year (DALY) values from the QMRA model were com-
pared across the 15 CTs sampled during the blitz (Figure 5.10), utilizing the proposed viable
Legionella emission rate from the previous section. Minor differences in the size distribution
measured across the 15 CTs (Figure 5.2 a) did not affect infection risks, resulting in identical
DALY values when using a size distribution averaged across the sampled CTs, as shown on
Figure 5.10 by the overlapping of the results obtained by the proposed method using site
specific size distribution (orange bars) and average size distribution (hatched bars). An av-
erage size distribution can therefore be used as a reference rather than a site specific one and
still provide sufficient resolution for risk assessment.

Resulting daily DALYs can be compared to the World Health Organization (WHO) risk
threshold of 10−6 yearly outcomes, adjusted for daily risks [260]. S6B exceeded the daily
target, while DALYs for S22_1 and S16 were within the same order of magnitude as the
target (Figure 5.10). In contrast, the DALYs for S1, S6A, and S11P were three orders of
magnitude lower, suggesting low associated risks. However, these risk estimates are derived
from the results obtained in a one-time sampling event, not reflective of the range of risk
that can be encountered throughout the year.

S16 S1 S5 S2 S22_1 S22_2 S11 S21 S12 S20 S24 S11P S23 S6A S6B

10 11

10 10

10 9

10 8

DA
LY

Daily Target Proposed method Average size distribution

Figure 5.10 Daily QMRA results (DALY) The proposed method’s DALY, using individual
droplet size distributions, is compared to results using the average distribution. The red
dashed line in the figure indicates the WHO target of 10−6 yearly outcomes [260], adjusted
for daily risks.

The combination of aerosol emission rates and viable Legionella concentrations directly im-
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pact risks. For example, although S6B and S16 displayed a difference of almost 3 orders of
magnitude in their emission rates (Figure 5.2 a), their DALY values were within the same
order of magnitude. Further investigation into their QMRA results highlighted that the vi-
able L.p. concentration was nearly three orders of magnitude higher in S6B than in S16.
In contrast, S16 discharged over 1016 inhalable droplets per second, compared to 1013 for
S6B. Moreover, S6A had a much lower L.p. concentration and exhibited DALY values three
orders of magnitude lower than S6B. This example underscores the significant impact of
effective water management [32, 101, 236, 237] and highlights the importance of both viable
L.p. concentration and aerosol emission rates regarding exposure risks.

The original QMRA model by Hamilton et al. effectively identifies the impact of L.p. concen-
tration in water on risks [81] (Figure C1 - Appendix) but uses a fixed transfer coefficient. As
a result, when comparing with DALY values obtained with the proposed method, results for
S6B were within the same order of magnitude, while S16 showed a two-order-of-magnitude
difference. This indicates that using a fixed transfer coefficient for aerosolized inhalable
droplets, as hypothesized in the original model due to a lack of empirical data, does not
capture the wide range of contaminated aerosol emissions. By directly measuring the size
distribution and concentration of droplets from various CTs, the novel methodology presented
in this study can reflect more accurately the varying aerosol emission conditions encountered
in the field.

The effect of the aerosol emission rate on the risks could explain why CTs with viable Le-
gionella concentrations below action thresholds were still identified as the source of outbreaks
in multiple locations (Norway, Netherlands, and China) [8, 9, 79]. In these cases, exposure
was higher than suggested by the Legionella concentration in water due to large quantities of
inhalable aerosol droplets discharged into the air. These findings have important implications
for CT management as they emphasize the role of drift eliminators as a crucial last barrier
before aerosol discharge into the environment, especially in periods of elevated Legionella
concentrations.

When using QMRA to assess the risks associated with a single system, it is important to
consider the wide variations of Legionella concentrations and of emission rates that can
typically occur over time. Single point assessments may not be representative of the risks
associated with a specific cooling tower.

Weekly variations of up to two orders of magnitude were observed (Figure 5.11), which was
previously reported for individual CT systems [79–81, 115, 235]. These variations indicate
that Legionella levels may exceed action thresholds while remaining undetected between
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regulatory sampling events if the time interval between samplings is large [239].

The variability of the daily probability of infection and DALY were estimated ffrom lon-
gitudinal monitoring of three CTs (Figure 5.11). Results show strong spacial en temporal
variability. The mean daily probability of infection was 3 × 10−5 for S1 and 6 × 10−6 for S5,
both exceeding the daily target by at least an order of magnitude. S11 also had exceedances,
but its mean daily probability was only slightly below the threshold. This indicates a poten-
tial populational burden on the probability of infection, but more importantly high DALY
impact. Indeed, DALYs are typically considered more stringent risk assessment as they con-
sider the severity of the health outcomes of infections [101]. S1’s mean DALY was above the
daily target (Figure 5.11), while the blitz sampling reflected the lowest value recorded during
monitoring (Figure 5.10). This underscores the importance of longitudinal assessments for
comprehensive risk evaluation. S5’s mean DALY was approximately at the daily target, with
exceedances for S11 as well. Consequently, QMRA indicates significant mean exposure risks
for the three CTs monitored longitudinally, despite undetectable viable L.p. in the air.

DALY values at least an order of magnitude larger than all other values, and categorized
as statistical outliers in the boxplot were observed during the longitudinal monitoring of the
three CTs (Figure 5.11). These DALY values can statistically be categorized as extreme
values according to the definition of Haan and Ferreira, as they exceed the 95th percentile
of the distribution [261]. Each of the three systems experienced at least one extreme value,
but during different weeks of the longitudinal monitoring. For instance, while S11 displayed
an average DALY more than one order of magnitude lower than the threshold, an event still
exceeded it in the week of June 13-17. This extreme value can be explained in retrospective
by a higher measured aerosol emission rate during this week. By definition, extreme values
are rare events, but they are also hard to predict statistically [261] and their importance in the
context of airborne transmission lies in their potential to drive sporadic cases of Legionella
infections [262–264]. Consequently, the potential for extreme values to increase the risks
associated with CTs suggests that QMRA should be conducted under conditions where the
system operates at maximum capacity and pathogen concentrations are at their peak.
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Figure 5.11 QMRA results for CTs S1, S5, and S11, showing daily risks against targets for
annual infection probability and DALY.
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5.4.6 Generalized QMRA emission model

The improved emission model proposed in this study requires detailed aerosol measurements,
which may limit its wide application. Building on the recent QMRA models [101, 108, 240],
a generalized emission model with an improved and more conservative emission rate, de-
fault aerosol sieze distribution and drift eliminator efficacy is proposed. This streamlined
approach can help operators assess more effectively exposure risks for individual CTs and
adopt appropriate risk mitigation strategies.

Typically, operators have access to information regarding the operating rate, the concentra-
tion of L.p. in the water, and the capacity of their system. The generalized emission model
Qem (particles/s) can be tailored using these accessible parameters. Following the trend of
Figure 5.4 b, a negative sigmoid function can accurately describe the drift eliminator capture
efficiency η (-) according to the average operating rate Op (-) which ranges between 0 and 1
(Equation 5.7).

η = 1
1 + e((2e)Op−e) (5.7)

The discharge rate Dr (Lw/s) represents the quantity of aerosolized water in the form of
droplets in the 1-10 µm size range. The extensive dataset generated during the blitz sampling
campaign can be used to define multiple options for the discharged rate according to the size
of the CT and its operating rate (Table 5.1). The average of the operating rate of the CT
Op (-) can also be considered. The ratio of accuracy of 0.7 for the detection method Rm (-),
introduced by Hamilton et. al in their QMRA model, must also be considered so as to not
underestimate the risks [81]. The viability rate Rv (-) of the airborne L.p. can be simply
represented by the Gaussian distribution presented in section 3 and randomly selected from
the probability density function of the Gaussian viability distribution (Figure 5.7 c). The
generalized emission model Qem (particles/s) is therefore given by:

Qem = CwDrOpRv(1 − η)
Rm

(5.8)

The proposed generalized emission model was compared with the methodology of Hamilton
et al. (Figure 5.12). The proposed generalized model predicted a higher emission rate for 12
of the 15 sampled CTs. The emission rates obtained with the proposed generalized model
were up to four orders of magnitude higher than the original model. The only three instances
where the original model predicted a higher emission rate than the proposed model were for
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Table 5.1 Emission rate as a function of the CT capacity

Capacity (Tons) Emission rate Dr

(Lw/s)
50 (Small-size) 0.01

500 (Medium-size) 0.3
5000 (Large-size) 0.9

S11P and S6A during the sampling blitz, as well as one instance during the longitudinal
monitoring of S1. These values were associated with the lowest DALY values and were
observed during colder days of the sampling campaign (Figure 5.10 and Figure 5.11). The
proposed generalized emission model is thus conservative in terms of risks and can be used as
the emission model in the QMRA methodology of Hamilton et. al [81] to obtain an estimate
of the exposure risks for CT operators and surrounding population.
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Figure 5.12 Proposed generalized emission model compared with the methodology of [81].
The diagonal line represents a perfect fit between the two models.

5.4.7 Risk mitigation strategies

The combined effect of the aerosol emission rate and the concentration of viable Legionella
on the exposure risks suggests that a multifaceted approach is essential to mitigate the
risks associated with the airborne transmission of Legionella from CTs. Current guidelines
only consider the Legionella concentration in water and typically require periodical, usually
monthly sampling [104]. Our results show that weekly variations of Legionella concentrations
and aerosol emission rates can lead to rapid and frequent changes in LD risks.
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Extreme events should be considered in the risk assessment by considering systems operating
at maximum capacity and elevated pathogen concentrations documented on site. Collec-
tively, these risk mitigation strategies can serve as proactive measures to curtail the airborne
transmission of Legionella from CTs and safeguarding public health.

The proposed generalized QMRA model can easily be used by a CT operator in the absence of
site specific aerosol measurements. This simplified approach combines a conservative default
emissions rates based on capacity and site specific historical peak concentration of viable
Legionella. The model output could guide water treatments and CT improvements to meet
the health-based thresholds recommended to lower the probability of infection and the DALY.

The following risk mitigation strategies are thus proposed based on the results of this study:

First, implementing a robust and stringent control regime maintaining low Legionella con-
centrations in water is is a critical element of risk control. Furthermore, control should be
conducted at a point representative of water entering the cooling tower (not the basin) to
provide early detection of deviations and prompt intervention.

Second, drift eliminators should be redesigned to increase their capture efficiency for droplets
in the inhalable size range, specifically in the 5-10 µm size range. This can be achieved by
increasing the surface area of the drift eliminators and enhancing the flow deflections, while
considering the trade-off between energy usage and head losses due to inertial disturbances.
Each drift eliminator should be aerodynamically customized for a specific CT and the design
point should be set to the maximum operating rate of the system.

Third, CTs should rarely operate above 50% of the operating rate to minimize particle emis-
sion in the inhalable range. To maximize the current capture efficiency of drift eliminators for
inhalable droplets, another CT can be activated when the operating CT exceeds 50% of the
operating rate. Even if maintained and monitored regularly to ensure optimal performance,
drift eliminators should not be assumed to provide a large reduction in the exposure risks as
peak cooling tower working capacity.

5.5 Conclusions

• The large scale in situ sampling campaign conducted on 15 CTs provided evidence to
improve risks assessment and define risk mitigation strategies.

• Longitudinal monitoring of three CTs highlighted major weekly variations in Legionella
concentrations (up to two orders of magnitude) and aerosol emission rates (up to three
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orders of magnitude) can lead to rapid changed in LD risks.

• When CTs were working at high capacity, drift eliminators lost their ability to capture
aerosol particles, specifically small particles in the inhalable size range.

• For QMRA analysis, airborne Legionella concentration within the same range as the
concentrations found in water can be considered. The maximum observed value (100%)
can be used as a conservative estimation of the airborne viability for conservative risk
assessment.

• Risk assessment must consider both the concentration of viable Legionella pneumophila
and the aerosol emission rate.

• The potential for extreme values to significantly influence the risks associated with CTs
suggests that QMRA should be conducted under conditions where the system operates
at maximum capacity and concentrations in water are at their peak.

• A generalized QMRA emission model can be used by managers to estimate the magni-
tude of the exposure risks and identify risk mitigation strategies.
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6.1 Abstract

. The evaporation dynamics of water-based aerosol droplets carrying pathogens such as
Legionella from cooling towers is critical for assessing the risks of airborne transmission. Yet
the evaporation of contaminated aerosol droplets remains poorly understood, and is often
overlooked by current risk assessment models. Changes in water properties such as viscosity
and surface tension, induced by the presence of non-volatile solids or contaminants, affect the
evaporation time, the droplet nuclei size, and the time resolved size evolution. The effect of
these parameters was experimentally and analytically studied. Surfactants lowering surface
tension introduced non-linearity in droplet size evolution, extending evaporation time by up
to 14% and halting it at high concentrations. Increased viscosity delayed evaporation onset
without affecting nuclei size, which remained around 8-9 µm compared to 0.5 µm for reference
water droplets. High concentration of solids, covering over 60% of the droplet surface, nearly
doubled the evaporation time and increased nuclei size to 20 µm. Existing evaporation
models do not fully account for temporal size changes and the variability in nuclei size due to
solids concentration. Improving evaporation models and incorporating them into microbial
contamination risk assessments is critical to develop effective mitigation strategies, such as
using efficient drift eliminators for cooling towers.

6.2 Introduction

The global challenge of airborne disease transmission has emphasized the need to improve
our understanding of diseases spreading through aerosol pathways. This includes transmis-
sion originating from human activities (anthropogenic) or engineered water systems harbor-
ing pathogens [265]. Waterborne diseases such as legionellosis pose significant challenges,
particularly in light of the complex multiphase flow dynamics which govern aerosol-mediated
infections [81]. This disease, associated with a 10% mortality rate, is transmitted through the
airborne dispersion of aerosol droplets transporting the bacteria Legionella. The prevalence
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of this disease has increased worldwide by 9-fold since 2000, leading to infection rates of 1.9
and 2.4 yearly cases per 100 000 people in North America and Europe respectively [266,267].
The primary contamination source is cooling towers, efficient heat exchangers installed on
large buildings [11]. They provide the right conditions for Legionella to thrive, and gener-
ate large quantities of potentially contaminated aerosol droplets [79]. Drift eliminators are
installed at the outlet of cooling towers and serve as the last barrier before contaminated
droplets are released into the environment. However, their capture efficiency is low for the
inhalable size range, defined between 1 and 10 µm in diameter [53,59,238].

Upon generation, water from an aerosol droplet evaporates partially, leaving a stable nucleus
with a smaller size [161]. Water droplets initially a few hundred microns in diameter typi-
cally reach the inhalable size range over no more than a few seconds, when accounting for
mass and energy balance at the droplet surface at approximately 20◦C and 30-50% relative
humidity [161]. However, the precise evaporation dynamics of contaminated aerosol droplets
from relevant water sources are not well understood. Yet, accurate information is critical to
quantify infection risks. A longer evaporation time can increase the at-risk area associated
with a source of pathogens as the aerosol droplets take longer to reach an inhalable size.
Thus, the size evolution of a contaminated droplet, its capacity to reach an inhalable size
upon evaporation, and the ability of the airborne pathogens to remain infectious under the
conditions of the dried-up nuclei collectively determine if it can serve as a vector for trans-
mission via the aerosol route [3]. Consequently, an accurate understanding of the underlying
phenomena governing the evaporation dynamics of contaminated aerosol droplets is critical
for a thorough assessment of the risks associated with airborne transmission [268].

In cooling towers, water properties such as viscosity and surface tension differ markedly from
other water systems, potentially influencing evaporation. Viscosity can increase with the
presence of biofilm, reaching up to 1.25 mPa · s compared to 1 mPa · s for tap water [173–175].
The intermolecular forces between the molecules of the bulk solution are stronger at higher
viscosity, and the evaporation rate can decrease as a result [24]. While the surface tension
of tap water is approximately 73 mN/m, that of cooling tower water can decrease to as
low as 62 mN/m due to the addition of biodispersive agents employed to control biofilm
growth [176, 177]. A lower surface tension is typically associated with a longer evaporation
rate [171]. Non-volatile solid contaminants, both soluble and non-soluble, including biofilm,
bacteria, viruses, disinfectants, salt, and organic matter, can also influence the evaporation
dynamics from a thermodynamic point of view [24,173]. Indeed, unless the relative humidity
is very low, some water will remain in the droplet nucleus. This remaining water leads to an
equilibrium diameter that increases with higher initial solid concentrations [178]. However,
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the extent of the influence of surface tension, viscosity and solids on evaporation dynamics
remains not well-documented [20,168].

Current risk assessment models for waterborne diseases often overlook evaporation, thus fail-
ing to account for scenarios where large quantities of suspended solids may become aerosolized
into large droplets that eventually reach inhalable sizes upon evaporation [108]. Balachan-
dar et. al developed a simplified framework to predict aerosol generation, dispersion and
droplet evaporation in the context of anthropogenic airborne transmission [20]. Despite their
efforts, the authors identified a crucial gap in accurately determining the evaporation rate of
droplets containing solids [20]. It simplistically treats all non-volatile components as having
a uniform impact on evaporation. Conversely, Pruppacher and Klett developed an exten-
sive evaporation model for water-based droplets in the context of cloud microphysics and
aerosol science [159]. This model considers the effect of solids, viscosity and surface ten-
sion on evaporation, as well as the effect of solids on the droplet nuclei size, but requires
experimental validation for airborne transmission applications [269]. Consequently, there
is a strong research need to validate these models in the context of airborne transmission
scenarios involving complex liquid compositions such as those encountered in cooling towers.

The objective of this experimental and analytical study was to characterize the effect of
surface tension, viscosity, as well as the concentration of dissolved and suspended solids
on the evaporation of aerosol droplets. This will provide important information to refine
evaporation models by defining the size range of droplets to be considered based on the fluid
properties.

6.3 Methodology

The time-resolved characterization of the evaporation of water-based aerosol droplets with
different compositions was obtained by measuring the size distribution and velocity of mono-
dispersed droplets at different positions along their free-falling path.

6.3.1 Bulk aerosolized solutions

A reference solution consisted of a standard phosphate-buffered saline (PBS) solution com-
posed of 0.8% m/m of sodium chloride (NaCl), 0.02% m/m of potassium chloride (KCl),
0.144% m/m of sodium phosphate dibasic (Na2HPO4) and 0.0245% m/m of potassium phos-
phate monobasic (KH2PO4) [270]. Non-volatile components were added to the reference solu-
tion (PBS) to conduct a parametric study. Between 5 and 8 solutions were made for each of
the investigated parameters (Table Table 6.1). The parametric study was conducted indepen-
dently for each parameter.The concentrations were chosen to cover the typical and marginal
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ranges observed in cooling tower water. Aerosol droplets were then generated from different
solutions to isolate the effect of surface tension, viscosity, as well as the concentration of
dissolved and suspended solids on the evaporation dynamics. As a control experiment, one
liter of water from the cooling tower basin was sampled in sterile polyethylene bottles to
compare with the evaporation of pure water (MiliQ).

The presence of surfactants affecting the surface tension of droplets was assessed by adding
between 0.025 and 1% m/m of Polysorbate 20 (Tween 20, Thermo Fisher Scientific, MA,
USA). The presence of polymers affecting the viscosity of the solution was assessed by adding
between 2.5 and 10% m/m of Polyethylene glycol (PEG 1000, Thermo Fisher Scientific, MA,
USA). PEG is composed of long polymer chains with hydrophilic and lipophilic properties
mimicking the presence of biofilm in terms of viscoelasticity and surface properties. PEG is
highly soluble due to its ability to form hydrogen bonds, which increases the viscosity of the
media [271]. Thus, in all the tested solutions, PEG was fully dissolved in the solution. The
presence of dissolved solids was assessed by modulating the concentration of salt between 5
and 100 g/L, while maintaining a consistent PBS concentration ratio. Finally, the presence
of suspended solids was assessed by adding between 102 and 1013 polystyrene microbeads of 2
µm in diameter with a carboxylate coating (Thermo Fisher Scientific, MA, USA) per liter of
PBS, chosen to be representative of suspended bacteria. Each solution was at a temperature
of 21◦C and was tested individually.

6.3.2 Droplet generation

A commercial Vibrating Orifice Aerosol Generator (VOAG, Model 3450, TSI Corporation,
MN, USA) was employed to generate a stream of single-file liquid droplets (Figure 7.2).
Droplets are generated by forcing a liquid through an orifice subjected to mechanical per-
turbations, which breaks it up into individual droplets [272]. It was oriented with the orifice
pointing downwards so that the droplets were free-falling after generation. In this configura-
tion, droplets take approximately 0.16 seconds to break up from the orifice [273]. An orifice
of 35 µm in diameter allowed the generation of 60 µm droplets, with a standard deviation

Table 6.1 Composition of the tested solutions. Each parameter was tested over 5 to 8 solu-
tions, without changing any of the other parameters.

Additive Solution 1 Solution 2 Solution 3 Solution 4 Solution 5 Solution 6 Solution 7 Solution 8
Tween (% m/m) 0 0.025 0.050 0.075 0.100 1.00 - -
PEG (% m/m) 0 2.5 5.0 7.5 10.0 - - -

Salt (g/L) 0 5.0 10.0 15.0 20.0 100.0 - -
Microbeads (beads/L) 0 102 104 106 108 1010 1012 1013
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of ±0.2 µm at the generation site [274]. Droplets were produced at a frequency of 15 kHz,
corresponding to the modulation of the orifice disk by a piezoelectric ceramic transducer. In
this configuration, the droplets were spaced out by approximately 200 µm. The bulk solution
to be aerosolized was injected from a 60 mL Luer taper polypropylene syringe at a constant
speed of 4.2 ×10−4 cm/s controlled by a syringe pump (KDS 100, KD Scientific, MA, USA).
The pressure of the solution at the orifice plate was approximately 70 kPa.
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Figure 6.1 (a) Schematic representation of the droplet generation (VOAG) and the particle
characterization (PDA). The reference coordinates are also displayed. The origin point was
located 1 mm under the VOAG nozzle. (b) Overview of the experimental setup: 1) PDA
laser and 2) receiver, 3) VOAG control box, 4) VOAG and measurement chamber, 5) controls
of the PDA and the traverse.
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6.3.3 Dispersion air

The multiphase flow, consisting of the aerosol droplets dispersed in air, was generated within
a rectangular sampling chamber measuring 0.15 m × 0.15 m × 0.6 m, with an opening at the
bottom to ensure a laminar flow. Air was supplied from the VOAG at a constant flow rate
of 30 SLPM. The temperature and relative humidity of the flow were measured by a digital
sensor module (DHT22) placed at the entrance of the sampling chamber and controlled by a
microcontroller (Arduino Uno).

An aerosol generator (TOPAS GMBH model ATM 221) was used to seed the pressurized air
with water and thus control the relative humidity. During operation, the aerosol generator
was connected to a mass flow controller (Hastings HFC 202), enabling regulation of the flow
rate of water droplets in the 0-25 SLPM range and allowing for the relative humidity to be
adjusted between 30 and 90%. The temperature of the air was constant at 21◦C.

6.3.4 Droplet characterization

The Phase Doppler Anemometry (PDA, Dantec Dynamics, Skovlunde, Denmark) technique
was used to characterize the aerosol droplets. The measurement volume is defined by the
intersection of two pairs of laser beams with wavelengths of 532 and 561 nm. As single
droplets flow through, light is scattered from the interference pattern created by the two laser
beam pairs, allowing for size distribution and velocity characterization [275]. The droplet
velocity is obtained from the Doppler shift of the interference fringes, while information on
its size can be acquired from the phase shift. Since the measurement volume is very small
(approximately .15 x 0.15 x 2.6 mm), measurements are considered punctual, making it ideal
for the characterization of individual droplets generated from the VOAG [276]. The PDA
can detect particles between 0.5 and 8000 µm, covering the range of the generated droplets
from their inception down to their size stabilization as evaporated nuclei.

The PDA was mounted on a traverse to map the evolution of the droplets. For each solution,
a scan was conducted starting 1 mm under the nozzle and moving progessively 250 mm
downwards, with steps of 10 mm in the z-direction (Figure 7.2 a). Slight adjustments in the
x and y directions at each measurement point allowed for maximal droplet detection. Each
point was sampled for 120 seconds, thus measuring between 2000 and 80 000 droplets. PDA
settings were selected to achieve adequate detection (See Appendix A).

