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“The highest activity a human being can attain is learning for understanding, because to

understand is to be free.”

Baruch Spinoza
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Abstract
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Doctor of Philosophy

Numerical simulations of particle turbulent dispersion and deposition with

implications for the spreading of airborne diseases

by AKIM LAVRINENKO

This thesis embarks on a numerical examination of particle transport within tur-
bulent flows, using both a particle-laden jet flow generated by a violent expiratory
event (mild sneeze or cough) and a cubical cavity with differentially heated walls
driving a large-scale recirculating turbulent flow with particles as case studies.

Study shows that violent expiratory event can be divided into two distinct stages.
The initial stage, commencing immediately after exhalation and lasting approxi-
mately 2 s, is characterized by turbulent particle dispersion primarily driven by the
jet/puff flow resulting from the rapid exhalation. Following this initial 2 s period,
a second stage emerges as a substantial portion of the turbulent kinetic energy dis-
sipates due to viscosity. In this subsequent stage, the primary factors influencing
particle dispersion shift to ambient air currents influenced by natural and artificial
factors, such as room temperature gradients, or forced convection mechanisms like
heating and ventilation. The research begins with an exploration of the ability of
different numerical methodologies in predicting the behavior of particle-laden jet
flows. Specifically Direct Numerical Simulation and Unsteady Reynolds Averaged
Navier-Stokes equations with a k — € turbulence model by comparing both method-
ologies in the context of particle cloud dispersion during the first stage of a mild
cough or sneeze. This comparison demonstrated that the Unsteady Reynolds Av-
eraged Navier-Stokes model is capable of simulating the dynamics of the cough-
induced flow capturing key topological features of the resulting thermal jet/pulff.

The role of particle size was underscored, with the observation that particles smaller
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than 64 pm ascend due to the drag force exerted by the warm buoyant puff created
by the cough, while the particles with a diameter of 64 ym and larger tend to follow
parabolic paths due to dominant gravitational forces. Nonetheless, when compared
to fully resolved simulation results, the vertical dispersion of the thermal and par-
ticle cloud were found to be underestimated in the Unsteady Reynolds Averaged
Navier-Stokes solution.

Following the initial investigations of turbulent particle dispersion in case of
respiratory events, the research delves into the outcomes of the "2022 International
Computational Fluid Dynamics Challenge on Violent Expiratory Events" organized
by the Department of Mechanical Engineering of Universitat Rovira i Virgili and the
Department of Engineering and Architecture of the university of Udine (Italy). The
goal was to assess the effectiveness of various computational codes, turbulence mod-
els and computational grid resolution in accurately modeling particle short-term
dispersion on a larger scale. The results demonstrated that the most of the mod-
els in current study can provide reasonable estimates of the shape and dynamics of
the buoyant thermal cloud. Nonetheless, a consistent underestimation of vertical
turbulent mixing was noted, especially in the Unsteady Reynolds Averaged Navier-
Stokes-based models. Furthermore, when juxtaposed with Direct Numerical Sim-
ulation results, both Unsteady Reynolds Averaged Navier-Stokes and Large-Eddy
Simulation approaches were found to overstate the horizontal dispersion of smaller
particle clouds. These findings emphasize the need for more precise modeling tech-
niques in turbulent jet aerosol dispersion, supporting the conclusions from earlier
stage of the study.

One more crucial topic of this study is the exploration of aerosol transport in
buoyancy-driven turbulent flows within enclosed spaces. Research continues with
the investigation of the second stage of a violent expiratory event which resem-
bles long-term long-range particle cloud dispersion. Research results provides in-
sight into how turbulent intensity and increased advection velocities within the wall
boundary layers impact aerosol dispersion rates. It suggests that a spherical cloud of

particles ranging in diameter from 0.1 to 2.5 um can be homogeneously distributed
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within a ~3 m side room in ~500 s after release in considered conditions. The par-
ticle dispersion is driven by the large-scale recirculation flow produced by a tem-
perature difference in the walls of the cavity with a Rayleigh number of 3.6 x 10°.
The comparison of the fully resolved simulations with analytical models show the
limitation of these models in accurately predicting mixing time of particle clouds.