6.3.5 Evaporation metrics

Three evaporation metrics were used to compare the effect of the different parameters on the
evaporation dynamics: The droplet nuclei size, the evaporation time and the time-resolved
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size evolution of the droplet diameter. The droplet nuclei size, defined as the diameter of the
droplet after complete evaporation, was measured as the average size of the droplet once it
stabilizes at the end of the experiment. This stabilization criteria also defines the evaporation
time. The size evolution refers to the mean droplet size as a function of the residence time of
the droplet. It is therefore a measure of the evaporation rate of the droplet at each instant
of the evaporation.

6.3.6 Data analysis

The size evolution of the droplets was acquired according to their position in the z direction
(Figure 7.2 a). The position of the droplets was converted to the cumulative residence time,
according to the distance between two measurement points L (0.01 m) and the velocity from
the previous measurement point v (m/s).

tn =
n∑

i=2

L

vi−1
(6.1)

6.3.7 Evaporation models

Two evaporation models were used to compare the experimental results. The Balachandar
et. al model was developed for the evaporation of droplets in the context of anthropogenic
airborne transmission [20]. Assuming that the droplet is spherical, the rate at which a
small sphere loses mass through evaporation is influenced by the diffusion of the vapor layer
away from the surface of the droplet. The rate of evaporation is given by the following
equation [156,157]:

−dm

dt
= πdDρpNu ln(1 +Bm) (6.2)

Here, m (kg) is the mass of a droplet with diameter d (m), D (m2/s) is the diffusion coefficient
of the vapor in the surrounding air, and ρp (kg/m3) is the density of the surrounding air. The
dimensionless Spalding mass number Bm (-) is given by Bm = Yd−Yp

1−Ys
, where Yd (-) is the mass

fraction of water vapor at the droplet surface, and Yp (-) is the mass fraction of water vapor
in the surrounding air. Nu (-) is the dimensionless Nusselt number and is calculated from the
Reynolds number, Re, and the Prandtl number, Pr, knowing the velocity and viscosity of the
surrounding air v (m/s) and µ (N · s/m2) respectively, according to the following equations:

Nu = 2 + 0.4Re1/2Pr1/3 (6.3)
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Re = dρpv

µ
(6.4)

Pr = µ

ρpD
(6.5)

Assuming that Nu and Bm remain nearly constant for small droplets, equation 2 can be
integrated to derive the following relationship for the evolution of the droplet, defined as the
squared law of evaporation [158]:

d(t) =
√
d2

e − k′t (6.6)

Where
k′ = 4DNu ln(1 +Bm) (6.7)

In these equations, de (m) is the initial diameter of the droplet, and k′ represents an effective
evaporative diffusivity with units of m2/s.

The Pruppacher-Klett model is more complex, considering the effect of Stefan flow and the
temperature dependence of diffusion coefficients [159,160]. The evaporation rate dm

dt
(kg/s) is

given by:

−dm

dt
= 2πdMwDCTpSh

RT∞
ln
(
ps − p

psat − p

)

Where
CT = T∞ − Tp

T∞ − 1.6

(
2 − k

T 2−k
∞ − T 2−k

p

)
(6.8)

In the previous equations, Mw (kg/mol) is the molecular weight of water and p (kg/m · s2)
is the atmospheric pressure of air. CT (-) is a correction factor accounting for the temper-
ature dependence of the diffusion coefficient, with k (-) being a constant between 1.6 and
2. The partial pressure of vapor on the droplet surface is given by ps and psat (kg/m · s2) is
the saturation vapor pressure. T∞ (K) is the temperature far from the droplets, Sh is the
dimensionless Sherwood number, calculated from the Reynolds number, Re, and the Schmidt
number, Sc, which are given by the following equations:

Sh = 2 + 0.6Re1/2Sc1/3 (6.9)
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Sc = µ

ρpD
(6.10)

ps can be calculated from the following equation:

ln ps

psat

= 4MwσLV qw

RT1ρwde

(6.11)

Where σLV (kg/s2) is the surface tension of the droplet, qw (-) is the mass fraction of water
in the droplet and R (J/(mol · K)) is the universal gas constant.

The final size of the droplet nuclei ddr (m) is given by the following equation and is equivalent
for both models. It is a function of ψ (-), the volume fraction of solids suspended initially in
the droplet [20,159]:

ddr = deψ
1/3 (6.12)

6.4 Results and Discussion

6.4.1 Relative humidity

The effect of relative humidity on the evaporation time and the size evolution of the pure
water droplets was assessed experimentally (Figure 6.2). The resulting evaporation curve
displays the droplet mean diameter as a function of the residence time with the dispersion
air being injected at a relative humidity between 30 and 90%. As expected, higher humidity
resulted in slower evaporation rates, delaying size reduction and increasing evaporation time.
This effect was also observed in the two evaporation models (Figure 6.2). The Pruppacher-
Klett model predicted a slower evaporation rate than the Balachandar et. al model for
approximately two thirds of the evaporation time, before surpassing it in the latter stages.
Both models predicted the absence of droplet nuclei, as pure water was used to generate the
droplets. Experimental results closely matched the models, with the largest discrepancies at
the start where the evaporation rate was slower than predicted (Figure 6.2). This observation
was expected, given the documented impact of relative humidity on evaporation, a factor
both models incorporate [20, 159, 161]. Consequently, these findings not only validate the
experimental approach but also corroborate that the models can capture the dynamics of
droplet evaporation under varying humidity conditions.

The effect of relative humidity on the evaporation rate is important because it can influence
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Figure 6.2 Experimental results of the mean diameter as a function of the residence time for
different levels of relative humidity on pure droplets. The standard deviation of measurements
is shown as shaded error bars. Results from the Balachandar et. al model and the Pruppacher-
Klett model are also displayed.

the size evolution of the droplet, as well as the evaporation time. Indeed, as relative humidity
increased, the evaporation rate slowed down. Droplets at 30% relative humidity were almost
completely evaporated after 0.5 seconds, while they only lost approximately 10% of their di-
ameter after 1 second at 90% relative humidity. Cooling towers typically release contaminated
droplets in a plume that ranges between 90 and 100% relative humidity [173]. Therefore,
droplet evaporation is considered to occur in mostly in very humid conditions [265], fostering
large evaporation time and thus the possibility for contaminated droplets to diffuse further
into the environment and potentially increase the exposure risks [3]. Thus, the experiments
should ideally be conducted at high humidity rates. However, the final size could not be
assessed at high relative humidity with the available experimental setup because the droplets
were not completely evaporated at the end of the experiment (Figure 6.2 a). Nonetheless,
as the experimental results and both models agreed on the evaporation with different rela-
tive humidity values, it can be assumed that the results obtained at 30% relative humidity
could easily be scaled for different relative humidities. Consequently, the subsequent experi-
ments were conducted at 30% relative humidity to ensure that the droplets were completely
evaporated at the end of the experiment.
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6.4.2 Cooling tower water

To understand the discrepancies in evaporation dynamics depending on the properties of
the bulk solution, the mean diameter of droplets initially at 60 µm was compared to their
residence time for pure water and cooling tower water droplets (Figure 6.3). Notably, cooling
tower water droplets did not fully evaporate, reaching a diameter of 27 µm after 1.5 seconds
for an initial diameter of 60 µm, whereas pure water droplets completely evaporated in ap-
proximately 0.6 seconds. The standard deviation of the measurements was also significantly
higher for droplets of cooling tower water. These results highlight the effect of non-volatile
constituents and particulate content (colloids, bacteria, particles) on the evaporation dynam-
ics, as well as the need to understand the underlying mechanisms.

The rapid evaporation timescale of between 0.5 and 1.5 seconds is crucial for the develop-
ment of strategies to mitigate the exposure risks associated with Legionella from cooling
towers. Drift eliminators are essential for capturing droplets generated inside cooling towers
before they are released into the environment. Promoting impaction through rapid flow de-
flections, drift eliminators are generally ineffective at capturing droplets in the inhalable size
range. Improving their capture efficiency requires a thorough understanding of the evapo-
ration dynamics, as droplets travel through the eliminators within the first 2 seconds upon
generation [238]. Furthermore, the time-resolved size evolution of the contaminated droplets
scales with relative humidity, where higher relative humidity is associated with longer evap-
oration time (See Appendix A). The results are thus applicable to a broad range of airborne
transmission scenarios.

The composition of cooling tower water influenced the evaporation dynamics, which can
in turn impact the exposure risks. Indeed, a longer evaporation time could increase the
risk of exposure by allowing contaminated droplets to travel further and remain airborne
longer [81]. Droplet nuclei size is also closely related to the exposure risks, as larger droplets
can carry more contaminants, while droplets that are too large cannot be inhaled [277]. These
factors, as well as the evaporation rate of the droplets, can also influence the viability of the
contaminants transported in aerosol droplets. Therefore, a model that accurately predicts
the size evolution of contaminated droplets could lead to better risk assessment with high
time and spatial resolution. As such, the effect of surface tension, viscosity, as well as the
concentration of dissolved and suspended solids on the evaporation dynamics was assessed.
The results were compared to two evaporation models, the Balachandar et. al model and the
Pruppacher-Klett model.
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Figure 6.3 Mean diameter as a function of residence time for pure water and cooling tower
water. The standard deviation of measurements is shown as shaded error bars.

6.4.3 Baseline water-based aerosolized solution

The concentration of solids, including bacteria, biofilm, and minerals, varies significantly
across different water systems such as cooling towers, and over time [278]. Therefore, using
cooling tower water as a basis for droplet generation may not accurately represent every
cooling tower and could hinder the reproducibility of our experiments. Instead, phosphate-
buffered saline (PBS), a standard in microbiology with well-characterized properties and
minimal impact on bulk physical properties [270], was used as the baseline solution for the
aerosol droplets.

Pure water droplets were experimentally compared to droplets generated from PBS in terms
of evaporation time, nuclei size and time-resolved size evolution (Figure 6.4). For both
substances, evaporation was slow for the initial 0.3 seconds, with minimal reduction in mean
diameter. Subsequently, the evaporation rate increased, but PBS droplets evaporated slower
than their pure water counterparts. Their evaporation time was 0.67 seconds compared to
0.56 seconds for pure water droplets. PBS droplets did not completely evaporate, leaving
droplet nuclei of approximately 8-9 µm compared to 0.5 µm for pure water droplets. The
observed droplet nuclei for pure water droplets did not reach zero due to the detection limit
of the PDA, at 0.5 µm. Therefore, PBS droplets exhibited similar evaporation patterns to
pure water but with a slower rate and larger nuclei size. Furthermore, fewer droplets were
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detected by the PDA when pure water was used in the experiment setup. PBS measurements
were conducted in duplicate and the resulting evaporation curves were almost identical. The
repeatability of the PBS droplet measurements further validated the experimental approach
and the choice of PBS as a baseline solution.

The results were compared to the two evaporation models (Figure 6.4). The time-resolved
size evolution of the droplets was different between the experimental results and both models.
Indeed, the slow onset of the evaporation was well captured by the Pruppacher-Klett model,
but not by the Balachandar et. al model. Both models predicted a faster evaporation rate
than the experimental results for most of the evaporation but agreed with the experimental
data for the last 0.1 second. The experimental droplet nuclei size was approximately 9 µm,
which was in line with the predictions of the two models at 9.5 µm. The experimental
evaporation time of 0.67 seconds was close to the 0.65 seconds predicted by the Balachandar
et al. model and the 0.7 seconds by the Pruppacher-Klett model. The models therefore
agreed with the experiments on the evaporation time and the nuclei size, but not on the
time-resolved size evolution.
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Figure 6.4 Mean diameter as a function of residence time for pure water and PBS droplets.
The standard deviation of particle size measurements is shown as shaded error bars. Compar-
ison of the experimental results with the Balachandar et. al and Pruppacher-Klett models.
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6.4.4 Surface tension

The effect of surface tension on droplet evaporation was assessed by adding between 0.025 and
1% m/m of Tween 20 to the PBS solution. The mean droplet size was measured as a function
of the residence time for each surfactant concentration (Figure 6.5 a). The evaporation time
increased by almost 14% with a concentration of 0.1% m/m compared to PBS droplets. The
nuclei size remained at approximately 9 µm for concentrations up to 0.1% m/m, similar to
PBS droplets. However, it was approximately 45 µm at 1% m/m, as the evaporation was
halted after 0.5 seconds. These discrepancies in the evaporation time and droplet nuclei
size are likely due to the high concentration of surfactant at the droplet surface. Indeed,
surfactants, such as biodispersive agents in cooling towers, decrease surface tension, which in
turn increases evaporation time for airborne droplets [177,279]. This occurs due to the dual
interfacial properties of surfactants. Polysorbate in Tween 20, like most surfactants, has a
hydrophilic head and a hydrophobic tail [172]. Consequently, once the droplet is generated,
a surfactant lipid layer gradually forms on its surface, reducing surface tension [171] and
decreasing the availability of water molecules at the surface, thus impeding mass transfer
into the surrounding air and lowering the evaporation rate [156].

The minimum concentration at which surfactants aggregate, called the critical micelle con-
centration, was approximately 0.02% m/m in the experimental conditions [280]. All experi-
mental concentrations exceeded this threshold. Due to the propensity of surfactant molecules
to be at the free surface, a lipid layer was formed at the droplet surface, thus confirming the
impact of the surfactant on the evaporation dynamics. As droplets evaporate, surfactant
concentration increases, eventually halting evaporation if the droplet surface is completely
covered in surfactant [281]. Given that Tween 20 has a surface density of approximately
1012 molecules/m2 and that a gram of Tween 20 contains on average 4.91 ×105 molecules of
Polysorbate, complete surface coverage occurs for concentrations of 0.5% m/m.

The two investigated models considered the effect of surfactant on droplet evaporation (Fig-
ure 6.5 b). In the Balachandar et al. model, surfactant presence at the droplet surface reduced
the Spalding number (Bm) by decreasing the water molecule concentration at the surface (Yd),
assuming other parameters involved in the Spalding number remained constant [282]. The
reduction in Yd is directly proportional to the surface density of the surfactant, allowing the
quantification of this reduction in surface tension [176] (See Appendix B). The Pruppacher-
Klett model also accounts for surfactants through a surface tension term [159]. The surface
tension of the droplet decreased from 73 (mN/m) for PBS to 68 (mN/m) for droplets with
0.05% m/m of Tween 20 [283, 284]. This reduction in surface tension lowers the partial
pressure of vapor on the droplet surface, ps, and the evaporation rate of the droplet. Exper-
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imental results matched the models in terms of evaporation time and nuclei size (Figure 6.5
b).

The experiments and models however showed significant discrepancies in the time-resolved
size evolution of droplets (Figure 6.5b). Both models predicted a steady increase in evap-
oration rate, underestimating the droplet size for most of the residence time compared to
the experiments. Experimental results revealed a three-stage non-linear size evolution (Fig-
ure 6.6 a). Initially, the evaporation rate was similar to PBS due to the uniform dispersion
of surfactant within the droplet, (first stage). As evaporation progressed, the surfactant
concentration increased while it migrated to the droplet surface, forming a lipid layer that
slowed the evaporation rate (second stage). Finally, depending on surfactant concentration,
either the lipid layer became too thick to allow evaporation or the lipid layer did not cover the
whole surface area of the droplet, allowing the water molecule diffusion to reach the droplet
nuclei equilibrium (third stage).

The transition between stages 2 and 3, where evaporation was halted and then resumed,
could be attributed to Marangoni instabilities induced by the non-uniform distribution of
surfactants and other solids from the PBS. These surface tension gradients drive internal fluid
flows that disrupt the lipid layer, causing localized thinning or rupture, which in turn enables
water vapor diffusion to resume in some regions of the droplet [24]. These instabilities are not
commonly observed for airborne aerosol droplets, but have been reported for sessile droplets
[285–287]. The models did not account for these instabilities, leading to discrepancies in the
time-resolved size evolution of the droplets. For surfactant concentrations under 1%, the
lipid layer coverage was insufficient, allowing the droplet to continue evaporating, whereas at
1% concentration, the lipid layer fully covered the droplet surface, explaining the evaporation
being stopped after 0.5 seconds (Figure 6.6 b).

The surfactant concentrations inside cooling towers typically range between 0.025 and 0.1%
m/m, but they can reach up to 1% upon injection of biodispersive agents [288]. These
agents work by dispersing biofilm from the piping system into the cooling tower water to
make them more susceptible to disinfectants. However, it can also introduce more pathogens
into the generated aerosol. These results show that the evaporation dynamics of potentially
contaminated droplets released from cooling towers could vary significantly with the presence
of surfactants, thus impacting the exposure risks.
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6.4.5 Viscosity

The effect of viscosity on evaporation was assessed experimentally by adding between 2.5 and
10% m/m of polyethylene glycol (PEG 1000) to the PBS solution. The mean droplet size was
measured as a function of the residence time for each PEG concentration (Figure 6.7 a). The
droplet diameter decreased slowly over the first 0.4 seconds, 0.1 seconds longer than for PBS
droplets. After this initial delay in evaporation, the size evolution was essentially similar to
that of PBS, yet yielded a longer evaporation time, increasing from 0.67 seconds for PBS
droplets to 0.79 seconds for droplets with 10% m/m of PEG. This longer evaporation time
was observed to be small, but significant in the range of viscosity studied, which is typical
for cooling tower water.

The Balachandar et al. model did not capture the effect of viscosity on the evaporation
rate and thus predicted the same droplet size evolution, regardless of the viscosity of the
bulk (Figure 6.7 b). Conversely, the Pruppacher-Klett model predicted a slower evaporation
rate for droplets with higher viscosity, leading to a longer evaporation time. Indeed, the
Balachandar et al. model does not account for viscosity, while the Pruppacher-Klett model
does consider it through a correction factor in the evaporation rate which accounts for the
effect of this parameter on the diffusion of water molecules towards the droplet surface. None
of the models predicted the delay of the onset of evaporation observed in the experiments.
This caused a constant discrepancy of approximately 0.1 seconds for the evaporation time
between the experiments with the Prupacher-Klett model (Figure 6.7 b). The Balachandar
et al. model first overestimated the evaporation time and then underestimated it at higher
viscosity.

The effect of viscosity on the evaporation rate and thus the droplet size evolution stems
from the intermolecular forces holding the droplet together, which tend to increase with
viscosity [289,290]. The higher the intermolecular forces, the harder it is for water molecules
to detach from the surface of the droplet and diffuse into the environment [291]. The viscosity
of a liquid η (N · s/m2) is related to the Gibbs free energy of activation through the Eyring
equation [292,293]:

η ∝ kBT

h
exp

(
∆G
RT

)
(6.13)

In the previous equation, kB is the Boltzmann constant (J/K), T (K) is the temperature
of the liquid, h (kg · m2/s) is the Planck constant and ∆G (J/mol) is the Gibbs free energy
of activation and R (J/mol · K) is the universal gas constant. For water molecules to escape
the droplet surface, they must overcome the Gibbs free energy of activation.
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In liquids with higher viscosity, the intermolecular forces such as hydrogen bonding in water,
are stronger. These forces increase the Gibbs free energy of activation, making it more
difficult for water molecules to escape into the vapor phase. The rate of a process that
involves overcoming an energy barrier can often be described by the Arrhenius equation [294].
The evaporation rate J , with A as a constant, is thus given by:

J = A exp
(

−∆G
RT

)
∝ −η (6.14)

According to equations 13 and 14, as viscosity increases, the evaporation rate decreases lin-
early. This would explain the delay in the onset of evaporation (Figure 6.7), which increased
with an increase in viscosity. However, after onset, the evaporation rate followed the same
trend as for PBS droplets. Therefore, the effect of viscosity was more prominent at the early
stages of the evaporation. The early onset of evaporation in quiescent air is typically domi-
nated by the diffusion of water molecules at the droplet-air interface, while the later stages
are governed by thermal effects that sustain the evaporation [24]. Even though the droplets
ejected from cooling towers cannot be considered to be in quiescent air, the effect of viscosity
on the evaporation rate is likely to be more significant in the early stages of the evaporation.

The small discrepancies observed in typical viscosity ranges for cooling tower water yielded
significant differences in the evaporation time and could affect the associated exposure risks.
However, this phenomenon is particularly relevant in the context of anthropogenic airborne
transmission, involving droplets made from mucus and saliva, which are typically 30-50%
more viscous than cooling tower water [295]. These results demonstrate that current evapo-
ration models do not accurately capture the effect of viscosity.

6.4.6 Effect of solids

Evaporation models do not typically differentiate non-volatiles between dissolved and sus-
pended solids. In this section, they were analyzed separately to highlight their distinct
influence. Their impact on droplet nuclei size was also investigated statistically.

Suspended solds

The effect of suspended solids on the evaporation time and the size evolution of the droplets
was assessed experimentally by adding between 102 and 1013 microbeads/L to the PBS so-
lution. It is acknowledged by the authors that microbeads are not exactly representative of
all the suspended solids contained in cooling tower water, but it is believed that they are
a good proxy for the effect of bacteria such as Legionella on evaporation. To best imitate
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the behavior of bacteria in the bulk solution, polystyrene was chosen to provide hydrophobic
properties and the microbeads were coated with a carboxylate coating to provide hydrophilic
properties. Using microbeads as a proxy for bacteria in aqueous media was also done in
studies focused on microfluidic water treatment [296, 297]. The size of 2 µm was selected to
be representative of Legionella bacteria (typically in cylindrical shape, approximately 0.3-
0.9 by 1.5-5 µm [298]) in terms of volume occupied and surface properties. According to
equation 12, the driving factor determining droplet nuclei size is the total volume occupied
by the suspended solids, rather than the individual size of each particle [20, 299]. However,
the effect on the size evolution and the evaporation time might slightly differ because of the
surface area that the microbeads can occupy compared to Legionella bacteria. Nonetheless,
the effect of the microbeads on the evaporation dynamics can be considered similar to that
of Legionella bacteria.

The mean droplet size was measured as a function of the residence time for each microbead
concentration (Figure 6.8 a). This was also observed in the literature where the presence
of particles changes the surface energy of liquid droplets [300, 301] . The evaporation time
was not influenced by the smaller concentrations of microbeads, up to 108 microbeads/L.
Indeed, at this concentration, on average only 1% of the droplets contained one microbead.
However, for higher concentrations, the evaporation time was significantly larger. A concen-
tration of 1013 microbeads/L (with each droplet containing on average approximately 1000
microbeads), yielded an evaporation time of 1.1 seconds, compared to 0.67 seconds for PBS
droplets (Figure 6.8 b) . The nuclei size was approximately 9 µm for concentrations up to
108 microbeads/L, but was 20 µm for 1013 microbeads/L. When comparing the average vol-
ume that would be occupied by the microbeads to the volume of the droplet nuclei for this
concentration, the droplet nuclei contained almost only microbeads for 1013 microbeads/L
(less than 1% of water per volume), whereas it was closer to 90% at a concentration of 108

microbeads/L. As the concentration of suspended solids typically ranges from 107 to 1015

particles/L in cooling tower water [173, 302], this change can influence the viability of the
bacteria by changing the amount of water remaining in the droplet nucleus and thus the
infection risks.



123

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Droplet residence time (s)

10

20

30

40

50

60

M
ea

n 
di

am
et

er
 (µ

m
)

PBS
0.025% Tween 20
0.05% Tween 20
0.075% Tween 20
0.1% Tween 20
1% Tween 20
Balachandar et. al (2020)
Pruppacher and Klett (1978)

(a)

0.00 0.02 0.04 0.06 0.08 0.10
Surfactant concentration (% m/m of Tween 20)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Ev
ap

or
at

io
n 

tim
e 

(s
)

Experimental results
Balachandar et al. (2020)
Pruppacher and Klett (1978)

(b)

Figure 6.5 (a) Left: Mean diameter as a function of residence time for different concentra-
tions of surfactant compared to the Balachandar et. al and Pruppacher-Klett models for
different concentrations of surfactant. The standard deviation of measurements is shown as
shaded error bars. (b) Evaporation time as a function of surfactant concentration for the
experimental results and the two models.
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Figure 6.6 (a) Schematic representation of the surfactant distribution inside droplets, showing
3 evaporation stages. (b) Ratio of the droplet surface covered by a lipid layer of surfactant as
a function of the droplet residence time for different concentrations. The ratio shown is the
maximum possible value, where all the surfactant is assumed to be at the droplet surface.
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Figure 6.7 (a) Left: Evolution of the mean diameter with residence time for different concen-
trations of Polyethylene glycol (PEG) compared to the Balachandar et. al and Pruppacher-
Klett models for different concentrations of PEG. The standard deviation of measurements
is shown as shaded error bars. (b) Evaporation time as a function of PEG concentration for
the experimental results and the two models.
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Figure 6.8 (a) Left: Mean diameter as a function of residence time for different concentrations
of microbeads compared to the Balachandar et. al and Pruppacher-Klett models for different
concentrations of microbeads. The standard deviation of measurements is shown as shaded
error bars. (b) Evaporation time as a function of the microbeads concentration for the
experimental results and the two models.
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The microbeads behaved similarly than bacteria in the bulk solution in that they were dis-
persed randomly in the bulk solution [239]. Contrary to surfactants where most of the
concentration was located at the droplet-air interface during the evaporation, the number of
microbeads located at the air-droplet interface at any point, thus impeding the evaporation,
was stochastic. By comparing the size and concentration of the microbeads to the surface
area of the droplet, the average ratio of the surface occupied by the microbeads was inferred
(See Appendix C). Statistically, for concentrations up to 108 microbeads/L, less than 9%
of the surface was initially occupied by microbeads. However, between 60 and 98% of the
surface of the droplet was occupied by microbeads for concentrations between 1010 and 1013

microbeads/L. This caused significant discrepancies in the evaporation dynamics. Indeed, a
non-linearity in the size evolution, where the evaporation is slowed down after the initial on-
set of size reduction, was observed for the two largest concentrations of microbeads assessed,
between 0.5 and 0.6 seconds for 1012 microbeads/L and between 0.7 and 0.82 seconds for 1013

microbeads/L (Figure 6.8 a).

As evaporation occurs, a fraction of the surface is occupied by suspended solids, which makes
evaporation longer as fewer water molecules can diffuse from the surface. Both the Balachan-
dar et al. model and the Pruppacher-Klett model account for the effect of suspended solids
on the evaporation rate. However, they assume this effect remains constant over time, which
leads to an overestimation of the evaporation rate [20]. Indeed, both models underestimated
the evaporation time, especially for larger concentrations of microbeads. For both models
however, the droplet nuclei size was predicted accurately, even for a concentration of 1013

microbeads/L, which yielded a droplet nuclei size of 20 µm (Figure 6.8 b). There was also
a significant discrepancy between the models and the experiments for the time-resolved size
evolution, as the models did not predict the non-linearity observed in the experiments at
higher concentrations of suspended solids.

Large variations in bacteria concentration are typically observed over time in cooling tower
water and the generated droplets, both within a single cooling tower and across different
systems [115]. The results demonstrate that associated risks can be influenced by the con-
centration of suspended solids in the water, as microbeads had a tangible effect on the evap-
oration time, the size evolution and the nuclei size. However, thermodynamic factors such
as temperature and relative humidity have a much more significant influence on evaporation
dynamics than the concentration of suspended solids [154]. Nonetheless, it remains that the
exposure risks are dominated by the concentration of bacteria in the water and evaporation
can significantly affect these risks.
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Dissolved solids

The effect of dissolved solids on the evaporation time and the size evolution of the droplets
was assessed experimentally by adding different concentrations of salt to the bulk solution.
The mean droplet size was measured over the residence time for each concentration of salt
(Figure 6.9 a). The concentration of dissolved solids did not influence the evaporation dy-
namics. However, for a high concentration of dissolved solids, the final size and the size
evolution were influenced similarly to the case of high concentrations of suspended solids.
Indeed, at a salt concentration of 100 g/L, the onset of the evaporation was delayed by ap-
proximately 0.1 second, but the final evaporation time was still approximately 0.5 seconds,
or almost 30% faster than at the lower concentrations. Finally, the droplet nuclei size was
approximately 40 µm, compared to 9 µm for PBS droplets.

As the droplet experiences evaporation, it loses water which increases the dissolved solid
concentration. If the concentration is at any point higher than the saturation concentration
(solubility) of the bulk solution, then the solid will precipitate. The saturation concentration
of PBS in water is approximately 320 g/L [303]. The initial concentrations of salt were
all under this threshold, but as the droplet evaporated, the concentration increased. For
a concentration of 100 g/L, the salt precipitated, which led to the early formation of the
droplet nuclei (Figure 6.9 b). Conversely, the smaller salt concentrations only surpassed the
solubility threshold after 0.6 seconds, when they had almost already reached the droplet
nuclei size. The same phenomenon was observed for the addition of PEG 1000 (Figure 6.7
a). The solubility of PEG 1000 in water is very high due to its ability to form hydrogen
bonds. Thus, even with the decrease in the droplet size due to evaporation, the droplets did
not surpass the solubility ratio of PEG 1000 in water. This is why the droplet nuclei size
was not affected by the concentration of PEG 1000.

Cooling tower water typically contains a small concentration of between 5 and 25 g/L of
dissolved solids [235]. However, after adding disinfectants (typically chlorine compounds) in
the cooling tower water, the solid contents can remain at concentrations closer to 100 g/L
for multiple hours in the bulk water [174]. If the concentration is too large in droplets, it can
affect their evaporation and thus the associated exposure risks. Even though high chlorine
residuals are typically associated with low concentrations of viable Legionella bacteria in the
cooling water, the effect of disinfection is not immediate [237]. The exposure risks can thus
remain high over a significant period, as evaporation is hindered by the high solid solids
concentration.
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Droplet nuclei size

The average droplet nuclei size was previously assessed for the two models and the exper-
imental results for each parameter influencing evaporation. The presence of solids had a
significant effect on the nuclei size. To further understand the extent of their influence, the
size distribution of the nuclei size was compared for the different concentrations of suspended
solids (Figure 6.10 a). At lower concentrations, for which the nuclei size was largely unaf-
fected (Figure 6.8 a), the size distribution was relatively narrow, ranging between 4 and 10
µm. Conversely, at the two highest concentrations, not only was the mean nuclei size larger,
but the variability was also larger, with nuclei diameters ranging between 6 and 14 µm for
a concentration of 1012 microbeads/L and between 10 and 30 µm for a concentration of 1013

microbeads/L.

Generally, the two models predicted the droplet nuclei size to be within the range measured
by the experiments (Figure 6.10 b). However, the observed variability was not predicted by
the models and can make a significant difference in terms of the risk assessment. The 1013

microbeads/L concentration yielded a nuclei size of 20 µm on average, too large to be inhaled,
which would therefore decrease the exposure risks. However, the size distribution ranged
between 5 and 30 µm. This entails that a significant quantity of potentially contaminated
particles were small enough to be inhaled. In that case, the model would have underestimated
the risks.
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Figure 6.9 (a) Mean diameter as a function of residence time for different concentrations of
dissolved solids. The standard deviation of measurements is shown as shaded error bars. (b)
Evolution of the salt concentration with the droplet airborne residence time.
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Figure 6.10 (a) Left: Final size distribution for different microbeads concentrations. Counts
percent are displayed as a function of diameter. Right: Box plot of the nuclei size for the
different microbeads concentrations. On each box, the central mark indicates the median
and the bottom and top edges of the box indicate the 25th and 75th percentiles respectively.
The whiskers extend to the 5th and 95th percentiles. The trends of the average nuclei
size is compared between the two models and the experiments. (b) Microscope images of
solutions with different microbeads concentrations. The circled microbeads highlight the
random distribution of the microbeads in the bulk and the possibility that clusters can form.
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Most interestingly, the size distribution was bimodal for a concentration of 1010 microbeads/L,
with a final size peak at 6 µm and another at 9 µm (Figure 6.10 a). This phenomenon can be
explained by the fact that this concentration in the bulk solution yielded droplets containing
on average 1.2 microbeads. Therefore, according to the assumption that microbeads behave
like bacteria such that they are distributed randomly in the bulk solution, some droplets
contained more than 1 microbead whereas some droplets contained one or none [239]. This
can be observed in the microscope, where random distribution of microbeads leads to clusters
and empty areas (Figure 6.10 b). The droplets with one microbead or none had a droplet
nuclei diameter of 6 µm, while the droplets with more than 1 microbeads reached a droplet
nuclei closer to 9 µm.

The bimodal final size distribution highlights the variability in the concentration of con-
taminants. Indeed, some droplets will contain more viable bacteria than others, which can
increase the risks of infection. In the context of the airborne transmission of Legionella bac-
teria from cooling towers, where low doses are often required to cause infections in vulnerable
individuals [304], and where most cases are sporadic, this result entails that outliers in droplet
concentrations and nuclei size can drive the exposure risks. As such, when considering evap-
oration in a risk model, the variability of both the solids concentration and the droplet nuclei
size must also be considered.

6.5 Conclusion

An experimental and analytical study was conducted to characterize the effect of surface
tension, viscosity, as well as the concentration of dissolved and suspended non-volatile solids
on the evaporation time, the size of the droplet nuclei and the time-resolved size evolution
of aerosol droplets. Surfactants introduced non-linearity to the size evolution of evaporating
droplets due to the surface properties of surfactant molecules, significantly impeding the
evaporation time by as much as 14% and halting the evaporation at high concentrations.
Higher viscosity increased the evaporation time because of a delay in the early onset of
evaporation due to higher intermolecular forces. It did not affect the droplet nuclei, always
at approximately 8-9 µm. The results also demonstrated that high concentrations of at least
1010 particles/L of suspended solids almost doubled the evaporation time, led to droplet nuclei
size up to 20 µm and significantly impacted the size evolution. As for dissolved solids, when
its concentration surpassed the solubility threshold of the bulk solution, precipitation affected
evaporation in the same way as suspended solids. The effects of the studied parameters on the
evaporation dynamics are not fully encompassed in the current models, which can lead to an
underestimation of the exposure risks. The models however accurately predicted the ultimate
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droplet nuclei size in cases representative of cooling tower water conditions. Furthermore,
taking into account the variability of solids concentration in the aerosol and in the droplet
nuclei size is essential for accurate risk modeling, as some large droplets can still become
small enough to be inhaled post-evaporation, and potentially cause infection. The results
of this study can thus be used to improve the accuracy of the risk assessment models by
including the evaporation of contaminated droplets through evaporation models.
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7.1 Abstract

The size of aerosol droplets is a critical factor in evaluating the risks associated with air-
borne pathogen transmission, yet it is highly variable due to evaporation. Additionally, the
close proximity of water droplets within an aerosol plume can slow their evaporation, thereby
further complicating risk assessments. To investigate these complexities, a versatile exper-
imental setup was developed using the XAAR XJ128 inkjet printhead to generate droplets
of 50 µm in diameter for detailed evaporation characterization within a plume. The droplet
evaporation process was monitored via Phase Doppler Anemometry (PDA), which provided
size distribution and velocity measurements at various positions along the vertical axis of
the falling droplets. These experimental results were compared to a theoretical model for
isolated droplet evaporation in quiescent air. Droplet number density significantly influenced
evaporation, with measured evaporation rates in the plume, originally at a relative humidity
of 30%, comparable to the theoretical model under 60-80% relative humidity when nearly
all printhead nozzles were active. The effect of number density on evaporation was also
analytically evaluated. Notably, the complete evaporation of droplets in this configuration
could theoretically increase relative humidity up to 89% locally when all nozzles were used,
while using about one-third of the nozzles resulted in a local relative humidity up to 33%.
These insights underscore the importance of further investigating the evaporation dynamics
of airborne aerosol droplets in the context of pathogen transmission. The use of an inkjet
printhead demonstrates its significant potential for generating a controlled aerosol plume,
offering a promising avenue for future research in this critical area.

7.2 Introduction

Aerosol droplet evaporation is a critical process in the transmission of airborne diseases.
It has been extensively studied in the context of illnesses such as tuberculosis, influenza,
and COVID-19 [165, 305]. However, much of this research has focused on the simplified
scenario of a single droplet evaporating in quiescent air [24]. In contrast, work by Bourouiba
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et al. has demonstrated that contaminated droplets are typically expelled from humans
within a turbulent aerosol plume, through coughing, sneezing, talking or singing [3, 23].
This phenomenon similarly applies to engineered sources such as showers, faucets, toilets,
or cooling towers, where potentially contaminated water-based droplets are released in a
plume capable of transporting pathogens over greater distances [306]. In these scenarios,
the evaporation dynamics of the aerosol are likely influenced by the proximity (number
density) of the droplets with each other and the thermo-physical properties of the plume [20].
This phenomenon was thoroughly investigated for sessile droplets [307], but not for airborne
contaminated droplets. As evaporation dynamics were shown to differ significantly between
airborne and sessile droplets in the context of airborne transmission [3], this highlights a
significant research gap in the understanding of droplet evaporation in the context of airborne
transmission.

Laboratory experiments have employed various aerosol generation mechanisms for droplet
production, including spray atomization, ultrasonic nebulization, and single droplet-on-demand
techniques [185–187]. Each of these methods offers distinct advantages and disadvantages.
However, none can consistently and simultaneously control droplet direction, frequency, quan-
tity, and size distribution, nor provide a homogeneous spatial concentration. As a result,
these techniques are inadequate for the precise study of evaporating droplets within a plume.
Conversely, piezoelectric inkjet printing is recognized as one of the most effective ways to
achieve accurate and reliable droplet generation [189]. The underlying principle behind the
technology involves the creation of a pressure pulse inside the fluid with a piezoelectric el-
ement. At every pulse, a precise amount of fluid is pushed outside of the channel through
a thin nozzle and because of the surface tension of the bulk media, a droplet is generated.
Although commonly used in standard paper printers, this method can also be applied to var-
ious fluids beyond ink. The pulse frequency of the piezoelectric elements controls the droplet
production rate, enabling their generation in close proximity to one another. Additionally,
inkjet printheads typically feature multiple nozzles, which can be controlled independently,
facilitating the precise arrangement of droplets in the transverse direction. This technique
allows for continuous droplet generation with high precision, accommodating a wide range
of fluid types and the possibility to vary the number density of the droplets [308].

A versatile experimental setup that generates droplets suitable for the evaporation charac-
terization of droplets within a plume was developed using the inkjet printhead technology.
The objective of this study was to investigate the effect of the number density of water-based
droplets on their evaporation dynamics.
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7.3 Methodology

The commercial XAAR XJ128 printhead was selected for its versatility in accommodating
fluids with various properties. It was operated according to the guidelines provided in the
XAAR operation manual [309], utilizing custom control electronics. An Arduino Uno module
was employed to control the jetting frequency and the number of generated droplets from
the printhead. The full Arduino code to operate the printhead is provided in the Supple-
mentary information section. To supply the necessary 35 V power to the printhead, two 36
V power supplies were used, with relay modules managing the electronic power delivery to
the printhead. The XAAR XJ128 inkjet printhead, equipped with 30 pins, was connected
and controlled via Serial Peripheral Interface (SPI) protocol [310]. The detailed connections
are illustrated in Figure 7.1.

Water droplets of approximately 50 µm (80 pL) in diameter were reliably generated through
its 128 nozzles with a maximum frequency of 4.25 kHz. Droplets were generated inside
a sampling chamber designed to isolate the generated droplets from ambient air currents,
measuring 0.15 m × 0.15 m × 0.6 m, with an opening at the bottom to induce laminar
circulation. A 30 SLPM laminar flow of pressurized air at 30% relative humidity was injected
into the sampling chamber in the same direction as the droplets to facilitate the measurement
(Figure 7.2).

The Phase Doppler Anemometry (PDA system, Dantec Dynamics, Skovlunde, Denmark)
technique was used to characterize the aerosol droplets. The measurement volume is defined
by the intersection of two pairs of laser beams with wavelengths of 532 and 561 nm. As single
droplets flow through, light is scattered from the interference pattern created by the two laser
beam pairs, allowing for size distribution and velocity characterization [275]. The droplet
velocity is obtained from the Doppler shift of the interference fringes, while information on
its size can be acquired from the phase shift. Since the measurement volume is very small,
measurements are considered punctual, making it ideal for the characterization of individual
droplets generated from the inkjet nozzles [276]. The PDA can detect particles between 0.5
and 8000 µm, covering the range of the generated droplets from their inception down to their
size stabilization as evaporated nuclei.

The evaporation of the generated droplets was assessed with the PDA by measuring their size
distribution and velocity at several positions along the vertical axis in line with the falling
droplets. The PDA was mounted on a traverse to map the evolution of the droplets. For each
solution, a scan was conducted starting 1 mm under the nozzle and moving progressively 200
mm downwards, with steps of 10 mm (Figure 7.2 a). Each point was sampled for 10 seconds
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and the printhead stopped between the measurement points to allow for slight adjustments
and refilling with water. Two configurations of the printhead were tested: 120 working
nozzles were used to generate droplets in high number density horizontally, or 40 nozzles
(one operating out of every three) to generate a less dense aerosol. For both configurations,
the jetting frequency was set at 1 kHz.

Data analysis

The size evolution of the droplets was acquired as a function of to their position downwards
from the generation site (Figure 7.2 b). The position of the droplets was converted to the
cumulative residence time, using the known distance between two measurement points L
(0.01 m) and the velocity from the previous measurement point v (m/s).

tn =
n∑

i=2

L

vi−1
(7.1)

The evaporation of the droplets was compared to the theoretical evaporation of a single
droplet of pure water in quiescent air at different relative humidities. From the squared law
of evaporation [24, 153, 154], the radius of the droplet r (m) as a function of time t (s) can
be expressed as follows, knowing the initial radius r0 (m), the diffusion coefficient D (m2/s),
the density of the air ρ (kg/m3), the saturation concentration of water in air cs (kg/m3) and
the concentration of water in air c∞ (kg/m3) :

r(t) =
√
r2

0 − 2D(cs − c∞)
ρ

t (7.2)
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5 Electrical Functions 

5.1 Function overview 
 

There are several major electrical printhead control functions that are to be handled by the customer 

application. Table 5.1 details the pin out of the electrical connector and the functions of each signal. 

The electrical interface is common for all XJ128 printhead models. 

 

Figure 5.1 shows the pin-out convention for the XJ128 printhead. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 � XJ128 printhead pin-out convention (a)

9 
 

 

Figure 5: Schéma électrique de la xaar 128 

Les connexions électriques entre la tête d’impression et l’Arduino sont défini dans le tableau 1 en référence 

à la fonction xaar128.h en annexe D. Le relais permet de couper ou d’alimenter la tête d’impression avec le 

voltage 35 V et est contrôler par l’Arduino.  

Sur ce circuit, les condensateurs et les résistances sont manquant afin d’éviter d’alourdir le schéma. Les 

condensateurs entre les bornes deux bornes (+) et (-) des sources de tension sont nécessaires afin d’assurer 

une continuité de la tension. Ceci est une recommandation de la page 35 du manuel du fabricant. (amobbs) 

De plus, un pont diviseur de tension est utilisé pour passer d’une tension de 36V fourni par les sources de 

tensions à une tension de 35V recommandé pour l’utilisation typique de la tête d’impression. L’annexe E 

présente les détails de calculs pour le choix des paramètres des résistances nécessaires. 

2.2.4 Listes et rôles des composantes  

La liste des composantes et les rôles pour la fabrication du prototype est décrit dans le tableau 3 ci-dessous : 

(b)

Figure 7.1 (a) Pins of the XAAR printhead with their respective SPI signal identification.
(b) Connections of the XAAR printhead to the hardware.
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Figure 7.2 (a) Left: XAAR XJ128 inkjet printhead. Right: Schematic of the sampling
chamber and the PDA measurement. (b) XAAR aerosol generation and measurement with
the PDA.
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7.4 Results and Discussion

7.4.1 Multiphase flow characterization

Measurements of droplet velocity and mean diameter as a function of the position of the
PDA with 40 operating nozzles on the printhead are displayed in Figure 7.3 a) and b). Upon
generation, droplets travelled at approximately 1.65 m/s and their velocity decreased to 0.75
m/s at the bottom of the test section. This velocity decrease is expected as the co-flow of
air injected at 30 LPM travels at 0.025 m/s. The droplets are subject to drag, which slows
them down. Droplets fully evaporated before the terminal velocity was reached (Figure 7.3
b). From the size distribution and velocity measurements, the mean diameter of the droplets
was calculated as a function of the residence time, as described in equation 1 (Figure 7.3 c).

The variability of the velocity measurement increased with distance from the droplet gen-
eration site (Figure 7.3 a). 175 mm away from the generation site, the standard deviation
was more than 5 times larger than at the generation site. This was likely due to the high
exiting velocity of the generated droplets compared to the co flow velocity, which can create
local disturbances in the co-flow due to the drag [311]. This variability in the velocity of
the droplets did not affect the evaporation curve, which displayed small measurement errors
(Figure 7.3 b). Also, these small disturbances in the flow did not affect the trajectory of the
droplets either. Indeed, the Reynolds number (Re) of the co-flow was approximately 250,
indicating laminar flow with linear streamlines moving downward. At the droplet generation
site, the Stokes number (St) was 0.3, meaning the droplets closely followed the streamlines.
As the droplets evaporate, the Stokes number decreased further, reinforcing the assumption
that the droplets generally traveled in a straight downward path. Furthermore, the distribu-
tion of the velocity measurements was Gaussian (Figure 7.4), justifying the use of the average
velocity over the 10 000 droplets measured at each point for the evaporation curve.
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Figure 7.3 (a) Droplet velocity as a function of the position of the PDA. (b) Mean diameter
of the droplets as a function of the position of the PDA. (c) Mean diameter according to
residence time. The standard deviation of measurements is shown as shaded error bars.
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wards from the generation site.
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7.4.2 Effect of number density on pure water droplet evaporation

The evaporation results were compared to the theoretical evaporation of a single droplet
of pure water in quiescent air at different relative humidities (Figure 7.5). When using
approximately a third of the nozzles from the printhead, the droplets evaporated at a similar
rate than predicted by the model for 30-40% relative humidity. However, when employing
almost all the nozzles of the printhead, the droplet evaporation followed the theoretical curves
for 60-80% relative humidity. The pressurized air injected into the experimental setup was
always at approximately 30% relative humidity. Thus, the number density of the droplets
influenced the evaporation process by increasing the local moisture concentration.

The droplet evaporation time was approximately 0.7 seconds using a third of the nozzles
and 1.3 seconds with all the nozzles, corresponding to a 85% increase due to number density
of the droplets. A similar phenomenon was also observed by Hatte et. al who observed
a 65% increase in evaporation time for a sessile droplet with similar droplet density [307].
The different magnitude of this effect on evaporation time could be due to the airborne
configuration as opposed to the sessile droplet experiment from the Hatte et. al.

7.4.3 Local effect of droplet number density on relative humidity

To assess the effect of the number density of the droplets on the relative humidity, it was
necessary to determine the spacing between the droplets, which can be defined as the distance
between the edges of two adjacent droplets. The vertical spacing between two generated
droplets ∆z can be calculated with the following equation, knowing the droplet generation
frequency f and the droplet initial velocity Vd :

∆z = 1
f

× Vd (7.3)

With a generation frequency of 1 kHz and an initial velocity of approximately 1.5 m/s
measured with the PDA, the 50 µm droplets were vertically spaced by 375 µm. Horizontally,
the droplets were 137 µm apart when 120 nozzles were fired and 511 µm when 40 nozzles
were fired, according to the spacing between two adjacent nozzles. The disposition of the
droplets upon generation is shown in Figure 7.6.

The effect of the number density of the droplets on the relative humidity can be assessed
analytically. Considering an arbitrary volume composed of inkjet printed aerosol droplets in
air, as shown in Figure 7.6, it initially contains a specific mass of water vapor. This mass
of water vapor in the air can be calculated using the ideal gas law, knowing the relative
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Figure 7.5 Mean diameter as a function of residence time for pure water droplets using a
40 nozzles and 120 nozzles from the printhead. The standard deviation of measurements
is shown as shaded error bars. The experimental results are compared to the evaporation
equation for the evaporation of pure water droplets in quiescent air at different relative
humidity rates.

humidity of the air flowing in the sampling chamber, which was approximately 30%.

PV = mw

M
RT (7.4)

Where P (kPa) is the vapor pressure at the specific relative humidity, V (m3) is the volume,
mw (kg) is the mass of water vapor, M (kg/mol) is the molar mass of water, R (J/mol · K)
is the ideal gas constant and T (K) is the temperature.