The work further investigates the turbulent dispersion and deposition of air-
borne solid particles in a cubical cavity with two pairs of differentially heated op-
posed walls. Numerical setups mimics the experimental conditions of measure-
ments reported in the literature, which allows to make direct comparison of numeri-
cal and experimental results. The study is focused on the determination of the effects
of particle size, solid-gas density ratio, and the hydrodynamics within the thermal
and momentum boundary layers near solid surfaces. On top of that the study closed
the gap in the literature and extends the wall-averaged Nusselt number correlations
up to a Rayleigh number of 3.6 x 10° and presents deposition rates in line with both
experimental data and analytical boundary layer solutions.

In summary, this doctoral work covers several aspects of particle dispersion and
deposition dynamics in varied airflow conditions, utilizing numerical simulations
and comparing results with existing experimental results and theoretical models.
The insights derived can have far-reaching implications for developing more accu-
rate models of short and long-term aerosol particle transport, safety guidelines that
help to mitigate virus-laden aerosol infestation as well as surface soiling and turbu-

lence modeling in natural convective multiphase flows.
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Chapter 1

Introduction

Within Fluid Mechanics field, flows are typically categorized into two types: lami-
nar and turbulent. Laminar flow is characterized by smooth, orderly motion, while
turbulent flow is distinguished by its chaotic and irregular changes in pressure and
flow velocity.

Turbulent flows are ubiquitous in nature and engineering systems. They span
from smaller scales such as arterial blood flow or the movement of exhaled air, to
larger scale occurrences including weather patterns and stellar nebulae formations.
They are essential in applications related to aerospace, naval, and automotive tech-
nologies, as well as in energy production, the transport of oil and gas, water distribu-
tion, civil engineering and public health. Turbulence complexity is rooted in the high
non-linearity that governs its dynamics. Ability to predict turbulent flows hold key
to advancements across multiple fields. We can enhance technologies, improve sys-
tem efficiencies, and enrich our understanding of our surroundings. Famous Nobel
laureate physicist Richard Feynman claimed that turbulence is the most important
unsolved problem of classical Physics.

The introduction of particles adds another layer of complexity, resulting in particle-
laden turbulent flow. Particles are tiny solid or liquid droplets suspended in the
fluid. They can interact with the turbulence, altering the flow structure. Tracking
particles in turbulent flows enables the visualization and quantification of turbulent
formations, shedding light on its fundamental nature. This understanding plays a
crucial role in multiple applications, such as mitigating airborne diseases, prevent-
ing the soiling of valuable surfaces, and addressing environmental pollution, and

many others.
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1.1 Background and Literature Review

In this section, a brief and general overview of the literature related to the topic of
this thesis is provided. A detailed description and relevant list of references can be
found in the introduction sections of each chapter of the document (2, 3, 4, and 5 )
which corresponds to journal papers that constitute main body of the thesis.

The advent of modern Fluid Dynamics can be traced back to early 19-th cen-
tury when pioneers like Claude-Louis Navier and Sir George Gabriel Stokes laid
the foundations for the study of viscous fluid flow. Navier launched the discipline
in 1822, and Stokes significantly expanded upon it in 1845. Their collective contri-
butions culminated in the well-renowned system of Navier-Stokes equations which
describes viscous fluid flow [1, 2].

Both Navier and Stokes played critical roles in advancing our understanding
of fluid behavior, and their contributions continue to be foundational in the field.
The Navier-Stokes equations remain a central element of research in fluid mechanics
and are widely used to model fluid flow in a variety of scientific and engineering
applications.

The same year Stokes introduced Stokes Law, which describes the drag force ex-
perienced by small spherical particles moving through a viscous fluid [3]. In the late
19-th century Reynolds published results of his experimental work on fluid flows.
His seminal research led to the inception of the Reynolds number, serving as a crit-
ical predictive tool in flow behavior studies [4]. Building upon this foundational
understanding, early explorations into the gravity-induced motion of a sphere in a
stationary fluid were undertaken by Basset [5]. This work was later augmented by
contributions from Boussinesq and Oseen [6, 7]. Their collective hypothesis pos-
tulated that the disturbance generated by the sphere’s movement, when Reynolds
numbers are sufficiently low, allowed the fluid force on the sphere to be calculated
using the results derived from unsteady flow with very low Reynolds number, also
known as Stokes flow. Later, Taylor formulated the dispersion theory, which ex-
plains how turbulent flows can increase the effective diffusivity of a species, thereby