As droplets are generated from the printhead, a specific number of droplets, and thus water
molecules, occupy the considered volume of air (Figure 7.6). The mass of water vapor of the
volume of air will gradually increase locally depending on the number density of the droplets.
The added mass of water vapor in the volume of air at the end of the evaporation process
can be calculated using the mass of the droplets, assuming complete evaporation of the pure
water droplets.

md = ndρw
πd3

6 (7.5)
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Figure 7.6 Schematics representation of the disposition of the aerosol droplets generated by
the XAAR XJ128 inkjet printhead upon generation. The number density of the droplets
when 120 nozzles are employed is displayed. The volume of air considered for the calculation
of the effect of the droplets on the relative humidity is shown as the dotted square and
encompasses 9 droplets from edge to edge. The figure is not to scale.

Where md (kg) is the mass of the droplet, nd is the number of droplets, ρw (kg/m3) is the
density of water and d (m) is the diameter of the droplet.

Finally, the effect of the number density of the droplets on the local relative humidity ∆RH
(%) can be calculated by comparing the mass of water vapor in the air at the end of the
evaporation process with the mass of water vapor in the air at 30% relative humidity using
the following equation where msat (kg) is the mass of water vapor in the air at 100% relative
humidity:

∆RH = md +mw

msat

−RHinitial (7.6)

A volume of air encompassing 9 droplets generated from center jets was considered for cal-
culations. At standard laboratory conditions of 25◦C, 1 atm and 30% relative humidity, the
complete evaporation of the droplets could increase the local relative humidity up to approx-
imately 89% when employing all the nozzles of the printhead. Conversely, when using only
40 of the nozzles, it would increase locally up to approximately 33%. The difference between
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the two configurations is expected. As the 120 nozzle configuration generates 3 times more
water droplets than the 40 nozzle configuration, the local relative humidity increase is also 3
times higher.

This increase in relative humidity explains the slower evaporation of the droplets when they
are generated in high number density. The evaporation curve of droplets generated in the 40
nozzle configuration matched the theoretical curve for 30-40% relative humidity and match
with the calculated local relative humidity of 33%. The 120 nozzle configuration matched
the theoretical curve for 60-80% relative humidity, slightly lower than the 89% local relative
humidity calculated. This difference can be due to the large differences between the global
and local relative humidity. Indeed, due to this increasing relative humidity gradient, the
diffusion rate of water vapor from the area of higher partial pressure to the lower one will be
greater. Thus, the local relative humidity can be lower than theoretically calculated.

As such, it can be assumed that the droplet generation influences the evaporation process
and that our experimental setup was suitable for evaporation characterization of an aerosol
plume. Understanding these evaporation dynamics is essential not only for experimental pre-
cision but also for broader implications, particularly in the context of airborne transmission.
The rapid size changes due to evaporation directly impact the transport, deposition, and
inhalation of aerosol droplets, and even the extent to which a pathogen remains virulent.
Thus, characterizing evaporation timing is critical for accurate risk assessments in pathogen
transmission models.
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7.5 The experimental potential of the inkjet printhead

The experimental setup using an inkjet printhead and the PDA offers notable advantages,
including high-resolution size and velocity measurements, as well as suitability for detailed
evaporation characterization of aerosol droplets within a plume. These features make it a
valuable tool for precise and nuanced studies. However, the setup is not without its limita-
tions. Issues with clogged nozzles on the printhead have posed challenges, making droplet
generation cumbersome and occasionally inconsistent. Additionally, the XAAR XJ128 print-
head is fragile and requires careful handling to avoid damage. Despite these drawbacks,
the experimental setup provides significant potential benefits for advanced aerosol research,
highlighting the need for ongoing improvements to address its limitations.

Inkjet printing, originally developed in the 1950s, has predominantly been used for paper
printing. However, the technology holds significant potential beyond its conventional appli-
cations [308]. The capabilities of the technology extend to environmental and occupational
health studies, offering possibilities for aerosol characterization, air quality monitoring, pol-
lution analysis, and the study of airborne contaminant dispersion. In drug delivery systems,
piezoelectric inkjet printing can enable precise respiratory drug delivery [312]. In biologi-
cal and medical research, it has the potential to facilitate advancements in cell culture and
tissue engineering [313]. Additionally, it could play a crucial role in material deposition
within material science and in the fabrication of printed electronics [314,315]. Furthermore,
it could be used in combustion studies through the aerosolization of fuels [316]. This poten-
tial for diverse applications highlight the untapped versatility of piezoelectric inkjet printing
technology, suggesting a promising future in various scientific and industrial fields.

7.6 Conclusion

In this study, a versatile experimental setup was developed using the XAAR XJ128 inkjet
printhead to generate droplets for examining evaporation dynamics within a plume. The
droplet size distribution and velocity was measured at various vertical positions using PDA
to assess the evaporation process. The observed evaporation behavior was then compared
with theoretical models of a single droplet of pure water in quiescent air at 30% relative hu-
midity. Results indicated that the number density of droplets within the plume significantly
impacted the evaporation rate. When nearly all printhead nozzles were active and the gener-
ated droplets were in high number density, the evaporation rate aligned with the theoretical
model under 60-80% relative humidity. According to analytical calculations, full evaporation
of droplets increased local moisture concentration up to 89% when all nozzles were used,
whereas employing only a third of the nozzles resulted in a 33% local relative humidity. This
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characterization of evaporation dynamics is crucial for improving our understanding of air-
borne transmission risks. Additionally, the versatility of the experimental setup suggests its
potential for further applications in aerosol research and environmental studies.

Supplementary information

The full Arduino code to control the XAAR XJ128 printhead is available on github at the
following link: https://github.com/xalef/xaar128/tree/main
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8.1 Abstract

Effective management of cooling tower systems requires thorough water quality control.
While traditional chemical water treatment methods are currently the most prominent strat-
egy, they are costly and may yield limited results when relied upon as the sole approach.
Cross-flow microsand filtration systems offer an interesting alternative with the added ben-
efit of potentially increasing evaporative cooling efficiency, thus saving energy. The focus
of the study was to evaluate the effect of these filtration systems on cooling tower opera-
tion. A comprehensive data-driven analysis over two cooling seasons evaluated the energetic
performance of a system equipped with and without an operating filter using continuous
monitoring and statistical modeling. For similar environmental conditions, the coefficient of
performance was on average 18% higher and was higher 63% of the time when the filter was
operating, indicating superior heat transfer efficiency and significant energy savings. It was
also 41% higher during periods of high cooling demand. Consequently, the filter and the sys-
tem work more efficiently at high wet-bulb temperature and thermal load. Machine learning
modeling suggested that operating the filter year-round could save between 5% and 13% of
the energy bill, primarily during the cooling season. Continuous filter operation is essen-
tial as it mitigates biofouling, underscoring its long-term significance, even during periods of
lower thermal loads. The results of this study are significant for sustainability, public health
and hold broader implications for cooling tower management. Integrating filtration systems
into cooling tower management therefore fosters sustainable practices by decreasing energy
consumption and biofouling. This study presents a novel approach by demonstrating, for
the first time, the significant impact of continuous cross-flow microsand filtration on cooling
tower efficiency, both in terms of energy savings and biofouling mitigation.
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Nomenclature

Nomenclature
E Energy (kWh)
Q̇ Heat absorbed from the building (W)
ṁ Mass flow rate of the process water (kg/s)
T Temperature (K)
cp Heat capacity of the water (J/kg K)
∆T Temperature difference (K)
P Power consumption (kW)
V Working voltage (V)
I Operating electric current (A)
N Operating speed (RPM)

Greek Symbols

η Coefficient of performance

Subscripts

in Entering the system
out Exiting the system
w Water
air Air
co Electric energy consumed by the system
ex Thermal energy exchanged inside the system
V ortisand Electric energy consumed by the Vortisand filter
fan Fan
pump Pump
HeatExchanger Heat exchanger
load Thermal load
Chiller Chiller
ON Filter operating
OFF Filter not operating
0 Nominal value

Abbreviations
COP Coefficient of performance
MLJ Machine Learning Julia
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8.2 Introduction

Operating on the principle of evaporative heat transfer, cooling towers expose warm process
water to ambient air, efficiently lowering its temperature [35]. The evaporative cooling ef-
ficiency, or performance, can be defined as the ratio of the energy to be evacuated by the
tower (thermal load) to the energy required to operate the system [120]. This metric is called
the coefficient of performance (COP) and is a measure of the effectiveness of transferring
heat between two fluids [121]. Understanding the complex interplay of factors influencing
cooling tower performance is essential for optimizing energy efficiency and reducing opera-
tional costs. Factors such as the wet-bulb temperature, the lowest atmospheric temperature
achievable by evaporating water into a volume of air at constant pressure, as well as wa-
ter quality and control strategies, all contribute to the overall efficiency of cooling tower
operation [118]. Additionally, thermal inertia, a measure of heat gradually stored and re-
leased in a building, also plays a significant role in determining operational efficiency [119].
However, despite technical advancements in cooling tower design, most systems still operate
below their optimal efficiency levels [129]. This inefficiency results in increased energy con-
sumption, higher operating costs, and potentially negative environmental impacts [130–132].
Collectively, these studies highlight the multifaceted challenges in cooling tower operation,
indicating that while individual factors like wet-bulb temperature and thermal inertia have
been explored extensively, there remains a gap in integrated approaches that simultaneously
address these variables for holistic system optimization. As such, there is a strong need to
address these inefficiencies through the integration of innovative technologies.

Inefficiencies in cooling tower systems can stem from bad original design, but it is typically
because of a deteriorating system accompanied by an accumulation of biofilm. Cooling tower
systems are not only comprised of the tower itself but also include pumps, heat exchangers
and chillers. These elements are typically connected via a piping network, offering a large
surface area for biofilms to develop and thrive [76]. Biofilm is a structured community of
microorganisms attached to the surfaces, and its accumulation can act as an insulating layer,
decreasing the heat transfer rate by up to three orders of magnitude [122]. Biofilms can
also reduce the effective diameter of pipes, impeding the flow of water and reducing the heat
transfer efficiency as less water is exposed to the surrounding air [123]. Thorough removal of
biofilm is particularly difficult due to its complex structure and the presence of protective ex-
tracellular polymeric substances, which shield embedded microorganisms from antimicrobial
agents, thus necessitating comprehensive strategies for effective control [317]. Furthermore,
the large surface present in cooling tower systems makes it even more challenging to effi-
ciently disinfect contaminated cooling towers [32]. This underscores the pervasive challenge
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of biofilm formation in cooling systems, highlighting the critical need for integrated control
strategies that address both the mechanical and biological aspects of biofilm management.

Typical cooling tower water disinfection and conditioning strategies can cost from 50 000
to 300 000 USD annually [93]. These strategies are often damaging to the cooling tower
system over time, inducing significant corrosion and scale formation, which can reduce the
heat transfer efficiency by up to two orders of magnitude, and compromise cooling tower
performance, potentially causing operational issues [40,94]. Thus, sustainable methods such
as mechanical filtration of the process water have become more relevant in recent years.
Cross-flow microsand filtration effectively removes particulate matter and microorganisms
larger than 1 µm from water [96, 97]. These systems are usually combined with a lower
dosage of the chemical treatment. This approach not only enhances microbial control but
also contributes to a reduction of corrosion and scale formation [98, 99], thereby improving
the overall physical state of cooling tower systems. This reflects a growing consensus on the
importance of integrating mechanical filtration with chemical treatment as a more sustainable
alternative to traditional methods, addressing both efficiency and longevity of cooling tower
systems. Given the potential of this technology in terms of water treatment, an important
question therefore needs to be investigated and quantified: Can the process of filtering the
cooling tower water with a microsand filter increase the coefficient of performance of the
system?

Cooling tower operation and management typically display significant variability over timescales
ranging from minutes to months [32]. This highlights the importance of continuously moni-
toring operating cooling towers using a data-driven approach, which can provide information
on the validity of the treatment strategy, as well as the effect of external factors such as
thermal load on the operation of the system [41, 318]. However, because of the technical
challenges involved in the longitudinal monitoring of cooling towers, such studies are scarce
in the literature. A data-driven approach can provide high resolution information on the op-
eration of a cooling tower system and is thus the ideal approach to improve their efficiency.
Furthermore, limited research has been conducted to explore the impact of filtration on the
operational efficiency of cooling towers. The majority of studies have been either analyti-
cal [118,319] or conducted experimentally at reduced size and time scales, rather than being
performed in situ [320]. This research gap underscores the necessity for comprehensive, in
situ investigations that can more accurately capture the operational dynamics and long-term
effects of filtration technologies. To address this research need, a data-driven comprehen-
sive analysis was conducted on the performance of a cooling tower system equipped with a
cross-flow microsand filtering system over 18 months to quantify the effect of this approach
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on the energy performance. The analysis was carried out on the basis of a system operating
alternatively with and without a filter.

Previous work conducted on this topic have attempted to address some of the highlighted
research gaps. However, each of them falls short of addressing the totality of the research gaps
tackled by this study. For instance, Song et al. [321] explored a data-driven approach using
deep learning models to predict the energy efficiency of natural draft cooling towers, but they
did not consider forced draft cooling towers nor the impact of cross-flow microsand filtration,
which are central to this investigation. Similarly, Silverwood et al. [322] evaluated cross-
flow microsand filtration using computational fluid dynamics, but their study was limited
to particulate removal and did not assess the impact on cooling tower efficiency, a gap that
this work explicitly addresses through in situ analysis. Furthermore, foundational work by
Melo and Bott [124–126], as well as Wang et al. [323] delve into biofouling and its effects
on heat transfer, yet they do not provide quantitative assessments or solutions applicable to
real-world cooling tower operations this study does. Recent studies have also investigated on
the energy efficiency of cooling towers, but with marked differences : None of them involved
the microsand filtration technology and none of them were data-driven in situ investigations
[324–328]. This study addresses these gaps by providing a novel, in situ, long-term data-
driven analysis of a cooling tower system equipped with a cross-flow microsand filtering
system, providing new insights into its effectiveness under real operating conditions.

The next section details the methodology, including sampling procedures and data-driven
analysis techniques. Following that, the data-driven methodology is first validated and the
results of the effect of the filtration on the performance of the system is then presented
discussed. Predictions of the potential energy savings from a machine learning model are
then discussed. Finally, the effect of intermittent operation of the filter is assessed and the
implications of the results are discussed.

8.3 Methodology

A large-scale data acquisition campaign was conducted over two cooling seasons (2022-2023)
on an operating cooling tower system. Data from May to September 2022 and from March
to September 2023 was considered, as these months are representative of the typical cooling
season, associated with high thermal loads [129]. In Quebec, Canada, the cooling season is
typically defined as starting between March and May and running through September due
to higher atmospheric temperatures and increased humidity during this period. The exact
duration can vary based on the specific climate of the region [329].
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8.3.1 Site description

The cooling tower system investigated is implemented in a large building in Montreal,
Canada. It can be considered as a large-size system in terms of power consumption [330]. It
is composed of three standard 400-ton (1400 kW) counterflow cooling towers (500-TOE-01,
500-TOE-02 and 500-TOE-03), as well as subsystems including two plate heat exchangers
(500-EEE-001 and 500-EEE-003) and one water-cooled chiller (500-REF-01) (Figure 8.1).
Three vertical centrifugal pumps (500-PET-01, 500-PET-02 and 500-PET-03) feed the water
from a basin to each of the subsystems. The water is sprayed inside the cooling towers while
ambient air is drawn in with a pair of 10 HP (7.457 kW) axial fans for each cooling tower
(not shown in the figure). During the heat transfer, the process water percolates inside the
cooling towers and is drained back into a common water basin. Each of the three cooling
towers operates independently, based on the total thermal load of the building.
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System 
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Figure 8.1 Schematics of the cooling tower system and the position of the sensors. Tl are the
temperature sensors, Fl the flowmeters and Al the current measurement.

Approximately 20% of the process water flow rate is also circulated through a cross-flow
granular microsand industrial filtration system (VORTISAND® Crossflow Microsand Filter)
from Xylem+Evoqua. This process is ongoing whenever the filter is active. Standard chemical
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treatment is configured and was operated throughout the investigation, with part of the water
continuously pumped from the basin to the chemical station and recirculated. This implies
that 100% of the water is eventually both filtered and chemically treated when the filter is
operational. When the filter is not in use, the water is treated chemically only.

The filter generates a cross-flow water pattern that holds the particles in suspension so as
not to obstruct the filtering media. This allows the use of a filtering media composed of
fine 0.15 mm microsand, resulting in very efficient capture of suspended particles. The filter
was initially installed in 2014 and has been running since, except for the intentional breaks
in operation for this study. The original installation was done in 2009. The installation
date of 2014 refers to the new patented crossflow injectors and media configuration that was
installed for the first time in situ for final proofing. The microsand filtration system has been
well maintained through the years, with a comprehensive maintenance program including bi-
annual verification of the filtration level layer and chemical cleaning of the media. The
Vortisand filter was operational for the period between May 2022 to March 6th, 2023, and
was first shutdown on March 6th, 2023. It was reactivated from June 26th to July 11th, 2023,
then shutdown between July 11th and August 10th, 2023 (Figure 8.2). Between May and
September 2022, when the filter was always operating, only heat exchanger 1 (500-EEE-01)
was operated. Between March and September 2023 however, heat exchanger 2 (500-EEE-03)
was also operated.

Figure 8.2 Timeline of the Vortisand filtration system operation with regards to the data
acquisition campaign. The green line represents the configuration where the filter was oper-
ating and the red line configurations where the filter was not operating.

8.3.2 Data Collection

The dataset was acquired through strategically positioned sensors in the cooling tower system
(Figure 8.1). To capture the mass flow rate, three flow meters were positioned downstream
of each pump (Fl). The temperature profiles within the subsystems were recorded using six
sensors (Tl) positioned both downstream and upstream from each heat exchanger and three
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more temperature sensors monitored the cooled water temperature inside each cooling tower
after the heat transfer (not shown in figure). The ambient wet-bulb temperature and pressure
were also collected from the meteorological data of Environment Canada [331]. Additionally,
the electric current consumption for each pump (Al) as well as the operational speed and
nominal power consumption of the cooling tower fans were recorded. Finally, the duty cycles
of each component of the system were deduced from the power consumption data. Datapoints
for the temperature were acquired at regular 5-minute intervals throughout the two years of
the data acquisition campaign. Datapoints for the mass flow rate were acquired at regular
30-minute intervals and assumed to be constant for 5-minute subintervals.

8.3.3 Thermodynamic energy balance

To assess the effect of filtration on the performance of the system, a thermodynamic energy
balance on the whole cooling tower system was conducted (Figure 8.3 a). Because the
cooling towers are interconnected and part of the same system, they can thermodynamically
be considered as a singular entity rather than individual units. For each of the 5-minute
intervals of data recorded, the system was assumed to be in steady state, the heat transfer
process was considered isobaric and possible changes in kinetic and potential energy were
neglected, the specific heat of water was considered constant. Finally, the heat released into
the environment by the cooling tower was considered equivalent to the heat exchanged in the
subsystems.

The principle of evaporative cooling involves heat transfer between the cooling tower water
and the colder ambient air circulating through the system. From the first law of thermody-
namics, the energy balance,can be expressed as a function of the energy carried by the water
Ew and by the air Eair as well as the work required to draw the air and the water into the
system Wtot (Equation 8.2):

Ein = Eout (8.1)

Ewin
+ Eairin

+Wtot = Ewout + Eairout (8.2)

From this energy balance, two important parameters were defined: Eco = Wtot, the electric
energy consumed to operate the system and Eex, the thermal energy exchanged inside the
system, which is the energy associated with the thermal load (Equation 8.3).

Eex = Ewin
− Ewout (8.3)

These two parameters were used to assess the coefficient of performance of the system and
thus, the efficiency of the system at conducting heat exchange with and without the filter
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(a)

(b)

Figure 8.3 a) Thermodynamic energy balance on the cooling tower, showing the system
boundary (dotted square), energy flows (Ew and Eair), and work input (Wtot). b) Schematic
of heat exchanger 1 (500-EEE-01) with temperature sensor positions, illustrating the thermal
load (Q̇), mass flow rate (ṁ), and temperature changes (Tl) in the cooling tower system.

operating.

Energy performance parameter

A modified coefficient of performance (COP), was applied to the whole cooling tower system
instead of the typical definition for subsystems (Equation 8.4):

COP = Eex

Eco

(8.4)
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Electric energy consumed by the system

Eco was calculated from the electric energy consumed by each pump and fan, as well as by
the pump of the filter.

The electric energy consumed by the pumps was calculated from their power consumption
Ppump (W), knowing the constant working voltage V (V) of 575 V and the measured operating
electric current I (A).

Ppump = V I (8.5)

The electric energy consumed by the pairs of cooling tower fans was calculated from their
power consumption Pfan (kW) using the fan affinity law for power [332], with knowledge of
the fan operating speed Nfan (RPM) and the nominal power consumption P0 (kW), which
was of 8.3375 kW when the fan is operating at a nominal speed N0 of 60 RPM.

Pfan = P0

(
Nfan

N0

)3
(8.6)

From the power consumption of the pumps and the pairs of fan, the respective energy con-
sumed (kWh) was calculated by multiplying the power consumption P (kW) of each of the
elements with the time of use t (h). The electric energy consumed by the Vortisand fil-
ter EV ortisand was constant at 0.31 kW. This energy need remains constant as the filter is
backwashed once a day, thus reducing the increase in resistance. The energy needed for
the backwash is included in the 0.31 kW. Finally, the total electric energy consumed by the
system Eco over time t was given by the sum of the energy consumed by each of the elements.

Eco =
∑

Pt (8.7)

Eco = EP ump1 + EP ump2 + EP ump3 + EF an1 + EF an2 + EF an3 + EV ortisand (8.8)

Thermal energy exchanged inside the cooling towers

Likewise, the thermal energy exchanged by the cooling towers between the building and the
environment Eex (kWh) was given by the sum of the energy exchanged by each subsystem
(both heat exchangers and the chiller).

Eex = EHeatExchanger1 + EHeatExchanger2 + EChiller (8.9)
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Eex was calculated from the heat absorbed from the building, equivalent to the thermal load
on the system Q̇load, multiplied by the time of use t (h)

Eex =
∑

Q̇loadt (8.10)

Q̇load = Q̇HeatExchanger1 + Q̇HeatExchanger2 + Q̇Chiller (8.11)

The heat absorbed from each subsystem Q̇ (J/s) was calculated, knowing the mass flowrate
of the process water ṁ (kg/s), the heat capacity of the water cp (J/kg K) and its temperature
difference from before and after the heat transfer ∆T (K), measured on either side of the
subsystem inside the cooling tower system (Figure 8.3):

Q̇ = ṁcp∆T (8.12)

8.3.4 Data analysis

To assess the effect of the filter on the coefficient of performance, two configurations of the
cooling tower system were compared: with and without the filter operating (filter ON and
OFF). Time series were defined to compare the configurations during intervals where the
cooling tower system experienced similar environmental conditions. A large dataset with
more than 890 000 entries was considered. The data analysis was conducted using the Julia
programming language [333].

Time series

The wet-bulb temperature was initially identified as a comparison metric to evaluate the
coefficients of performance of the system. Three parameters were considered to define the
time series: First, margin, the root mean square difference between the wet-bulb temperature
of both datasets (◦C), second range, the duration of the period considered for the time series
(hours) and third, inertia the thermal inertia on the building. The assessment of thermal
inertia was considered by making sure that the slope of the wet-bulb temperature was of
the same sign for a defined period (hours), before the start of the time series. An in-house
algorithm scanned through the data to locate temporal correspondences between two input
vectors, the wet-bulb temperatures for each configuration of the system, based on the margin
and inertia. The algorithm employed a sliding window approach, a standard algorithm used
in time series analysis, to compare all the possible time series combinations for the two
configurations (Vortisand ON and OFF). It involves moving a fixed-size window across the
data, one step at a time, and comparing the subsets within each window (See Appendix E).
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The algorithm started with with a subset of the input vector for the configuration with the
filter operating, starting with the first value and tried to find a match in the other input
vector, iteratively analyzing subsequences of length range of the input vectors. Then, the
algorithm evaluated the next subset, starting at the second value of the input vector, and
repeated the process until all values of the dataset were assessed. When two time series were
matching, they were appended in another variable. To enhance computational efficiency,
parallel processing was leveraged to concurrently explore potential matches.

A convergence analysis was conducted to select the three parameters defining the time series
(See Appendix E). Values for each of the parameters were individually progressively increased
until the number of time series reached a plateau, indicating optimal parameter configuration
to maximize the size of the dataset. The objective was to strategically select parameter
values that would maximize the number of time series generated, while still offering a good
resolution on the obtained results. Following this optimization process, a carefully chosen set
of parameters for margin (0.5 ◦C), range (6 hours), and inertia (6 hours) yielded a total of
28 265 time series after outliers were filtered out.

Machine learning

A machine learning model was defined to predict how much energy would be saved in a given
timeframe if the filter was operating throughout (ON), compared to if it was not operating
(OFF). The random forest regressor model from the MLJ.jl package in Julia was adopted
due to its overfitting mitigation and improved accuracy by using multiple decision trees [334]
(See Appendix E). These hierarchical structures recursively partition the data based on the
parameters of interest to make sequential decisions. MLJ (Machine Learning Julia) provides
a composable framework for building, evaluating, and deploying machine learning models.
The Random Forest Regressor model in MLJ was imported from the TensorFlow package of
the Python language [335]. It uses features (parameters of interest selected from the dataset)
to predict the value of a target variable after having been trained on part of the data to build
the relationship between the features and the target variable [334,336].

Using cross-validation principles, the dataset was separated into the two aforementioned
configurations for the predictions, when the filter was operating (ON) and when it was not
(OFF). A random set of 80% of the data was used to train the model and the remaining
20% was used to test it. The target variable adopted was the electric energy consumed by
the system Eco. The features used were the thermal load, the water temperature inside each
cooling tower, the wet-bulb temperature, the thermal energy exchanged inside the system
Eex, the coefficient of performance, and the configuration of the filter (ON or OFF). All
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features were scaled from 0 to 1 using a sigmoid function before building the model, and
training it [337]. The model was then validated on the testing data using the R-squared
metric calculated between the observed and predicted values. To optimize performance, key
parameters such as the number of trees (n_estimators =100), maximum tree depth (set
to "None"), and maximum number of features (set to "auto") were fine-tuned [335]. Once
fitted accordingly, the model was then applied to the respective data for the years 2022 and
2023. The machine learning model did not predict the COP directly. Instead, it estimated
the energy savings for 2022 and 2023 assuming continuous filter operation. Therefore, the
reported improvement in COP is a result of the experimental observations rather than a
direct prediction of the machine learning model.

8.4 Results and Discussion

8.4.1 Time series validation

As year-on-year comparisons were not possible because key parameters (wet-bulb tempera-
ture, thermal load) could change drastically, time series based on the wet-bulb temperature
were adopted. However, given the significant variability associated with the dataset, the
definition of the time series can substantially impact the obtained results. Consequently, it
was necessary to first validate the chosen parameters before delving into assessment of the
energetic performance of the system with or without an operational filter. This validation
involves a convergence analysis and a subsequent examination of the coefficient of variation
across the selected time series, a ratio of the variability to the mean. The objectives were to
maximize data resolution and mitigate the bias associated with the dataset, as well as the
impact of variability on the outcomes

A convergence analysis was first undertaken to select the three parameters defining the time
series (Figure S1 - Appendix E). The intent was to maximize the number of time series,
while reducing the variability of the dataset, thus facilitating the development of correlations
between the performance of the system and the environmental conditions. Increasing the
margin parameter from 0.4 to approximately 1◦C resulted in a linear increase of the number
of time series up to more than 94 000. Further increase did not change the number of time
series significantly. However, a margin parameter larger than 0.5 introduced significant vari-
ance in the time series (Figure S2 - Appendix E). A value of 0.5◦C was therefore selected for
this parameter to minimize the noise in the time series, and yielded more than 40 000 time
series. Conversely, decreasing the values beyond 6 hours for the range and inertia param-
eters reduced the number of series. This value was therefore selected for both parameters.
From this convergence analysis, and after filtering out the outliers, maintaining a maximal
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root mean square difference of 0.5◦C in wet-bulb temperature between configurations and
considering the thermal load over the preceding 6 hours, 28 265 six-hour time series were
generated. The extensive dataset therefore provided sufficient information to define a large
number of time series to thoroughly investigate the intricate dynamics of the cooling tower
system. Measurement errors were minimal, with maximum variability of 0.1°C in water tem-
perature and 3% for the flow rate. As the measurements were conducted on the same system
throughout the investigation, the same systematic errors are present in both datasets being
compared. Additionally, the relative errors are small and do not compromise the conclusions
drawn from comparing the two datasets.

Wet-bulb temperatures ranging from nearly 0 to 25◦C were recorded throughout the inves-
tigation, with an average coefficient of variation of between 14.6 and 15.4 % depending on
the filter configuration (Table 8.1). These values highlight the significant variability of the
environmental conditions throughout the investigation and thus the potential impact on the
system through the thermal load. The coefficient of variation was used to compare the ex-
tent of variability between the individual time series, as well as across all the time series.
Figure 8.4 (a) displays the wet-bulb temperature for a single time series with the selected
parameters. As an example, in that specific period of 6 hours, the wet-bulb temperature
oscillated between 18 and 20◦C when the filter was operating, and when it was not. As can
be observed, the difference in wet-bulb temperature between both filter configurations is min-
imal. Furthermore, the difference between the wet-bulb temperature of each configuration
represents a coefficient of variation of less than 2%. This indicates that for each time series,
the variability in the wet-bulb temperature was small, but that between all the selected time
series, a broad range of wet-bulb temperatures was covered.

Table 8.1 Coefficient of variation (%) for individual time series and across all time series for
the wet-bulb temperature, for configurations where the filter was and was not operating.

Configuration
of the filter

Average coefficient of variation
of individual time series

(%)

Average coefficient of variation
across all time series

(%)
Wet-bulb

Temperature
ON 1.52 14.58
OFF 1.78 15.39

These results highlight the representativeness of the time series for a broad range of envi-
ronmental conditions during a typical cooling season, reflecting low-bias data selection and
further validating the choice of parameters for the time series.



163

Figure 8.4 Results of the wet-bulb temperature for a single period of 6 hours. Configurations
where the filter was operating (ON) and not operating (OFF) are displayed.

8.4.2 Effect of the filtration system on performance

The coefficient of performance was calculated across all the 28 265 time series, and ranged
from 2.2 to 6 when the filter was not operating and from 3.2 to 4.1 when the filter was
operating, showing more stability for the latter configuration (Figure 8.5). These values
for the coefficient of performance are high and underscore the efficiency of cooling tower
systems in terms of heat transfer for large buildings. The coefficient of performance, usually
calculated for each subsystem, typically ranges between 1 and 5 [338,339], meaning that the
thermal energy transferred inside the system is higher than the mechanical energy provided
to the system [117, 340]. The modified metric used in this study, calculating a global COP
for the cooling tower system, was slightly higher because of the compounding effect of the
multiple subsystems (heat exchangers and chillers). Across all time series, the coefficient of
performance was on average 18% higher and was higher 63% of the time when the filter was
operating, revealing that over time, the cooling tower system was more efficient at conducting
heat transfer when the filter was operating. This 18% increase in performance is significant
and highlights the important effect of the filter on the cooling tower system. The fact that
the coefficient of performance was higher 63% of the time with the filter operating also shows
that this effect is compounded with time.

However, these results also indicate that under specific conditions, the system was more effi-
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Figure 8.5 Coefficient of performance of the system across all time series.

ciently conducting heat exchange when the filter was not operating. These performance peaks
were associated with periods of low wet-bulb temperature and thermal loads not character-
istic of the cooling season. Further investigation was performed to understand conditions
affecting the coefficient of performance.

The wet-bulb temperature was found to be a critical factor influencing the coefficient of
performance (Figure 8.6 a). As can be observed, the coefficient of performance decreased
linearly with increasing wet-bulb temperature, likely caused by the combination of the in-
creased load on the system and potential biofilm accumulation (See Appendix E) [341]. The
slope was steeper (approximately -6% compared to -2%) in the configuration where the fil-
ter was not operating, indicating that the filter enables the system to work more efficiently
at high wet-bulb temperature, associated with the most energy-consuming periods. These
results underscore the important effect of environmental factors on the operation of cooling
towers through the thermal load. This phenomenon is of significance for energy conservation
because it highlights the potential benefits of implementing strategies to mitigate the impact
of higher wet-bulb temperatures on cooling tower behavior and performance.

The thermal load was also significantly correlated to the energy exchanged inside the system.
The difference in the coefficient of performance between the configuration with the filter
ON and with the filter OFF was found to vary according to the thermal load (Figure 8.6
b). A positive difference in the coefficient of performance indicates a higher coefficient of
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(a)

(b)

Figure 8.6 a) Coefficient of performance of the system across all time series as a function of
the wet-bulb temperature. Wet-bulb temperatures larger than 10 ◦C were considered for the
regression. b) Difference of the coefficient of performance when the filter is ON and when
the filter is OFF for wet-bulb temperatures larger than 10 ◦C. Configurations where the filter
was operating (ON) and not operating (OFF) are displayed.

performance when the filter was operating than when it was not. Although not linearly, the
difference in the coefficient of performance increased with the thermal load. Instances where
the coefficient of performance was larger when the filter was not operating occurred only for
thermal loads smaller than approximately 2000 kW, which can be associated with periods
of low to medium cooling demand for a large cooling tower such as the investigated system
[330, 341, 342]. This indicates that the effect of the filter on the coefficient of performance
was more prominent for higher thermal loads.

When considering only periods of high cooling demand, associated with thermal loads higher
than approximately 2000 kW and wet-bulb temperatures higher than 10 ◦C, the coefficient
of performance was always higher with the operating filter (Figure 8.7). More than half
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of the time series respected these thresholds, which yielded a coefficient of performance 41
% higher when the filter was operating, as well as a standard deviation of approximately
0.1, indicating high consistency when the cooling demand is high. Thus, the system was
found to be more efficient for 81% of the total transferred energy during the investigation,
most markedly during periods of high cooling demand. This increase in the coefficient of
performance associated with peak conditions show important potential for the improvement
of cooling tower systems operation.

Figure 8.7 Coefficient of performance of the system for wet-bulb temperatures larger than
10◦C and thermal load larger than 2000 kW. Configurations where the filter was operating
(ON) and not operating (OFF) are displayed.

8.4.3 Energy Savings Prediction

This investigation revealed a consistent trend wherein the cooling tower system demonstrated
superior heat transfer efficiency over time when employing filtration, irrespective of prevailing
conditions. The microsand filtering system only recirculates 20% of the flow rate of the
cooling water at any given time during operation, while the remaining 80% continues to flow
throughout the rest of the system. As such, in a well-designed system, less than 80% of the
flow rate of the cooling water should be needed for heat transfer purposes at any given instant.
Therefore, the increase in energy needed to operate the cooling tower system with the filter
is limited to the energy needed to operate the filter and its pump, which was minimal at 0.31
kW in total. Moreover, higher cooling demands corresponded to an increase in the system
efficiency at conducting heat transfer, which was particularly evident when the filter was
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operational. During periods of high thermal load, the electricity demand for cooling tower
operation increases significantly. Consequently, any reduction in electricity consumption,
particularly during these peak periods, is not only beneficial in terms of immediate energy
savings but also contributes to the overall durability of the system. By mitigating energy
demand during peak times, filtration systems offer a sustainable solution for managing cooling
tower operations efficiently while reducing strain on the power grid and minimizing the
environmental footprint of industrial processes. Consequently, the integration of filtration
technologies is promising for long-term energy conservation. However, the precise extent of
energy savings attributable to filter usage could not be established for a full year due to the
intermittent activation and deactivation of the filter during the investigation.

To quantify the potential energy savings associated with specific operational scenarios, a
predictive model was developed to estimate the energy consumed throughout the year based
on observed external conditions affecting the cooling tower system. Figure 8.8 displays the
strength of the correlation between different environmental parameters within the cooling
tower system. This heat map was used to determine which external conditions should be
considered to define the model. The highest correlation observed for the electric energy con-
sumed was with the wet-bulb temperature at 0.51, but the other displayed parameters were
also significantly correlated to the consumed energy. A correlation of 1 would mean that the
parameter is directly related to the target variable, so having multiple parameters correlated
to the target at approximately 0.5 indicates a potential for high accuracy predictions. These
parameters were thus selected to develop the machine learning model.

The machine learning model was trained to account for both investigated configurations
of the filter (Figure 8.9). The model exhibited an R-squared value of 0.99 between the
predicted and observed values across both the training and testing datasets. This coefficient
of determination implies that 99% of the variance in the predictions was accurately captured
by the model, showcasing significant predictive ability. Such high accuracy was also observed
for models associated with the energy efficiency of cooling towers in the literature [321]. This
trained model was then compared to the available data. Because the filter was operated
throughout the 2022 cooling season, the electric energy consumed, as well as information on
all the necessary features, was available. As can be observed in Figure 8.10 (a), the prediction
of the model for the electric energy consumed by the system almost perfectly matched the
observed values, further indicating the reliability of the model. Indeed, the line for the 2022
data with the filter operating and the line for the predicted data with the filter ON are
superposed (Figure 8.10 a).
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Figure 8.8 Heatmap of the correlations between the different features (the wet-bulb temper-
ature Twb, the temperature of the water inside each cooling tower TCT 1, TCT 2 and TCT 3, the
thermal load Loadtot, the thermal energy exchanged Eexchanged and the coefficient of perfor-
mance COP ) and the target (The electric energy consumed by the system Econsumed). A
positive correlation indicates that when one of the variables increases, the other increases as
well. A negative correlation indicates that when one of the variables increases, the other de-
creases. The higher the value of the correlation the more important the increase or decrease.

The predicted electric energy consumed by the system during 2022 showed little variability
between May and August for both configurations, but the configuration with the filter op-
erating displayed a standard deviation an order of magnitude higher during the month of
August (Figure 8.10 a). Nonetheless, if the filter had been OFF in 2022, the system would
have consumed 218 000 more kWh, equivalent to 5% of the total consumed energy. This is
a significant quantity of energy that can be saved, highlighting the potential of microsand
filtration systems. As the year 2023 featured record high temperatures, causing higher ther-
mal loads during the cooling season [343], the average predicted consumed electric energy
was 26% higher (Figure 8.10 a). The model predicted that the system would have saved 714
000 kWh between March and September 2023, equivalent to 13% of the consumed energy,
with the filter operating. Cumulatively, the energy saved increased linearly between May and
September 2022 and during the cooling season in 2023, from May to September (Figure 8.10
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(a)

(b)

Figure 8.9 a) Evaluation of the machine learning model on the training data. b) Evaluation
of the model on the testing data. the diagonal dashed line represent where datapoints should
fall if there was a perfect match between experimental data and model.

b). Assuming the typical industrial energy cost of 0.07 USD/kWh in North America for
large-power consumers [330], 15 265 USD would have been saved after 2022 and a cumula-
tive total of 62 530 USD would have been saved after 2023. These important energy savings
underscore the extent at which energy can be saved over time in a cooling tower system using
microsand filtration.

As can be observed in Figure 8.10, the energy saved was most significant during the main
cooling season (between May and September). The difference between the consumed energy
for each configuration was not as significant between March and mid-April, as the cumulative
saved energy only increased by 5% during that period. It can thus be concluded that during
the colder months, between September and March, energy savings would be marginal. As
was also observed in Figure 8.6, the operation of the filter during periods of lower thermal
loads and wet-bulb temperatures sometimes led to slightly less efficient heat transfer when
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(a)

(b)

Figure 8.10 a) Predicted energy saved in 2022 and 2023 with the filter always operating for
periods of 5 minutes. b) Predicted cumulative energy saved between 2022 and 2023 with
the filter always operating. The vertical dashed line represents the rupture in the dataset
between September 2022 and March 2023.

the filter was operating. Therefore, it might be more costly to operate the system with the
filter ON during that period. Given that the primary objective was to compare the effect
of having a filter versus no filter on the energetic efficiency of the cooling tower system, the
lifespan of the filter did not directly impact our analysis as the same filter was used through-
out the investigation. Additionally, incorporating an older filtration system into the study
potentially mitigated a statistical bias where a newer filter might show an exaggerated effect
on the performance of the system. Maintaining continuous filter operation throughout the
year significantly mitigates biofouling on the surfaces of the cooling tower system, thereby
improving evaporative cooling efficiency, suggesting potential long-term reductions in main-
tenance costs [344]. Thus, while the benefits mostly manifest during the cooling season (high
thermal loads), they are contingent upon year-round filter operation. Moreover, the benefits
would be extended in geographical regions where the cooling season is longer.
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8.4.4 Effect of intermittent operation

The intermittent operating pattern of the filter on the coefficient of performance of each of
the heat exchangers was investigated (Figure 8.11). At the beginning of the cooling season
in May 2022, the coefficient of performance of heat exchanger 1 was 4.5, its highest during
that year. Similar results were also observed at the beginning of March 2023, as well as with
the coefficient of performance of heat exchanger 2, albeit slightly lower at approximately 3.
Thus, the highest coefficient of performance observed was at the beginning of the cooling
season during both years of the investigation. In 2022, the performance of heat exchanger
1 decreased slightly during the cooling season to approximately 3, equivalent to a 50% de-
crease in performance, even though the filter was always operating. This phenomenon of
steady decrease in performance throughout the cooling season was also observed for both
heat exchangers during the 2023 cooling season with a decrease of 50% in performance for
heat exchanger 1 and 25% for heat exchanger 2 between March and September. It is typical
for the performance of heat exchangers to decrease up to 50% during the cooling season
because of the biofilm accumulation, as well as because of the increased load on the system,
which can be unevenly distributed between the subsystems [341]. As such, the coefficient of
performance of the subsystems tends to decrease even with the filter operating.

When the operation of the filter was first stopped at the end of March, the coefficient of
performance started to decrease linearly almost immediately for both heat exchangers (Fig-
ure 8.11 b). A decrease of 28% and 20% was observed within 8 weeks for heat exchangers 1
and 2 respectively. When the operation of the filter was resumed in June, the coefficient of
performance of both heat exchangers increased to levels almost as high as at the beginning
of the year. Recovery time was approximately 4 weeks, just before the second filter shut-
down. A decrease of 25% and 16% in the coefficient of performance for heat exchangers 1 and
2 respectively was observed again when the filter stopped operating a second time in July
(Figure 8.11 b). The decrease of the coefficient of performance was almost three times faster
(steeper slope) during the second shutdown, likely because the wet-bulb temperature was
higher and biofilm could develop faster. Furthermore, while the filter was operated between
September 2022 and March 2023, the coefficient of performance of heat exchanger 1 increased
from approximately 3 to 4.5, indicating that when the filter is operated during periods of
lower thermal load, the coefficient of performance of the subsystems tends to increase. This
suggests that operating the filter slows down the decrease in the coefficient of performance
of individual subsystems during the cooling season.

These results indicate that the filter has a tangible effect on reducing the biofouling inside
the heat exchangers as well as throughout the cooling tower system. They agree with other
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(a)

(b)

Figure 8.11 a) Behavior of heat exchanger 1 in 2022. b) Behavior of heat exchanger 1 and 2
in 2023.

studies that characterized the effect of biofilm on heat exchanger using models and small scale
experiments [325]. The effect of biofouling on the performance of a cooling tower system can
impede the heat transfer capacity by up to 50% [76, 123]. As the performance of the heat
exchangers decreased by up to 28% when the filter was not operating, the biofilm formation
likely increased significantly after the filter was stopped [344]. After resuming the operation
of the filter, the observed linear increase in the coefficient of performance was likely due to
the cleaning effect of the filter on the cooling tower water in the system. These results further
emphasize the importance of operating the filter all year. Filtering cooling tower water in
conjunction with standard chemical water treatment appears to offer a notable advantage by
substantially mitigating the buildup of biofilm, increasing the evaporative cooling efficiency of
the cooling tower system while concurrently minimizing the risks of bacterial contamination.

The insights gained from the study on the use of cross-flow microsand filtration systems of-
fer significant contributions to energy efficiency and sustainability across various industrial
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cooling processes. These findings are particularly relevant to industries focused on reducing
environmental impact and achieving energy savings. Additionally, the methodologies and
results hold broader implications for engineers and researchers in the field of heating, ven-
tilation, and air conditioning (HVAC) systems. By enhancing the understanding of thermal
management in cooling systems, this work may guide the design and optimization of HVAC
systems in both commercial and industrial settings. Moreover, the findings highlight the im-
portance of reducing biofouling and improving overall system hygiene for increased energetic
performance, which may in turn also help prevent health risks associated to pathogens such
as Legionella.

8.5 Conclusion

A data-driven comprehensive analysis was conducted over two cooling seasons (2022 and
2023) on the energetic performance of a cooling tower system using a cross-flow microsand
filtering system. The results underscore the intricate relationship between wet-bulb temper-
ature, thermal load and cooling tower performance. As wet-bulb temperature and thermal
load rise, the efficiency of cooling tower systems tends to decrease. This study is the first to
provide a long-term, in situ evaluation of cross-flow microsand filtration’s impact on cooling
tower efficiency, offering novel insights into its effectiveness under real-world conditions. A
time series analysis demonstrated that the coefficient of performance was on average 18%
higher, was higher 63% of the time when the filter was operating and for 81% of the total
transferred energy, most markedly at higher thermal loads. These results reveal that over
time, the cooling tower system was more efficient at conducting heat transfer when using
filtration. Furthermore, during periods of high cooling demand characterized by increased
wet-bulb temperatures and thermal loads, the performance gap widened significantly, with
the system operating 41% more efficiently with the filter in operation. Predictions for the en-
ergy saved over time with the filter operating were conducted using a machine learning model
and indicated that 5 and 13% of the energy bill could have been saved during the 2022 and
2023 cooling seasons respectively by operating the filter all year long, including the periods
where the operation of the filter is more energetically costly. Notably, most energy savings
occur during the cooling season, thus enhancing overall system durability and minimizing
environmental impact. In addition, the biofouling mitigation provided by continuous filter
operation [344] enabled higher performance of the system, underscoring the importance of
continuous filter operation. Integrating cross-flow microsand filtration systems into cooling
tower management not only optimizes performance but also aligns with sustainable practices,
mitigating microbial risks and conserving energy resources.
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The efficiency of microsand filtration systems at reducing the concentration of suspended
matter in cooling water has been well documented. However, the energy savings potential on
cooling tower systems related to this technology remained unexplored. While there is plenty
of literature on the loss of energy efficiency in heat exchangers due to fouling, the effect of
filtration, and especially of crossflow microsand filtration on an in-situ large scale cooling
tower system had not been studied before this work. The in situ aspect of the study is also
novel, as a longitudinal sampling campaign was conducted on an operating cooling tower
system, yielding a rich dataset over 18 months. The results are therefore more representative
of real-world conditions than those of previous studies conducted in laboratory settings or
numerically, but also added the challenge of dealing with the variability of the system. Finally,
the use of machine learning to predict the saved energy is also novel. The model was able to
predict the energy savings with a high degree of accuracy and could easily be implemented
to other cooling tower systems with similar data.

The findings of this study are particularly significant for industries that rely on cooling tower
systems, such as Heat, ventilation and air conditioning (HVAC), energy, and manufacturing
sectors, where optimizing energy efficiency and reducing operational costs are critical. By
demonstrating the effectiveness of cross-flow microsand filtration, this work provides a prac-
tical solution that can be readily adopted in these industries to improve system performance
and sustainability. Moreover, this study lays the groundwork for future research in several
key areas, including the long-term effects of filtration on system durability, the role of fil-
tration in reducing microbial risks, and the broader environmental impact of implementing
such systems on a larger scale. Future studies could explore these aspects in more depth, as
well as investigate the applicability of similar filtration systems in other thermal management
applications.

Acknowledgements

This research was supported by the MITACS Accelerate program with Evoqua+Xylem indus-
trial partner (project Mitacs IT27607). Xavier Lefebvre is supported by the Hydro-Québec
excellence scholarship as well as a NSERC scolarship (ES D) with a FRQNT supplement
(B2X).

We want to acknowledge the contribution of Alain Silverwood, Technical Director R&D at
Xylem / Evoqua Water Technologies, this project would not have been possible without
his vision, his continuous support for experiment design, data collection, field support and
training.



175

Special Thanks to the study site managers for access to their building and data.

Thank you also to Nils Frejinger Robert for his contribution to the time series algorithm that
was implemented into the code.

Conflict of interest

The authors declare no competing interests.

Supporting Information

The data that support the findings of this study are available upon reasonable request from
the authors.