enhancing its dispersion [8]. Wells research in 1934 led to the development of the
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Wells curve [9], which predicts the behavior of small droplets after a violent expi-
ratory event. Coughing or sneezing triggers the production of a large number of
respiratory droplets, originating from saliva or respiratory mucus, which vary in
size, typically ranging from 1 um to 2 mm. Subsequently, in the mid-20th century,
Kolmogorov revolutionized our understanding of turbulent flow dynamics by in-
troducing the energy cascade concept and formulating the energy spectrum [10].
Expanding upon this basis, Tchen [11] extended the investigation of particle-laden
flow to a more intricate setting. Initially, he expanded the study to a sphere settling
under gravity within a fluid exhibiting unsteady yet uniform flow. He delved fur-
ther into a more challenging scenarios involving an unsteady and non-uniform flow,
aiming to provide insights applicable to turbulent flows. Around the same time,
Obukhov further enriched our comprehension of turbulent dispersion with contri-
butions to the understanding of the energy cascade in turbulent flows. He worked
on elucidating the transfer of energy from large-scale eddies to smaller-scale eddies
in turbulent systems [12]. Meanwhile Batchelor further refined the theories of Kol-
mogorov, providing understanding of energy spectra, dissipation, and scaling laws
in homogeneous turbulence [13].

Then, Corrsin and Lumley [14] critically evaluated Tchen’s work [11], noting
some inconsistencies in his equation. Despite their critical remarks, the equation pro-
posed by Corrsin and Lumley also faced scrutiny for potentially oversimplifying the
influences in the undisturbed flow. Specifically, the equation emphasized the effects
of pressure gradients over those of viscous shear stress, when both factors might be
of comparable importance. This discrepancy was highlighted by Buevich [15]. He
revisited the original Basset-Boussinesg-Oseen equation using a change of reference
frame to a coordinate system moving with the particle, he derived a new equation
of motion. In a contrasting approach, Riley [16] applied a similar analytical method-
ology but came to a different conclusion, which seems to align more closely with
physical expectations. This concept becomes particularly evident when examining
a small sphere, where the size is notably smaller compared to the spatial variations
of the undisturbed flow [17]. Pursuing this line of investigation further, Maxey and
Riley advanced the development of a motion equation specifically tailored for small

particles navigating turbulent flows [17]. This ground-breaking model was designed
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to account for the intricate interplay of non-uniform fluid dynamics and the inher-
ent inertia of the particles. In doing so, their work enriched our understanding of
particle behaviour in complex systems and further bridged the gap between theory
and the physical reality of turbulent particle-laden flows. These cumulative efforts
have shaped the study of turbulent particle-laden flows, creating a robust theoretical
foundation.

Nazaroff and Cass [18] applied this knowledge and presented an indoor aerosol
model that integrates both aerosol size distribution and chemical composition, ac-
commodating for multiple aspects such as ventilation, filtration, deposition, indoor
emissions, and coagulation, while also enabling future investigations into gas-to-
particle conversion processes. The experimental study of indoor particle transport
of Xu et al. [19], who used a room-sized chamber for measurements, aims to pro-
vide an accurate understanding of aerosol particle deposition rates and their health
implications. Thatcher et al. [20] in their experimental study present an examination
of the behavior of airborne particles in indoor environments. The study empha-
sizes the distinctiveness of indoor settings, especially their larger surface-to-volume
ratio, which considerably influences the deposition rates. The authors explore the
role of natural convection, and how surface-to-air temperature gradients can induce
thermophoretic forces on particles, thereby altering deposition patterns. Results
show direct measurement of particle deposition rates under diverse conditions and
at multiple locations, offering comprehension for the refinement of surface deposi-
tion models and an enhanced understanding of the deposition processes in indoor
settings.

The foundation of this thesis is based on the authors mentioned above and recent
work of Fabregat and Pallares, who conducted Direct Numerical Simulation (DNS)
study on the natural convection flows in cubical cavity with two pairs of opposed
walls at different temperatures [21]. Firstly, they aimed to address a gap in the exist-
ing literature, specifically targeting the investigation of flow and heat transfer rates
for this configuration in the range of 10° < Ra < 5.4 x 108. They emphasized the
demand for ongoing research in this area.