176

CHAPTER 9 GENERAL DISCUSSION

Most of the literature on the transmission of Legionella from cooling towers focuses on the
presence of bacteria within the system. While the presence of Legionella is necessary for con-
tamination to occur, the associated risks are not solely dependent on its concentration in the
water. Indeed, airborne transport of contaminated aerosol droplets plays an essential role in
the contamination process and pathogenicity, which is influenced by the drying process of the
aerosol and the Legionella strain present. A holistic approach including the characterization
of the multiphase flow dynamics governing the transport of Legionella via the airborne route,
for which significant research gaps exist, was thus needed for a thorough assessment of the
contamination risks and the development of mitigation strategies. These two aspects were
thus investigated from a contaminated aerosol perspective, as the articles of this thesis were
based on the assumption that cooling towers are inherently contaminated by Legionella.

9.1 Assessment of the exposure risks

9.1.1 Aerosol droplet size distribution

The challenge of accurately tackling the characterization of size distributions of potentially
contaminated aerosol droplets was addressed experimentally in the first article. Four mea-
surement instrument with different working mechanisms, which are typically used to measure
the size distribution of small particulate matter without biological considerations, were com-
pared on a flow of evaporating aerosol droplets. The results offered an original contribution,
enabling the possibility to select and apply such measurement instruments to the field of
airborne transmission.

The size distribution of droplets from a potentially contaminated aerosol plume is closely
related to the contamination risks. With the size of the contaminated droplets changing
due to evaporation, and their size-dependant deposition inside the sampling line of some
instruments, the accurate measurement of the size distribution at the source is challeng-
ing. Currently widespread size distribution measurement instruments are not adapted to
accurately measure water-based aerosol droplets. As such, instruments based on different
operating principles provide different size measurements which makes the associated risk as-
sessment highly variable. The main question is therefore the following: which instrument,
if any, measures the most accurate droplet size as a function of operating and sampling
conditions?
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Out of the four instruments compared in this study, the PDA is most adapted to measure the
size distribution of aerosol droplets. Indeed, this laser based technique can accurately measure
the size distribution without sampling the flow and therefore does not need to consider the
evaporation and deposition of the droplets. This work, as well as multiple other studies in the
literature, showed that the technology of the PDA can be considered as the gold standard for
aerosol measurement in the context of airborne transmission. However, such an expensive
instrument is not widely available and not easily transportable. Article 1 thus provided
correction factors for the three other studied instruments so that adequate size distribution
characterization can be achieved with widespread measurement instruments. Finally, to be
able to compare different sources in terms of the airborne transport of contaminated droplets,
the initial size of the droplets must be known. The novel approach involving the complete
drying of the droplets proposed in this study enables the evaluation of the initial size of the
droplets. This approach not only provides a more accurate estimation of droplet size at the
source by circumventing evaporation during measurement but also offers a practical solution
for in-field applications, allowing for more reliable comparisons between different systems
and environmental conditions. This technique was used on operating cooling tower systems
in article 2 and the PDA served as the experimental foundation for articles 3 and 4. The
improvement of the characterization of aerosol droplets resulting from this article therefore
laid a solid foundation for the risk assessment of the airborne transmission of Legionella from
cooling towers.

9.1.2 Size evolution of aerosol droplets

The size evolution of contaminated aerosol droplets through evaporation, a critical aspect of
airborne transmission, and one of the least understood, was assessed in articles 3 and 4. The
effect of various liquid feedstock properties on the evaporation of water-based aerosol droplets
was experimentally investigated in article 3. Decreased surface tension extended evapora-
tion time by up to 14% and halted the process at high concentrations. Increased viscosity
delayed the evaporation onset but did not affect the droplet nuclei size. High concentra-
tions of non-volatile matter nearly doubled the evaporation time and predictably resulted in
a larger droplet nuclei size. Furthermore, the results showed that the larger variability of
the droplet nuclei size associated with higher non-volatile concentration, and the variability
of the concentration of non-volatile matter between droplets can drastically influence the
contamination risks. Article 4 focused on the development of a versatile experimental setup
leveraging the inkjet printhead technology to generate aerosol droplets. The effect of the
number density of aerosol droplets on their evaporation was also investigated. The evapora-
tion of pure water droplets was significantly affected by the presence of other droplets in the
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vicinity, as the local moisture concentration increased.

The characterization of the effect of surface tension, viscosity and non-volatile matter on
the evaporation of aerosol droplets can be considered as original contributions to the fields
of aerosol science and disease transmission. Furthermore, the experimental setup developed
in article 4 provides a novel application for inkjet printhead technology, and can be used
to further investigate the evaporation of aerosol droplets. The results of articles 3 and 4
provide insights into the evaporation of contaminated droplets and are crucial for the accurate
assessment of the risks associated with the airborne transmission of Legionella from cooling
towers.

9.1.3 In situ aerosol characterization

In the context of airborne transmission, a complete characterization of aerosol droplets re-
quires the measurement of their size distribution, as well as the assessment of pathogen
content and the evaluation of pathogen viability within the droplets. However, no single
instrument currently exists that can reliably and accurately measure these parameters simul-
taneously for water-based aerosol droplets. As a result, a combination of instruments and
techniques is necessary to achieve a full characterization, taking into account the evolution
of droplet size over time. In article 1, a methodology was developed to integrate multiple
instruments for this purpose, which was subsequently applied in situ in article 2.

With the 15 cooling towers sampled over two weeks and the 3 cooling towers monitored
over 8 weeks, the in situ sampling campaign of article 2 provided a unique and large-scale
dataset. This extensive dataset enabled an analysis of how environmental factors, such as
temperature and humidity, as well as the operating rate of the cooling towers, influence the
release of inhalable aerosol droplets, shedding light on the variability of droplet formation and
dissemination under real-world conditions. Different types and sizes of cooling towers were
investigated and compared, which allowed for a newfound understanding of these complex
systems as it pertains to the airborne transmission of Legionella. The combined microbi-
ology and aerosol science methodologies used to compare the concentration and viability of
Legionella in the cooling tower water and in the aerosol droplets, provided novel results in the
field of airborne transmission and critical information for the assessment of the contamination
risks.

9.1.4 Risk assessment modelling

A thorough risk assessment of the airborne transmission of Legionella from cooling towers
was conducted in the second article using QMRA. The acquired data allowed to improve the
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risk assessment model in terms of the emission of contaminated droplets. Results showed
that thorough risk assessment must consider both the concentration of viable Legionella and
the aerosol emission rate. The results of the study highlight the significant risks of infection
from Legionella originating in cooling towers, emphasizing that current mitigation strategies
are not sufficient in protecting public health and underscoring the urgent need to refine and
improve risk mitigation approaches. Accurate risk assessments are crucial for developing
comprehensive mitigation strategies that not only limit the growth of Legionella in the water
but also minimize the release and exposure of contaminated droplets.

Existing risk assessment models typically overlook evaporation, thus underestimating the as-
sociated risks. Indeed, without accounting for evaporation, these models fail to consider the
risks posed by aerosol droplets that, while initially too large to be inhaled, shrink through
evaporation to a size that can be respirable and potentially harmful to exposed individuals.
They also fail to account for other extreme statistical events, outlined as important risks
factors in article 2, where the right combinations of environmental conditions meet for con-
tamination to occur, and where the properties of the aerosol droplets can be a determining
factor. Furthermore, there are currently no evaporation modelling framework that are ap-
plicable to the airborne transmission of Legionella from cooling towers, as most evaporation
studies are focused on anthropogenic airborne transmission, for which the aerosol droplets
have different thermo-physical properties. The results of articles 3 and 4 can help to fill
this gap in terms of the effects of the water properties and the number density of droplets.
By integrating a precise evaporation model with a dispersion model, the risks of Legionella
infection from cooling towers can be assessed with greater precision, leading to more targeted
and effective risk mitigation strategies.

9.2 Development of mitigation strategies

9.2.1 Cooling tower efficiency with microsand filtration

The last article of this thesis focused on the effect of microsand filtration on the efficiency
of the cooling tower system as a basis for the adoption of this solution. This case study
presented a data-driven comprehensive analysis conducted on the performance of a cooling
tower equipped with a cross-flow microsand filtering system. It was shown in the literature
that this technology can reduce the fouling of the heat exchangers and increase the working
efficiency of the cooling tower system. For similar environmental conditions, the coefficient of
performance of the studied cooling tower system was on average 18% higher and was higher
63% of the time when the filter was operating, indicating superior heat transfer efficiency and
significant energy savings. It was also 41% higher during periods of high cooling demand.
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Consequently, the filter and the system work more efficiently at high wet-bulb temperature
and thermal load. Machine learning modeling suggested that operating the filter year-round
could save between 5% and 13% of the energy bill, primarily during the cooling season. From
these results, it was concluded that the use of microsand filtration systems in cooling towers
can lead to significant energy savings.

Following the holistic approach outlined at the beginning of this section, an underlying ob-
jective from the study and this thesis was to investigate the adoption of different strategies to
mitigate the risks associated with the airborne transmission of Legionella. Efficient chemical
disinfection poses a significant challenge for cooling tower managers, as Legionella displays an
impressive ability to survive. Microsand filtration systems are not widely adopted in the in-
dustry even though they have been proven to be effective at limiting the growth of Legionella
in the cooling tower water. As less suspended solids are present in the cooling tower water
due to the filtering efficiency of the microsand filtration system and less dissolved solids are
present due to the reduced use of chemical products, the generated aerosol droplets are likely
to evaporate faster, thus reducing the exposure range associated with the cooling tower. The
results also show that the energy savings potential is significant, especially during the cooling
season, associated with the largest concentrations of Legionella and the peak in legionellosis
cases. Furthermore, the adoption of different strategies to limit the growth of Legionella
can drastically influence the contamination risks. This study can thus be used to guide the
adoption of microsand filtration systems in cooling towers, with the intent of reducing the
contamination risks.

9.2.2 Recommendations to mitigate the risks

Current guidelines only consider the water Legionella concentration. The use of chemical
water treatment combined with microsand filtration can minimize Legionella concentrations
in water. Nonetheless, the combined effect of the aerosol emission rate and the concentration
of viable Legionella on the exposure risks observed in article 2 suggests that a multifaceted
approach is essential to mitigate the risks associated with the airborne transmission of Le-
gionella from cooling towers. The following risk mitigation strategies are thus proposed.

Ideally, continuous monitoring should be implemented to ensure that the water treatment
is adjusted to minimize the concentration of viable Legionella in the cooling tower water.
However, continuous monitoring is not always feasible due to the high cost and the lack of
available technology. In such cases, a monitoring schedule which can provide early detection
of deviations and prompt intervention should be implemented, especially during the cooling
season when the concentration of Legionella is at its peak. Monitoring should be conducted
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at a point representative of water entering the cooling tower to provide early detection of
deviations and prompt intervention.

An original contribution of article 2 was the quantification of drift eliminator capture effi-
ciency from experimental data on operating cooling towers. The results revealed the limita-
tions associated with drift eliminators. Despite being a critical line of defense before poten-
tially contaminated droplet are discharged into the environment, they are often inefficient
in capturing inhalable aerosol droplets and thus currently not reliable as a risk mitigation
strategy by themselves.

This finding calls for the redesign of drift eliminators to enhance their efficiency in reducing
exposure risks, ultimately bolstering public health protection. This can be achieved by
increasing the surface area of the drift eliminators and increasing the flow deflections, while
considering the tradeoff between energy usage and head losses due to inertial disturbances.
Risk assessment models typically consider a size range between 1 and 10 µm, for which aerosol
droplets can carry pathogens and be inhaled. However, the incorporation of Legionella in
aerosol droplets sized 1-2 µm remains to be investigated. Therefore, droplets are more likely
to be contaminated with Legionella in the upper inhalable droplet size range (5-10 µm). As
such, the redesign of drift eliminators should focus on capturing droplets in this size range.
By focusing on the upper inhalable droplet size range, the exposure risks can be minimized
while maintaining the energy efficiency of the cooling tower system. Furthermore, each drift
eliminator should be aerodynamically customized for a specific CT and the design point
should be set to the maximum operating rate of the system.

With the current design ignoring the capture of inhalable and potentially contaminated
aerosol droplets, drift eliminators cannot be assumed to provide a large reduction in the
exposure risks. Nonetheless, drift eliminators are the last line of defense before droplets
contaminated with Legionella are discharged into the environment. As such, they should be
maintained and monitored regularly to ensure optimal performance. To maximize the current
capture efficiency of drift eliminators for inhalable droplets, CTs should rarely operate above
50% of the operating rate to minimize particle emission in the inhalable range. If possible,
another CT can be activated when the operating CT exceed 50% of the operating rate.
Considering the potential energy savings from the use of microsand filtration systems, the
higher operating costs associated with the operation of multiple CTs can be at least partly
offset.

A generalized contaminated droplet emission framework was introduced to provide cooling
tower managers with an estimate of infection risks, facilitating informed mitigation strategies.
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This generalized framework can be used as the emission model in the QMRA model adapted
to Legionella from cooling towers. Thus, this generalized QMRA, encompassing the effect of
aerosol emission rate and the concentration of viable Legionella on the exposure risks, should
be performed and the water treatments should be adjusted upon exceedances of the health-
based thresholds. An evaporation model adapted to the water properties of the cooling tower
should be integrated into the QMRA model to provide a more accurate assessment of the
risks.

Extreme statistical events are relevant in the context of disease transmission because they
represent rare but high-impact occurrences. For Legionella and cooling towers, these events
most likely correspond to sudden peaks of the concentration of viable Legionella in the water
combined with higher aerosol emission rate due to an increase load demand on the building.
Such circumstances can lead to disproportionate exposure and be responsible for sporadic
cases, while remaining undetected due to the sudden onset of the conditions. Understanding
these events is crucial for accurately modeling transmission dynamics and implementing ef-
fective mitigation strategies, especially in scenarios where extreme events can drive significant
public health outcomes. The assessment of the risks should thus be conducted on systems
operating at maximum capacity with peak water concentrations to account for these extreme
events.

9.3 General impact

The concept of pandemics and infectious diseases is far from new, with historic events such
as the Spanish flu and the Black Death leaving a lasting impact on humanity. Yet, the
airborne transmission of diseases remains a relatively misunderstood and poorly documented
subject, even though the air mediated transmission route had been recognized as early as
the 19th century. While significant progress has been made in various aspects of airborne
transmission, advancements specifically in the fluid dynamics underlying this process remain
limited and continue to be an area of active research. As such, we remain reactive in our
approach to managing airborne diseases, with the same basic principles of quarantine and
social distancing being applied to the COVID-19 pandemic as they were to the Spanish flu
100 years prior. We continue to struggle with controlling nosocomial infections and still have
limited knowledge of the physics that drive Legionella-laden aerosol droplets from cooling
towers to human hosts.

The emerging field of airborne disease transmission has been rapidly evolving in recent years,
bridging the gaps between microbiology, aerosol science, and multiphase fluid dynamics.
Legionella transmission from cooling towers however, a topic historically primarily studied
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in microbiology, had seen little exploration of the fluid dynamics involved in its airborne
transport before this work. The applications of fluid dynamics in health and infectious
diseases have led to the discovery of new processes and the development of innovative tools
with broader applications beyond their original fields. In this thesis, significant advancements
were made in measurement techniques for characterizing wet aerosol droplet size distributions,
as well as in the use of inkjet technology to generate monodispersed aerosol droplets. The
findings of this thesis, such as the characterization of water-based contaminated aerosol
droplets and their evaporation dynamics offer improved methods for assessing contamination
risks. This was achieved through a large-scale in situ investigation on operating cooling
towers leading to improved QMRA, ultimately aiming to inform the development of more
effective mitigation strategies.

Modern medicine treats diseases as isolated entities, with their own set of symptoms, treat-
ments, and prevention strategies. However, the fluid dynamics of diseases transmitted via the
airborne route underscore a universal process evolved throughout a wide range of pathogens.
While each pathogen may have unique biological characteristics, the physical processes gov-
erning their transport, such as droplet formation, evaporation, and deposition, follow the
same fluid dynamics principles. Some of the findings of this thesis, such as the character-
ization of the size distribution and evaporation dynamics of airborne aerosol droplets are
not only relevant in the context of Legionella and cooling towers, but also contribute to a
deeper understanding of the fundamental fluid dynamics pertaining to disease transmission.
These results can thus potentially at least partly be applied to most diseases transmitted
via the airborne route, such as tuberculosis, which is again becoming a major public health
concern worldwide, or viruses responsible for COVID-19, the common flu and future pan-
demics. In this regard, this work highlights the importance of understanding airborne disease
transmission generalized to a wide range of pathogens.

We might forever have to deal with challenges associated with disease transmission and the
way we handle pathogens has long lasting effects. Indeed, the growing issue of antibiotic
resistance, involving Legionella among other pathogens, further underscores how our ap-
proaches to managing the associated contamination risks can have widespread, unintended
consequences. Indeed, evolutionary pressures naturally selects for robust, selfish mechanisms
favoring gene survival in pathogens. Nevertheless, unraveling the fluid dynamics processes
associated with the airborne transmission of pathogens offers a largely untapped opportunity
for developing innovative control and mitigation strategies. This thesis is a step towards
a future where the fluid dynamics of disease transmission are understood and harnessed to
protect public health.
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CHAPTER 10 CONCLUSION

10.1 Summary

In-depth risk assessment requires the precise characterization of aerosol droplets generated
and released from cooling towers, which is challenging as they undergo evaporation during
transport. The performance of various measurement techniques, well established for partic-
ulate matter for characterization in aerosol science, was evaluated for water-based droplets.
Discrepancies observed in the size distributions of water droplets, due to evaporation and
particle deposition, highlighted the need for empirical correction factors. By applying these
corrections and utilizing a proposed drying technique, the reliability of results generated by
different sampling instruments was improved, enabling accurate measurement of aerosol size
distribution. This drying technique was crucial for comprehensive risk assessment in the
context of airborne transmission.

Building upon the accurate measurement of aerosol droplets, we improved the QMRA model
using data acquired through large-scale in situ sampling campaign. Results showed that risk
assessment must consider both the concentration of viable Legionella and the aerosol emis-
sion rate. The potential for extreme values to significantly influence the risks suggests that
QMRA should be conducted under conditions where the system operates at maximum ca-
pacity and water concentrations are at their peak. A generalized QMRA emission model can
be used to obtain an estimation of the exposure risks for managers and operators. Risk mit-
igation strategies include more frequent monitoring of the water concentration of Legionella,
redesigning drift eliminators to increase their capture efficiency for droplets in the inhalable
size range, and performing generalized QMRA to assess the risks associated with cooling
towers.

The evaporation of water-based droplets containing Legionella is a critical yet often over-
looked factor in risk assessments. Our investigation into the impact of various water proper-
ties on droplet evaporation revealed that parameters such as surface tension, viscosity, and
non-volatile matter concentration significantly influence evaporation dynamics. These fluid
properties can vary in cooling tower water compared to drinking water with the accumu-
lation of biofilm, as well as the addition of biodispersive agents (surfactants) and chemical
disinfection products. Decreased surface tension extended evaporation time, while high con-
centrations of non-volatile matter nearly doubled it, resulting in larger droplet nuclei and
increased variability in contamination risks. These findings highlight the need for more accu-
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rate evaporation models adapted to various water characteristics to improve risk assessment
and inform the development of efficient mitigation strategies.

To further understand the dynamics of droplet evaporation, a versatile and novel experimental
setup was developed using the XAAR XJ128 inkjet printhead, which allowed for the con-
trolled generation of droplets. Monitoring these droplets with PDA across different stages
of evaporation provided insights into how number density and relative humidity influence
evaporation rates. The results showed that the number density of airborne droplets could
significantly alter their evaporation rate. This nuanced understanding of droplet evaporation
within plumes is crucial for accurate risk assessments and the design of targeted mitigation
strategies.

One of the major challenges in cooling tower management is the effective decontamination
of water to reduce Legionella contamination. Traditional chemical disinfection methods are
widely used but have their limitations. As an alternative or a complement, microsand fil-
tration technology has shown promise not only in reducing contamination risks but also in
enhancing the energetic efficiency of cooling tower systems, as shown in this thesis. Through
a data-driven approach, it was determined that operating this filtration system could increase
the coefficient of performance, especially during the cooling season. The integration of such
filtration systems into cooling tower management could therefore promote more sustainable
practices by reducing both energy consumption and biofouling.

In conclusion, the research presented in this thesis not only improves the understanding of
contamination risks in cooling tower systems but also proposes practical solutions that can
be implemented to enhance safety and efficiency. By combining innovative decontamination
technologies, precise aerosol measurement techniques, and refined risk assessment models,
this work contributes to the development of more sustainable and effective approaches to
managing airborne transmission risks in industrial settings.

10.2 Future Research

A limitation of the work from this thesis lies in the assumption that contaminated droplets
are inherently generated from cooling towers. Indeed, the assessment of the risks associated
with Legionella was conducted assuming a consistent combination of different aerosolization
mechanisms. While it is true that aerosol droplets are indeed generated inside cooling towers
and released into the environment as a by-product of their operation, the propensity of these
droplets to be contaminated depends on how they are generated. Multiple aerosolization
mechanisms can be responsible for the generation of the aerosol inside each unique system.
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These different mechanisms can drastically influence the concentration of the aerosol droplets,
as well as the concentration of viable pathogens they carry. As such, future works are
required to fundamentally characterize the aerosolization mechanisms within the cooling
towers responsible for the generation of contaminated droplets.

The work presented in this thesis focused on the assessment of the risks associated with
Legionella in cooling towers. The application to other pathogens was briefly discussed, but
not the consideration of other sources of Legionella. Indeed, although the most prominent,
cooling towers are not the only source of Legionella in the environment. Other sources, such
as showers, hot tubs, and decorative fountains, have been identified as potential outbreak
vectors and the aerosol generation inside these sources potentially differs significantly. The
work presented in this thesis could be extended to assess the risks associated with Legionella
from these sources. Specifically, the number of legionellosis cases in Switzerland has increased
dramatically over the past few years. The main source of these infections is not well under-
stood, as very few water cooling towers are operated in Switzerland. As such, it is likely
that sources of Legionella that are unaccounted for could be responsible for the rise in cases.
An emerging hypothesis is that soil is a potential source of Legionella. Indeed, Legionella
has been found in soil samples, and the bacteria has been shown to be able to survive in
soil. Unrelated work involving the characterization of petrichor, the distinct smell of rain,
has demonstrated that soil can be aerosolized and transported over long distances. As such,
it is possible that soil could be a source of Legionella outbreaks. Future works could focus
on the assessment of the risks associated with Legionella from soil sources.
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APPENDIX A FACTORS AFFECTING THE VIABILITY OF
PATHOGENS TRANSMITTED VIA THE AIRBORNE ROUTE

A review By
Xavier Lefebvre

Introduction

Infectious diseases are probably among the strongest selective pressures on human popula-
tions [345]. As humans evolved and societies developed, population densities have expanded
and the frequency of the exposition to dangerous pathogens has increased [346]. Infectious
diseases have always been part of human history and are still influencing our fate, with
the COVID-19 pandemic as a prime example [2]. These illnesses are caused by pathogenic
microorganisms such as bacteria, viruses, fungi or parasites (Figure A.1), which can be trans-
mitted either through direct contact, fomites (objects which are likely to carry infection) or
the airborne route [347].

These pathogens have been studied extensively as a result of the detrimental effects of infec-
tious diseases. Although there is still ongoing research, most applications of infectious dis-
eases that pertain to pathogen host invasion, infectious disease pathogenesis and immunology
have been thoroughly investigated, with scientific literature dating back to 1677 [348]. How-
ever, until recently, one research area had been largely neglected: the transmission phase,
especially of airborne-mediated pathogens. This has forced the field of infectious diseases
to transition from solely health related to the inclusion of fluid mechanics concepts, which
govern the generation of pathogen-laden droplets, as well as their airborne transmission, and
even the viability of the pathogens they carry [3].

The underlying mechanisms of airborne transmission involve complex multiphase flows in
which pathogen-laden droplets play a prominent role. However, the transmission of pathogens
from one host to another is simply a necessary step in their life cycle [3]. Thus, to persist,
pathogens have to adapt to and survive this unavoidable process. The propensity for respi-
ratory diseases to be transmitted is therefore affected by their ability to remain viable under
environmental stress [349].

The viability of microorganisms is defined as their capacity to replicate, which involves the
integrity of the envelope of the pathogen, as well as its internal proteins and genetic material
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enabling the replication (Figure A.1) [257]. As the viability of pathogens is binary (either
dead or alive), the viability rate is often used as a metric to evaluate the infection risks from
the ratio of viable pathogens from a population present in a fluid. Studying the effect of
external factors on the viability of airborne pathogens is a complex task because multiple
variables have tangible effects on the integrity of microorganisms. Despite this challenge,
the loss of viability, called inactivation, of aerosolized pathogens has been described in two
stages. The first stage is a rapid loss in viability upon aerosolization due to direct effects
on the pathogens. The second is the first-order exponential decay model, described as a
relatively slower loss in viability over a prolonged period of time due to the effects of ambient
conditions on the pathogens (Equation A.1) [350].
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N(t) = N0e
−kt (A.1)

where:

• N(t) is the number of viable bacteria at time t

• N0 is the initial number of viable bacteria

• k is the decay constant, which determines the rate of decay

These stages of inactivation highlight the broad range of conditions that airborne pathogens
must face to achieve infection in a new host. Environmental factors that affect their viability
include temperature, relative humidity, ultraviolet radiation, as well as the composition of
the air and the fluid forming the droplet. The conditions in the atmosphere are often unfa-
vorable to microorganisms as they need to tolerate harsh environmental conditions. However,
protected by the aqueous layer of the droplet surrounding them, a considerable fraction of
airborne pathogens can remain viable for extended periods of time [351].

In the context of infectious diseases, fundamental questions revolve around the viability of
airborne pathogens. How do specific pathogens lose their viability in the transport process?
How are they able to adapt to harsh conditions? Can the inactivation of airborne pathogens
be used as a mitigation strategy? What are the most effective decontamination procedures?
These questions apply to all pathogenic microorganisms. Similar prevention, epidemiology
and mitigation questions can be asked for agricultural, waterborne, animal or specific human
infectious diseases [3]. Improvement in our understanding of how pathogens are transmitted
via the airborne route can help with adequate risk assessment for specific infectious diseases,
as well as the adoption of efficient mitigation strategies.
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Figure A.1 Infectious diseases are caused by pathogenic microorganisms such as bacteria,
viruses, fungi or parasites. These microorganisms all have different shapes, and sizes, as well
as chemical and biological compositions, but their goal, as with any organism is to replicate.
Cell replication involves various components such as cell wall, internal proteins and genetic
material, of which the integrity must be preserved to remain viable [346].
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Framework for the viability of airborne pathogens

Airborne transmission can be achieved in several ways. The source of the pathogen-laden
droplets can be from a human cough, sneeze, breath or from engineered systems such as
toilets, faucets or cooling towers [3]. The droplets can be transported in air with varying
characteristics. The pathogens transported via the airborne route can either be viruses,
bacteria or fungi and they can reach the host at a still virulent state or they can be dormant
in a viable but non culturable (VBNC) state [10]. Nevertheless, the airborne transmission of
pathogen-laden droplets follows the same pattern: From the source, through the air, via
surfaces, into the lungs (Figure A.2) [352]. Bacterial loss of viability can occur at either of
these steps in the airborne transmission process. To make sense of the complexity surrounding
the viability of pathogen transported via the airborne route, following the chronological order
of the infection process is well suited. We therefore propose a framework based on these
distinct phases in the airborne transmission process.

In this review, the factors affecting the viability of pathogens transported via the airborne
route are discussed in the different phases of airborne transmission with a fluid dynamics
perspective. The aerosolization process is first covered (Section 3), followed by the air-
borne transport phenomena (Section 4). Then, the possible deposition and resuspension of
pathogens is discussed (Section 5) before we cover the factors that can affect the viability
of bacteria inhaled by a new host (Section 6). Finally, we conclude with a summary of
the current knowledge gaps and the opportunities for future research in this important and
emerging field at the crossway between fluid and health (Section 7).
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Figure A.2 Respiratory droplets and aerosol particles produced by an infected host, the source
(1), during coughing/sneezing, talking, or exhaling are transported through the air (2) and
can infect fomites via surfaces (3). The transmission process leads to the infection of a new
host (4) [352].
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From the source : Aerosolization

The journey of pathogens from the source to a new host begins with aerosolization (also
called droplet generation), the process from which the fluid harboring pathogens is converted
into small droplets [353]. During this process, pathogens can be trapped inside the generated
droplets and transported via the airborne route. However, during the aerosolization, these
droplets are subjected to strong shearing forces which could lead to the loss of viability of
the pathogens present in the fluid [354].

Aerosol droplets can be generated through multiple processes, including atomization often
observed in coughing and sneezing [265], impaction through raindrops falling on the ground
[26], as well as disintegration and bubble bursting while breathing, talking, signing [3]. A
combination of these mechanisms is usually responsible for most aerosolization processes,
including from engineered systems such as toilets, faucets, spray irrigation or cooling towers
[81]. The characteristics of the droplets generated, such as size distribution and velocity,
are highly dependent upon the specific aerosolization mechanism which can also affect the
viability of aerosolized pathogens.

However, regardless of the aerosol generation mechanism, the fluid dynamics governing the
formation of pathogen-laden droplets can be divided into two categories: Steady and unsteady
fragmentation. Steady fragmentation describes the generation of spray particles, where a
liquid jet is disintegrated into droplets in surrounding gas, as well as flow focusing droplet
generation, mostly used in microfluidics. Steady fragmentation depends on fluid inertia,
surface tension and shear forces, but the droplet generation is usually uniform because the
conditions are forced through the velocity of the jet. In most configurations, the significant
forces applied on the fluid during the steady fragmentation process inactivate the majority
of the pathogens [355] [356].

Conversely to the uniformity of steady fragmentation, interfacial instabilities play a crucial
role in the unsteady fragmentation process of droplet formation. It is hypothesized that
the destabilization of the surfaces where the pathogen-laden fluid and surrounding airflow
interact is caused by a combination of Kelvin-Helmholtz and Rayleigh-Taylor instabilities
(see Appendix) [254]. As droplets are generated, these instabilities cause the fluid to deform
and break into smaller fragments [3]. Unsteady fragmentation is influenced by various factors,
such as viscous and aerodynamic forces, surface tension, and flow rate. The magnitude of
these factors varies at different points in the configuration and determines the viability rate
of the aerosolized pathogens [254].
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This process of aerosolization through unsteady fragmentation has been well described in
the context of coughing and sneezing (Figure A.3) [254]. In general, when a liquid volume
is exposed to an airflow, it experiences differential aerodynamic pressure that causes it to
deform into a flattened sheet. This sheet then transforms into a bag-like structure that
expands and thins until it becomes unstable and ruptures. Then, as the holes in the sheet
grow and the destabilization of the fluid increases, ligaments perpendicular to the surface are
formed and stretched until they eventually break into droplets. However, it is noteworthy
that this process can vary depending on the specific aerosolization method used for particular
applications. As illustrated in Figure A.4, the fluid sheet can rupture in a variety of ways
[357].

Figure A.3 a) Steps in the generation of pathogen-laden aerosols from a human sneeze [3]. b)
Schematic of the fragmentation process of a liquid volume in response to applied aerodynamic
forces. c) photographs of the aerosolization process from a sneeze. The initial liquid volume
(A) is flattened into a sheet (B), followed by hole formation (C) and subsequent destabiliza-
tion into ligaments, and, finally, droplets (D) [254]. Reprinted with written permission from
Springer Nature.

Essentially, both steady and unsteady fragmentation yield significant shear forces to the fluid
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Figure A.4 Schematic of different modes of droplet formation through the rupture of the fluid
sheet [357]. Reprinted with written permission from CCA

through instabilities. The deformation and breakup of the fluid can inactivate pathogens
by damaging either their cell wall or their genetic material. The same consequences were
observed in the aerosolization through the bursting of bubble [358] or through impaction [26]
[359]. The somewhat violent rupture of the fluid that generates the pathogen-laden droplets
is therefore also responsible for inactivating other pathogens present in the fluid.

During the aerosolization process, the mechanisms with the largest shear stresses have been
associated with the lowest viability rates after the droplet generation. For instance, in a com-
parative study, atomization has yielded a higher viability rate than flow focusing aerosoliza-
tion [360]. In turn, the viability rate is higher during bubble bursting than during atom-
ization. However, cellular damage can usually be observed on most inactivated pathogens
and even on viable ones, suggesting that the shear forces upon aerosolization are significant.
Depending on the specific pathogen and the configuration, between 25 and 75 % of pathogens
can be damaged [361] after the aerosolization process.

Aerosol droplets are usually generated within milliseconds to seconds, depending on the
generation mechanism. However, it was shown that the largest loss of viability occurs in
the first 30 seconds upon aerosolization [354], which relates to the first stage of the loss of
viability of airborne pathogens described earlier. The viability rate is also significantly lower
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for pathogens trapped in smaller droplets as the thinner aqueous layer is weaker against
shear forces induced by the aerosolization process. Essentially, the shear forces induced in
the aerosolization process is an important factor for the viability of pathogen aerosolized
before being transported via the airborne route.
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Through the air : Airborne transport

Once bioaerosols have been generated and the pathogens have remained viable through the
significant induced forces of the aerosolization process, the second step of airborne transmis-
sion is the transport phenomenon. The viability of airborne pathogens depends on multiple
elements. Psychrometric factors such as temperature and relative humidity yield physical
changes to the pathogen-laden droplet as well as metabolic changes inside pathogens. Ultra-
violet radiation also has detrimental effects on their integrity. The composition and dynamics
of the surrounding air can influence the viability of pathogens as well. Finally, even the com-
position of the bulk fluid forming the droplet can have an impact on the viability of the
transported microorganisms [362]. This section covers the effects of environmental factors
on viruses, bacteria and fungi.

Temperature

Temperature is critical in mediating the survival of airborne pathogens, likely by affecting
the stability of proteins, lipids, and genetic material [363]. From a thermodynamic point of
view, temperature can also influence the evaporation process which can contribute to the
dehydration of the trapped pathogen and make it more vulnerable to other environmental
conditions [10].

Virus and temperature

Temperature is one of the most important factors affecting virus viability as it can affect
its genome as well the state of important proteins. Generally, as temperature rises, virus
viability decreases. Maintaining temperatures above 60 ◦C for more than 60 minutes is
generally sufficient to inactivate most airborne viruses, but higher temperatures for shorter
time periods can be just as effective at inactivating viruses [364].

Bacteria and temperature

Temperatures above 24 ◦C are universally linked with a decrease in the viability of airborne
bacteria. This concept is true for almost all bacteria, regardless of their structure, and
especially if other environmental factors are also considered [364]. However, to inactivate
most bacteria, temperatures must be above 50 to 60 ◦C [365]. In effect, some bacteria will
revert to a dormant viable but non culturable (VBNC) state with rising temperature and are
able to remain viable through harsher conditions [366].
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Relative humidity

Relative humidity is also a very important factor affecting the viability of airborne pathogens.
By modulating the evaporation rate and equilibrium size of aerosols, relative humidity affects
their transport and the viability of pathogens they carry. However, the relationship between
relative humidity and pathogen viability is not well understood [364].

Virus and relative humidity

Generally, most respiratory viruses survive longer at lower relative humidity as it affects
their level of hydration and these organisms thrive when less moisture is available [362]. The
seasonality of viruses that cause common colds have been partially attributed to relative
humidity. In effect, relative humidity is lower during winter than during the summer which
entails that viruses remains viable longer during the winter [364]. However, the literature
available is limited regarding the effect of relative humidity on specific viruses [367].

Bacteria and relative humidity

The ability of bacteria to remain viable under different levels of relative humidities is related
to the organism’s surface biochemistry. Bacteria cell wall structure is divided into two cate-
gories : gram positive and gram negative, which are related to the cell-wall characteristics of
the microorganisms [368]. In general, it has been reported that most gram-negative bacteria
associated with aerosols tend to survive longer periods at mid-level relative humidity and the
opposite has been observed for gram positive bacteria [362]. It is unclear why this dichotomy
occurs for different bacteria. Some researchers have hypothesized that gram positive bacteria
support better conditions over dehydration and over-hydration whereas gram negative bacte-
ria quickly lose their viability in these contexts. What is clear however is that the correlation
between relative humidity and the bacterial loss of viability is significant [364].

Ultraviolet radiation

Irradiation with ultraviolet light has long been established as an effective approach to inacti-
vate airborne pathogens as it damages their genetic material [364]. However, multiple studies
showed an increase in viability rate in the presence of ultraviolet radiation at higher relative
humidity due to the protective effect of a thicker aqueous layer [363]. Therefore, ultraviolet
radiation is not considered as an effective decontamination strategy unless combined with
other disinfection procedures [369].
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Air composition

The chemical composition of the air also influences the viability of airborne pathogens. It
was shown that the presence of 85 ppm of carbon monoxide (CO) in the surrounding air
enhances pathogen death rate of a factor between 4 and 7 [370]. However, over long distances
(km range), common chemical components found in the atmosphere have shown to provide
suitable micro-environments for airborne pathogens [351], but particulate air pollution has a
negative impact on their airborne viability [371]. These studies entail that surrounding air
composition can have significant effects on the viability of airborne pathogens, but further
investigations are needed to understand the specific mechanisms governing their impact.

Turbulence

Recent studies in the field of the fluid mechanics of disease transmission have yielded a
model that depict the behavior of airborne pathogen-laden droplets, which suggests that the
spread of pathogen via the aerosol route is accurately represented by a turbulent multiphase
cloud that carries particles through the air (Figure A.5) [3]. This configuration explains how
pathogen-laden particles can travel far from the source while remaining viable. However,
not much information is available on the effect of turbulence on the viability of pathogens
transported via the airborne route.

Reynolds numbers of approximately 104 were observed in these multiphase clouds [23]. The
higher the Reynolds number, the higher the speed of the flow, the higher the probability
of collisions between particles and the higher the shear forces induced by turbulence which
can affect the integrity of the pathogens. The primary forces involved in a turbulent flow
are inertia, as well as viscous and pressure forces. Also, according to Bernouilli’s principle,
pressure gradients induced by turbulence can influence the stability of droplets by changing
their shape dynamically which could damage the carried pathogens [20]. In any case, higher
Reynolds numbers are associated with lower viability rate for pathogens, but the effects of
turbulence are usually exceeded by other environmental factors [372].

Bulk liquid composition

The role of the composition of the bulk liquid making up the droplet in the viability of
airborne pathogens is that it can provide nutrients for the trapped pathogens [373]. In certain
conditions, a solid crust can form on the surface of droplets which can further protect the
pathogens from the environmental conditions [3]. Depending on the bulk liquid properties,
it also evaporates at varying rates, which influences the state of the pathogens. Overall, the
composition of the bulk liquid is not a dominant factor for the viability of airborne pathogens.
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Figure A.5 Physical picture of the evolution of a cough or sneeze cloud emitted horizontally.
Larger suspended droplets are circulated within the cloud until they settle out (at a horizontal
distance xfall ) and reach a final position xmax , corresponding to the range of contamination.
The virtual origin is shown behind the sneezer source and is extrapolated from the measured
trajectory of the cloud. The cloud climbs in response to its increasing buoyancy as larger
droplets fall out [23]. Reprinted with written permission from Cambridge University Press.

The case of fungi

Relatively few laboratory experiments have been conducted on the viability of airborne fungi.
Most data relating temperature and relative humidity to airborne fungi viability have been
obtained from the environments were the organisms are naturally found. These studies show a
seasonal variation owing to temperature, relative humidity, and turbulence of the surrounding
air. Generally, fungi are more resistant to environmental conditions than viruses and bacteria,
especially as it pertains to UV radiation and the composition of the surrounding atmosphere.
Additionally, a rise of temperature and relative humidity is usually correlated with higher
airborne fungi viability [364].

Viability and environmental factors

The transport step in the airborne transmission process can vary from seconds to hours and
therefore contributes to the second stage of the loss of viability described earlier [367]. In
the last section, we individually described the effects of different environmental factors on
the viability of several pathogens, which are summarized in Figure A.6. Essentially, some
general trends can be extracted from the literature, but there are always outliers and these
effects vary individually for pathogens, which highlights the complexity of these microor-
ganisms. Additionally, in the context of airborne transmission, these environmental factors
all act simultaneously on the transported pathogen-laden droplet, which affects the viability
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of the carried pathogens differently. Sudden, drastic changes in these parameters tend to
exacerbate their respective effects on airborne pathogens [362]. Therefore, the intricacy of
the combinatory effect of environmental factors makes it challenging to accurately assess the
viability of airborne pathogen, which is highly related to the contamination risks.
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Figure A.6 Environmental factors associated with survival of airborne infectious agents [362]. Reprinted with written permission
from Elsevier.
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Via surfaces : Deposition

Although not essential to the airborne transmission process, pathogen-laden droplets are
occasionally deviated from their trajectory between the source and a new host. Particles can
be deposited on surfaces through gravitational settling, especially if the droplets are large
(> 10µm) [152]. They can also be captured in masks or filters either as an obstacle in their
chaotic airborne transport or through a ventilation process altering their path. During this
inhibition in their journey to find a new host and replicate, particles can lose their viability
through time, usually linked to the second stage of airborne pathogens inactivation described
previously.

Gravitational settling

Once deposited on a surface, the survival of pathogens is usually dependent on the evap-
oration of their protective aqueous layer as they are submitted to the same environmental
factors discussed in the previous section. The effect of these environmental conditions ex-
pedites the loss of viability of the pathogens. In effect, without the input of the peripheral
environment, the viability of aerosolized pathogens can remain high for approximately 20
days [374]. However, in standard ambient conditions, the viability rate of most deposited
airborne pathogens is usually still extensive after several hours with between 44 and 77 % of
pathogens still viable on average after two hours, a reminder that the process of pathogen
inactivation is not immediate [21]. Surface cleaning mitigates transmission risks by altering
their cell membrane, inactivating the pathogens quicker than through the naturally induced
environmental factors [375].

Filtration

The filtration of airborne particles captured in masks or filters is achieved through multiple
mechanisms: inertial impaction, interception of the particle streamlines by the fiber and
the diffusion of very small particles due to Brownian motion [24]. As a result of these
mechanisms, filters can be effective at capturing particles smaller that the pore size of the
weave. The captured pathogens lose their viability when moisture is eliminated, which starves
the pathogens or damages their structure from the shear forces induced by the airflow going
through the filter [376]. ASHRAE standards on filters involve capture efficiencies of 85%
for particles smaller than 1 µm and over 90 % for larger particles. Paired ventilation and
filtration were shown to reduce airborne viral loads in a controlled chamber [377].
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Resuspension

Once deposited, the airborne transmission process is halted and the fate of the pathogen
leads to its loss of viability unless it is resuspended. Resuspension is therefore essential in
the airborne transmission process if deposition occurs. It can happen to particles that have
deposited on surfaces or haven been captured in filters or masks [378]. Subtle movements can
induce resuspension. Walking, opening the door, hand gestures, and even airflow dynamics
induced by ventilation systems can cause the resuspension of pathogen-laden droplets. Tur-
bulence in the airflow caused by these movements can transmit forces that naturally transport
particles back into the airborne flow. During resuspension, the droplets are usually not sub-
jected to shear stress as potent as during the aerosolization process, so the extended loss of
viability associated with resuspension is less common. Therefore, the longer the pathogens in
the deposited droplets remain viable, the higher the associated risks of airborne transmission
from secondary suspension (Figure A.7) [379].

Figure A.7 Droplet detachment process near the surface for droplets of different sizes [380].
Reprinted with written permission from AIP.
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Into the lungs : In the host

The last step in the airborne transmission process is the infection of the host. Even if the
pathogen trapped inside a droplet has remained viable through the aerosolization process,
the transport process, as well as the possible deposition and resuspension, it must survive
the transport through the respiratory system and the immune response of the host [381].
After the inhalation and as soon as the pathogens deposit in the respiratory tract, they start
replicating which initiates the infection process. Upon infection, the immune response is
activated to combat the invading pathogen. The ensuing interaction between the pathogens
and host immune system is often described as a battle, as the pathogens and the immune
cells engage in a conflict, with only one emerging victorious [382]. The role of the immune
system is therefore critical in the mitigation of airborne transmission risks [383].

Through the droplet transport in the respiratory system during the inhalation process of the
host, nasal hair, the mucus layer of the respiratory tract and follicles from epithelial cells
in the lungs act as physical barriers which involve complex fluid mechanics (Figure A.8).
These body components act as filters and can trap bacteria through the different mechanisms
which we expanded on in the previous section. Once trapped, they eventually lose their
viability and are cleared from the body of the host through the mucus layer. Depending
on the size of the particle and on the properties of the inhaled flow, pathogens can deposit
anywhere between the nasal cavities and deep in the lungs’ alveoli, which provide different
environmental conditions that can affect the viability and the infectivity of the pathogens
[383].

If the pathogen overcomes the hostile environment of the host respiratory tract it must
then face the immune system through a chaotic struggle [363]. In a coordinated dance,
macrophages, neutrophils, the complement system and natural killer cells will serve as the first
line of defense, commonly called the innate immune system (Figure A.9). Although somewhat
effective at inactivating the invading pathogens trying to replicate, the innate immune system
is simply a temporary solution to the infection. The acquisition of immunity against specific
pathogens through the adaptive immune system is a more efficient and permanent solution.
During this process, dendritic cells deliver valuable information about the invading pathogens
to the adaptive immune system and coordinate a complex inflammatory process with T cells
and B cells which will generate antibodies able to inactivate the remaining viable pathogens
in the body and provide long-term immunity [383].
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Figure A.8 Illustration of the physical barriers of the immune system against the invasion of
pathogens [383].

Figure A.9 Overview of the important organisms involved in the adaptive and innate immune
system [383].
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Discussion and perspective

Airborne transmission has lately been highlighted as an important research field with dire
implications on the quality of life for individuals [2]. The various stages involved in airborne
transmission begin from the aerosolization of pathogen-laden droplets at the source, through
their transport in the ambient air, via potential deposition on surfaces or filters, and into the
lungs of a new host. The impact of these steps on pathogen viability is governed by fluid
dynamics phenomena that reveal the complexity of the process. Through this framework,
we have scoured the literature and presented the factors which influence the viability of
pathogens transported via the airborne route. The importance of fluid dynamics principles
related to each step of the airborne transmission process, as well as external factors such as
temperature, relative humidity and ultraviolet radiation have been highlighted.

In recent years, research on infectious diseases has transitioned from solely focused on micro-
biology and immunology to multidisciplinary, including the principles of fluid mechanics in
our understanding of the transport of pathogens. This paradigm shift has led to important
breakthroughs, but also lead to the emergence of new important questions regarding the
behavior of pathogen-laden droplets and how the viability of pathogens is affected.

Effectively, the microbiological principles related to the viability of specific pathogens are
highly documented and the mechanisms that influence their state are thoroughly discussed.
Additionally, the fluid dynamics which govern the formation of droplets and the airborne
transport of particles are well known. Although the understanding of the subject is still in
its early stages, multiple fundamental phenomena that pertain to the behavior of airborne
droplets can be retrieved from other applications of fluid dynamics and multiphase flow.
Nevertheless, there is still a need for comprehensive research that integrates both microbiology
and fluid dynamics.

In effect, multiple aerosolization mechanisms are characterized with a fluid dynamics per-
spective, but there is a research need to improve our understanding of how pathogens are
entrapped inside the generated droplets and to quantitatively assess the effects of shear forces
on the viability of specific pathogens through these different mechanisms. Also, the effects
of environmental conditions on pathogens are complex and are still the object of thorough
investigations. However, the airborne transport of these pathogens must be considered to
accurately assess the infection risks. Turbulence in the airflow in relation to the viability
of pathogens must be further investigated as well. Finally, the deposition and resuspen-
sion of droplets have been highlighted as significant infection risks during the COVID-19
pandemic [2]. Nonetheless, the fluid dynamics principles of resuspension are not fully under-
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stood. As much as this review has highlighted the significance of combining health-related
research with fluid dynamics concepts, it has also shown that it is still in an embryonic state
and that much is left to do. The combination of both fields will lead to the newly acquired
knowledge of infectious risks and the possibility of mitigation as it relates to the viability of
pathogens.

This exciting prospective command new opportunities for the development of analytical, ex-
perimental and numerical tools to unfold the mysteries related to the viability of pathogens
transported via the airborne route, at the intersection of fluid and health. As this techno-
logical contingency progresses, authors have indicated that it is crucial to implement well-
established fluid dynamics methodologies given their demonstrated effectiveness in reducing
errors in domains such as aeronautics and astronautics, where lives are also at stake [3].

This call for scientific improvement is analog to the survival of microorganisms responsible
for infectious diseases. In the context of airborne transmission and risk mitigation, it must
be taken into consideration that pathogens adapt and develop immunities against the harsh
environmental conditions they are subjected to. In the evolutionary process of pathogens,
only the ones that can remain viable through the airborne transmission process replicate.
Therefore, just as bacteria become immune to antibiotics, over time, pathogens might be
building immunity to the airborne transmission process, which means that we are engaged
in a race to adopt effective risk mitigation strategies.

Investigations on the viability of pathogens through airborne transmission are a reminder
that the infection of a new host is a necessary step in the lifecycle of pathogens. Through
complex phenomena involving fluid dynamics, microbiology and immunology, the transmis-
sion of infectious diseases via the airborne route is merely another successful example of
evolutionary adaptation where the behavior of pathogens is dictated by their genetic code
adjusted for survival. The study of the viability of such pathogens is essential to the mitiga-
tion of the risks for humans in an aspiration to eventually thrive in a world rid of infectious
diseases.
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Fluid instabilities

Kelvin–Helmholtz instability

The Kelvin–Helmholtz instability (after Lord Kelvin and Hermann von Helmholtz) is a fluid
instability that occurs when there is velocity shear in a single continuous fluid or a velocity
difference across the interface between two fluids [384].

If the density and velocity vary continuously in space, the dynamics of the Kelvin-Helmholtz
instability is described by the following equation :

∂

∂t
(ρ1u1 + ρ2u2) + ∇ · (ρ1u1u1 + ρ2u2u2 + pI) = f (A.2)

where ρ1 and ρ2 are the densities of the two fluids, u1 and u2 are the velocities of the two
fluids, p is the pressure, I is the identity matrix, and f is an external force.

Rayleigh–Taylor instability

The Rayleigh–Taylor instability (after Lord Rayleigh and G. I. Taylor), is an instability of
an interface between two fluids of different densities which occurs when the lighter fluid is
pushing the heavier fluid [385].

Assuming that the fluids are incompressible and that there is no viscosity, the dynamics of
the Rayleigh-Taylor instabilities is described by the following equation :

∂2ξ

∂t2
= g

ρ2 − ρ1

ρ1 + ρ2
ξ + 1

ρ1
∇ · (ρ1h∇ξ) , (A.3)

where ξ is the displacement of the interface between the two fluids, g is the acceleration due
to gravity, ρ1 and ρ2 are the densities of the two fluids, and h is the height of the interface.
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APPENDIX B SUPPLEMENTARY MATERIAL OF ARTICLE 1

Settings for the PDA

The settings (Table 1), were selected to ensure that the maximum number of particles were
measured by the PDA, without saturating the detectors. Lasers were set to the maximum
power of 300 mW and the gain was set to 20 dB for both detectors. The sensitivity of the
detectors, which is adjusted with voltage, was the driving factor in the number of particles
measured. The detector voltage was set to 1300 V when using DEHS aerosols and to 900 V
when using the larger water-based aerosols. When salt was added and the particles dried to
their nuclei, the sensitivity was set to 1100V. Repetitive measurements were taken every 60
seconds for 5 minutes and averaged in a single size distribution profile.

Table B.1 Settings used on the PDA system

Receiver focal length 300 mm
Scattering angle 30 deg
Aperture mask Mask A for DEHS and Mask B for water-based

Particle refractive index 1.454 for DEHS and 1.334 for water

Comparative table

The results demonstrate the challenges and opportunities of combining aerosol size distri-
butions obtained from different instruments. In the context of airborne transmission, the
critical, potentially dangerous, size range for transmission can be characterized by combining
multiple instruments. Table B.2 compares multiple characteristics of the size distribution
measurement instruments as well as their advantages and limitations.
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Table B.2 Comparison of measurement size range, measurement time, sampling volume rate,
evaporation coefficients, advantages and limitations of the size distribution measurement
instruments

Size range
(mu m)

Measurement
time (s)

Sampling volume
rate (L/min) Advantages Limitations

PDA 0.5 - 8000 300 N/A

- No sampling line
- Large measurement range
- Punctual measurement
- High resolution

- Calculated number concentrations
- Loss of precision under 0.5 mu m

OAS 0.25 - 32 6 1.2 - Portable
- High measurement frequency

- Losses in sampling line
- Limited precision in submicron range

SMPS 0.022 - 0.671 76 1.2 - Gold standard in submicron range
- High measurement frequency - Limited size range

Cascade
impactor 0.16 - 10 1800 10 - Portable

- Allows for microbial analysis

- Mass-based measurement
- Losses in sampling line
- Limited resolution
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APPENDIX C SUPPLEMENTARY MATERIAL OF ARTICLE 2

Cooling towers

Types of cooling towers

One of the most common types is counterflow cooling towers, where the air enters the bottom
of the cooling towers and flows vertically upwards counter to the flow of falling water, while
pressurized nozzles spray water downwards. Alternatively for crossflow cooling towers, water
flows downwards vertically, while the air flows horizontally across the falling water. Finally,
forced-draft cooling towers use a blower type fan placed at the air intake, instead of a fan
at the air outlet, to force air into the cooling tower which creates high entering and low
exiting air velocities [39]. As the different type of cooling towers work on different principles,
the aerosol generation can differ. The type of cooling tower and drift eliminator for each
sampling site were thus recorded (Table C.1).

Capacity

Cooling tower capacity refers to the amount of heat a cooling tower can remove from a system,
typically measured in tons of refrigeration (Tons) or megawatts (MW). It is determined by
the rate at which the tower cools water, often calculated using the mass flow rate of the
water, the specific heat capacity of water, and the temperature difference between the inlet
and outlet water. Mathematically, the cooling tower capacity, Q, can be expressed as:

Q = ṁ · cp · ∆T

where ṁ is the mass flow rate of water (kg/s), cp is the specific heat capacity of water
(kJ/kg°C), and ∆T is the temperature difference between the water entering and exiting
the cooling tower (°C). This equation provides the heat removal rate in kilowatts, which can
then be converted to tons of refrigeration or other units as needed. The capacities of the
investigated cooling towers are shown in Table C.2.

Monitoring sampling cooling towers

The behavior of the three cooling towers monitored weekly was also influenced by their
specific characteristics. Cooling tower S1 is a counterflow model fitted with a blade type
drift eliminator. The outlet diameter is 4.24 m. The tower was functioning at a normal rate,
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pumping water at 137 L/s with the 30 HP fan turned on. Cooling tower S5 is a crossflow
model fitted with cellular type drift eliminators. The outlet diameter is 2.57 m and the fan
is 15 HP at full capacity. The tower and the fan were operating at 100% capacity during
measurement. Cooling tower S11-L is a counterflow model significantly smaller than cooling
tower S1, and fitted with a cellular-type drift eliminator. The outlet diameter is 2.73 m. The
tower was usually operating at full capacity, with the 20 HP fan at full speed, unless the
outside temperature was below 18 ◦C in which case the pump and the fan were at 80%.

Table C.1 Types of cooling towers and drift eliminators sampled during the sampling cam-
paign

Drift eliminator
Cooling tower Crossflow Counterflow Induced draft

Cellular type S11P, S21, S22_1, S2 S1, S6A
Blade type S5, S22_2 S11, S16, S20, S12, S24 S6B, S23

Table C.2 Capacity ranges of the cooling towers sampled during the campaign. The range
refers to specific cooling towers rather than the whole system (often composed of more than
one cooling tower).

Capacity range Cooling towers
(Lw/s)

50 Tons (Small-size) S6A, S6B, S12
500 Tons (Medium-size) S1, S2, S5, S11, S11P, S20, S21, S22_1, S22_2, S24
5000 Tons (Large-size) S16, S23



251

Table C.3 L.spp., L.p., and L.p. SG1 qPCR results of the concentration in water inside the
basin for each cooling tower during the blitz. ND refers to non-detected.

S1 S2 S5 S6A S6B S11 S11P S12
L.spp.

(UG/L) 4.46 × 103 9.54 × 103 2.47 × 103 ND ND ND 3.52 × 102 ND

L.p.
(UG/L) 6.00 × 102 ND ND ND 5.13 × 105 ND 4.46 × 103 2.27 × 103

L.p. SG1
(UG/L) ND ND ND ND 5.93 × 105 ND 2.42 × 103 1.56 × 103

S16 S20 S21 S22_1 S22_2 S23 S24
L.spp.

(UG/L) 2.79 × 104 ND 2.90 × 104 ND 5.69 × 102 5.13 × 105 2.27 × 103

L.p.
(UG/L) 6.10 × 102 5.70 × 102 ND 1.04 × 104 ND 2.79 × 104 2.79 × 104

L.p. SG1
(UG/L) 5.90 × 102 5.50 × 102 ND 6.00 × 102 ND 2.69 × 104 2.69 × 104
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Sampling calendar

Table C.4 Calendar of the longitudinal monitoring sampling campaign with information on
temperature, relative humidity, and cooling tower operating rate.

Date 26/05/2022 31/05/2022 02/06/2022 07/06/2022 09/06/2022
Site S11 S11 S11 S1 S11
Temperature 15 14 14 17 14
Humidity rate 82% 79% 79% 84% 91%
Operating rate 80% 80% 100% 66% 80%
Rain

Date 14/06/2022 16/06/2022 05/07/2022 07/07/2022
Site S11 S1 - S5 S11 S1 - S5
Temperature 19 21 20 17
Humidity rate 73% 76% 69% 65%
Operating rate 100% 44% - 100% 100% 66% - 100%
Rain

Table C.5

Date 12/07/2022 14/07/2022 02/08/2022 04/08/2022 09/08/2022
Site S11 S1 - S5 S11 S1 - S5 S1 - S5
Temperature 20 20 22 23 15
Humidity rate 93% 74% 88% 85% 92%
Operating rate 100% 100% - 100% 100% 100% - 100% 15% - 100%
Rain X X X X

Date 11/08/2022 16/08/2022 18/08/2022
Site S11 S11 S1 - S5
Temperature 19 19 19
Humidity rate 82% 72% 78%
Operating rate 100% 100% 70% - 100%
Rain
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Table C.6 Calendar of the sampling blitz with information on temperature, relative humidity,
and cooling tower operating rate.

Date 29/08/2022 30/08/2022 31/08/2022 01/09/2022
Site S11P - S11 S6 S20, S21 S1, S5
Temperature 22 24 19 14
Humidity rate 85% 83% 85% 74%
Operating rate 100%-100% 15% - 100%
Rain

Date 06/09/2022 07/09/2022 08/09/2022 09/09/2022 13/09/2022
Site S16 S22 S2, S12 S23 S24
Temperature 14 16 17 18 21
Humidity rate 83% 91% 89% 90% 83%
Operating rate
Rain
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QMRA Analysis

The QMRA methodology was adapted from Hamilton et. al [81, 108]. It assumes that Le-
gionella pneumophila exposure risks are based on : the emission of potentially contaminated
bioaerosols from a cooling tower, the atmospheric dispersion of the generated particles, the
inhalation and deposition of the particles depending on their size, and finally the pathogenic
dose-response specific to each individual. Table C.7 describes the parameters used for the
obtained results.

The emission rate is dependant upon the propensity of the bacteria to be transferred from the
bulk water in the basin of the cooling tower, to the aerosol being discharged in the environ-
ment. The fractions of Legionella pneumophila transferred in aerosol particles of size 1-10 µm
(partitioning) used for the different investigated scenarios was measured. Spatial parameters
specific to the cooling tower configuration, such as the critical height of the system pertain-
ing to the height difference between the outlet of the cooling tower and the mouth of the
inhaling subject, at 10m on average, and the critical distance from the source of the aerosol,
which represents the maximal concentration downwind from the source (approximately 110
m), were chosen to be representative of the investigated cooling tower configurations. The
mouth of the subject was assumed to be at a heigh of 1.5 m. The parameters for the at-
mospheric dispersion model represented standard north american conditions with an average
wind speed of 4.5 m/s based on results obtained at 66 meteorological stations in Quebec [386].
Total absorption of the droplets deposited on the ground was also assumed for the dispersion
model.
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Table C.7 QMRA parameters for the proposed model and the Hamilton model

Proposed model Hamilton model (2018)
Flowrate of air inhaled (m3/min) 0.015 0.015
Exposition time per day (min) 60 60
Number of days of exposition 365 365
Emission model
Bacteria concentration in water (#/L) Cooling tower dependant Cooling tower dependant
Ratio of accuracy for the detection method R 0.7 0.7
Water flow rate Qw (L/s) Not applicable 1000
Drift eliminator capture efficiency E Not applicable 0.00003
Mass fraction of droplets size 1-10 q µm Not applicable 0.17
Atmospheric dispersion model
Wind speed (m/s) 4.5 4.5
Ry 0.233 0.233
ry 0.855 0.855
sigma_y (m) 7.94 7.94
Rz 0.076 0.076
rz 0.879 0.879
sigma_z (m) 4.268 4.268
x (m) 110 110
y (m) 0 0
z (m) 1.5 1.5
H_e (m) 10 10
alpha -1 -1
Inhalation model : Partitioning
1 µm Cooling tower dependant 0.175
2 µm Cooling tower dependant 0.1639
3 µm Cooling tower dependant 0.1556
4 µm Cooling tower dependant 0.0667
5 µm Cooling tower dependant 0.0389
6 µm Cooling tower dependant 0.025
7 µm Cooling tower dependant 0.0278
8 µm Cooling tower dependant 0.05
9 µm Cooling tower dependant 0.0528
10 µm Cooling tower dependant 0.0389
Inhalation model : Deposition
1 µm 0.25 0.25
2 µm 0.53 0.53
3 µm 0.62 0.62
4 µm 0.61 0.61
5 µm 0.52 0.52
6 µm 0.40 0.40
7 µm 0.29 0.29
8 µm 0.19 0.19
9 µm 0.12 0.12
10 µm 0.06 0.06
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QMRA Results

(a) (b)

Figure C.1 a) Daily QMRA results (DALY) comparing the proposed method with the Hamil-
ton method for the blitz-sampled CTs, sorted by the difference between methods. The pro-
posed method’s DALY, using individual droplet size distributions, is compared to results
using the average distribution. b) Daily QMRA results of the monitored cooling towers S1,
S5 and S11 obtained using the Hamilton method for the emission model. The daily risks are
presented and are compared to daily targets for the annual probability of infection and the
DALY.
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APPENDIX D SUPPLEMENTARY MATERIAL OF ARTICLE 3

Settings for the PDA

The settings (Table D.1), were selected to ensure that the maximum number of particles were
measured by the PDA, without saturating the detectors. Lasers were set to the maximum
power of 300 mW, the gain was set to 20 dB for both detectors and the current saturation
limit was set to 2000 µA. The sensitivity of the detectors, which is adjusted with voltage,
was the driving factor in the number of particles measured. The detector sensitivity voltage
was set to 600 V at the beginning of the scan, but was gradually increased up to 1200 V to
allow for a better detection when the droplets were evaporating.

Effect of surface tension on the Balachandar et. al model

The Balachandar et al. model indirectly accounted for the effect of surface tension on the
evaporation process. It is given by the following equation :

−dm

dt
= πdDρpNu ln(1 +Bm) (D.1)

The variables in the equation are defined as follows: m (kg) is the mass of a droplet with
diameter d (m), D (m2/s) is the diffusion coefficient of the vapor in the surrounding air,
and ρp (kg/m3) is the density of puff air. The dimensionless Spalding mass number Bm (-)
is given by Bm = Yd−Yp

1−Ys
, where Yd (-) is the mass fraction of water vapor at the droplet

surface, and Yp (-) is the mass fraction of water vapor in the surrounding puff. Nu (-) is the
dimensionless Nusselt number. The Nusselt number is calculated from the Reynolds number,
Re, and the Prandtl number, Pr, according to the following equations:

Nu = 2 + 0.4Re1/2Pr1/3 (D.2)

Table D.1 Settings used on the PDA system

Receiver focal length 300 mm
Scattering angle 30 deg
Aperture mask Mask C

Particle refractive index 1.334 for all solutions
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Re = dsρpv

µ
(D.3)

Pr = µ

ρpD
(D.4)

Assuming that Nu and Bm remain nearly constant for small droplets, equation 2 can be
integrated to derive the following relationship for the evolution of the droplet, defined as the
squared law of evaporation [158]:

d(t) =
√
d2

e − k′t (D.5)

Where
k′ = 4DNu ln(1 +Bm) (D.6)

In these equations, de (m) is the initial diameter of the droplet, and k′ represents an effective
evaporative diffusivity with units of m2/s.

The only variable that is expected to change with the presence of surfactants is the Spalding
numberBm. Indeed, the concentration of water molecules at the droplet-air interface Yd which
are available for diffusion is reduced by the presence of surfactants, which in turn reduces
the evaporation rate of the droplet [282]. The reduction in Yd is directly proportional to the
surface density of the surfactant, allowing to quantify this reduction in surface tension [176].
Y ′

d (-), the mass fraction of water vapor at the droplet surface in the presence of surfactants,
can be expressed as a function of the surface of the droplet Sd (m2), the number of surfactant
molecules nsurf and the surface density of surfactants Γ (molecules/m2) [280]:

Y ′
d = Yd ∗ (1 − nsurf

SdΓ ) (D.7)

The surface of a 60 µm droplet is Sd = 1.13×10−8 (m2). The number of surfactant molecules
nsurf = 4.91×105, and the surface density of surfactants Γ = 1.5×1012 (molecules/m2) [280].
Thus, for a droplet of 60 µm in diameter with 0.05% m/m of surfactants, the mass fraction
of water vapor at the droplet surface is reduced by 20%. This reduction in Yd will reduce the
Spalding number Bm and the evaporation rate of the droplet from 0.0104 in PBS droplets to
approximately 0.0100 with 0.05% m/m of surfactants.



259

Ratio of the droplet surface occupied by microbeads

Since the microbeads behave like bacteria, they can be assumed to be dispersed pseudo-
randomly in the bulk solution [239]. Thus, contrary to surfactants where most of the con-
centration was eventually located at the droplet-air interface during the evaporation process,
the number of microbeads located at the air-droplet interface at any point during the evapo-
ration process and thus impede the evaporation process is stochastic. By comparing the size
and concentration of the microbeads Cmicro (microbeads/m3) to the surface of the droplet Sd

(m2), knowing the volume of the droplets Vd (m3) and the projected surface of the microbeads
Sproj (m2/microbead), the average ratio of the surface occupied by the microbeads rS (-) can
be calculated with the following equation:

rS = CmicroVdSproj

Sd

(D.8)

Where
Sproj = πr2

micro (D.9)
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APPENDIX E SUPPLEMENTARY MATERIAL OF ARTICLE 5

Sliding window algorithm

The sliding window approach is a standard algorithm used in time series analysis and other
sequential data processing tasks. It involves moving a fixed-size window across the data, one
step at a time, and performing calculations or extracting features within each window.

For example, let’s compare the average for two datasets of 5 values each:

• Dataset A: [3, 5, 2, 8, 7]

• Dataset B: [4, 6, 1, 9, 5]

If we use a sliding window of size 3, we calculate the average of the first 3 values for both
datasets:

• For Dataset A: (3 + 5 + 2)/3 = 3.33

• For Dataset B: (4 + 6 + 1)/3 = 3.67

Next, we slide the window one step forward and calculate the average for the next 3 values:

• For Dataset A: (5 + 2 + 8)/3 = 5.00

• For Dataset B: (6 + 1 + 9)/3 = 5.33

We continue this process until we reach the end of the datasets. This method allows us to
compare the datasets in a step-by-step manner and observe how the local patterns or trends
evolve over time. In the article, we used the sliding window algorithm to compare all the
possible time series combinations for the two configurations (Vortisand ON and OFF).

Random Forest machine learning model

The random forest regressor model, a versatile machine learning technique, is a powerful
tool for regression tasks. Comprising an ensemble of decision trees, it leverages the wisdom
of crowds, in which the collective judgment or decision-making of a group of individuals
is often more accurate and insightful than the judgment of any single member within the
group, to enhance predictive accuracy [336]. A random forest is essentially an ensemble
of decision trees, where each internal node corresponds to a decision based on a feature,
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each branch represents the outcome of that decision, and each leaf node denotes the final
prediction. Each decision tree in the forest independently processes a subset of the training
data, and their outputs are aggregated to produce a robust and generalizable prediction.
This ensemble approach mitigates overfitting and improves model performance, making it
particularly effective for complex datasets. Implementation of the random forest regressor is
favored for its ability to handle non-linear relationships and capture intricate patterns in the
data [334].
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Convergence analysis

Figure E.1 Convergence analysis for the margin, range and inertia parameters respectively,
displaying the number of time series according to the value of each parameter individually.
The circled datapoints represent the selected value for each of the parameters.
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Figure E.2 Coefficient of performance according to the margin parameter. range and inertia
parameters were set at 6h. Outliers were cleaned up from the dataset.
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Effect of the wet-bulb temperature on the coefficient of performance

The high-resolution dataset collected in this study can provide critical information on the
effect of environmental conditions on the performance of the system. As the peaks of the
coefficient of performance when the filter was not operating indicated that the system was
sometimes more efficient energetically without the filter, it was therefore essential to investi-
gate on the sepcific conditions that caused this behavior.

An increase in the ambient wet-bulb temperature does not affect the electric consumed energy
(Ėco) directly. Rather, it decreases the potential for evaporation cooling and as such, the
energy that can be exchanged within the system (Ėex). The effect of the wet-bulb temperature
on the coefficient of performance can therefore be assumed to be equivalent to its effect on the
evaporation cooling inside the system and thus, on the evaporation rate. The equations of
Maxwell for evaporation link the wet-bulb temperature to the evaporation rate [162]. These
equations consider the simplified case of quasistationary evaporation of a spherical droplet,
but can also be applied to the investigated system in terms of the effects of the environmental
conditions [387]. In the case of cooling towers, the evaporation rate I (kg/s) is dependent
upon the characteristic length of the gas-liquid interface L (m), the mass diffusivity D (m2/s),
the concentration of vapor at the gas-liquid interface c0 and in the ambient air, at a significant
distance from the cooling tower c∞ (kg/m3):

I = LD (c0 − c∞) (E.1)

The higher the evaporation rate, the higher the potential for evaporative cooling and the
higher the energy exchanged within the system. An increase in wet-bulb temperature can af-
fect two parameters associated with the evaporation rate: The mass diffusivity D, influenced
mostly by the atmospheric temperature, and the concentration of vapor of the ambient air
c∞ linked to both atmospheric temperature and relative humidity. The mass diffusivity at
the gas-liquid interface D (m2/s) is dependent upon the temperature of the process water T0

and of the air T∞ (K), as well as the mass diffusivity of the environment D∞ and a correlation
factor µ based on the two fluids interacting, equal to 2 in the case of air and water [154]:

D = D∞

(
T0

T∞

)µ

(E.2)

Thus, the larger the change in the atmospheric temperature, the larger the effect on the
mass diffusivity at the gas-liquid interface. However, the temperature difference between
the inside and the outside of cooling towers, called approach temperature, typically ranges
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between 3 and 10 ◦C for the type of cooling tower system investigated [388]. For instance,
the higher range of 10◦C would only make a 6% difference in the diffusivity between air
and water, considering typical cooling season conditions. Conversely, the same wet-bulb
temperature difference could yield up to a 70% increase in the water vapor concentration of
the atmosphere according to the Clausius-Clapeyron equation, which links vapor pressure
and atmospheric temperature [389, 390]. This emphasizes the dominant role of ambient
vapor concentration over mass diffusivity in modulating evaporation rates. In the context of
evaporative cooling, the effect of the wet-bulb temperature on the diffusion coefficient is small
enough to be neglected. As such, when the wet-bulb temperature increases, the concentration
of vapor in the environment increases, which linearly decreases the evaporation rate and thus,
the coefficient of performance. The negative linear relationship between the coefficient of
performance and the wet-bulb temperature was therefore due to the increased concentration
of water vapor in the environment associated with increased wet-bulb temperature.

According to the literature, the investigated filter can induce a significant difference on the
concentration of suspended solids in the cooling tower process water, as well as in the presence
of biofilm [122, 123]. For analogous environmental conditions, more impurities in the water
imply fewer water molecules per unit volume [154]. Thus, the concentration of vapor at
the gas-liquid interface c0 is likely to decrease [389, 391]. Furthermore, with the presence of
sufficient biofilm throughout the system, the mass diffusivity D would likely decrease by 50
to 80% [392]. Therefore, the combinatory effect of these factors might explain the steeper
slope of the coefficient of performance with increasing wet-bulb temperature when the filter
was not operating.
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