Further deepening their exploration, they incorporated Exponential-Lagrangian

Tracking Schemes (ELTS) into their DNS to investigate the transport and deposition
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of airborne particles on solid surfaces, setting the Rayleigh number equal to 5.4 x
10® [22]. The methodology they employed successfully mirrored the experimental
conditions previously studied by Thatcher et al. [20], providing valuable data for
comparison and further analysis. Additionally, Pallares and Fabregat embarked on
the development of a boundary layer model with a specific aim of predicting the
deposition rates of airborne particles within a cubic room [23]. Their work provides
theoretical tool for predicting the behavior of particulate matter in enclosed spaces,
advancing the field of study:.

During the tumultuous course of the COVID-19 pandemic, it became increas-
ingly clear that one of the primary modes of transmission for the SARS-CoV-2 virus
is airborne. The DNS study of Fabregat et al. [24] provides insights into the short-
range transmission of airborne diseases, which is largely facilitated through airborne
droplets and aerosols produced when an infected person talks, coughs, or sneezes.
Understanding the dynamics of the flow induced by respiratory events is crucial
for predicting the dispersion and spread of virus-laden particles. In continuation
of this study [25] they highlights the crucial role of airborne particles in the short-
term transmission of COVID-19 and other infectious diseases. The dispersion dy-
namics of these particles are largely influenced by their size and evaporation rates.
The larger droplets are mostly dominated by gravity, while smaller aerosol particles,
primarily transported via hydrodynamic drag, can stay afloat for extended periods
of time. In environments with subsaturated air, the dispersion of these pathogen-
laden particles becomes complex due to the evaporation of the water content. Rapid
evaporation rates can result in a shift from buoyancy- to drag-dominated dispersion
regimes, significantly altering particle dynamics. To study the impact of particle size
and evaporation on the evolution of pathogen-laden clouds, the authors conducted
a DNS of the first stage of a mild cough, combined with an evaporative Lagrangian
particle advection model. The findings indicate that while evaporation effects are
unlikely to disrupt the dispersion of particles on the tails of the size distribution,
particles of specific sizes (30—40 pm) may exhibit increased residence time and hori-
zontal range under typical ambient conditions. Further to this Pallares and Fabregat
developed a model to predict short-term aerosol cloud dispersion, considering fac-

tors like intensity, duration, and density difference between carrier and dispersed
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phase [26].

1.2 A short description of the work

This dissertation presents an extensive examination of airborne particle transport
dynamics within turbulent flows, contributing new insights to our understanding of
this complex phenomenon. Doctoral research delves into two relevant study cases:
(i) particle propagation during a violent expiratory event, and (ii) turbulent natural
convection, dispersion, and deposition of airborne particles within enclosed spaces.
The research is divided into two interrelated components, each addressing one of
these areas. The conclusions drawn from the research have been compiled into four
academic papers, detailed within the introduction chapter in the 1.3 section, and
presented in the 2, 3, 4, and 5 chapters of this thesis.

The first area of focus is the short-term short-range dispersion of particles dur-
ing violent expiratory events. Previous studies of Fabregat et al. [24, 25] suggest a
two-stage dispersal process. Initially at the first stage, turbulent particle dispersion
is principally driven by the jet/puff flow instigated by the rapid exhalation. Simu-
lations approximate the particle cloud to take the shape of a sphere with a radius of
about 0.3 m by the end of this phase [27]. Approximately 2 s post-exhalation, the
second stage begins, marked by the dissipation of a substantial fraction of the turbu-
lent kinetic energy due to viscosity. Particle dispersion is then primarily influenced
by background ambient air currents, which can be affected by natural factors like
temperature gradients within the room or artificial forced convection mechanisms,
such as Heating, Ventilation, and Air Conditioning (HVAC) systems and others [28].
Thus, the long-term distribution and mixing properties of the particle clouds are
largely contingent upon large-scale ambient flows.

To investigate first stage of violent expiratory event, Unsteady Reynolds-Averaged
Navier-Stokes (URANS) simulations were conducted, and the results were com-
pared against the DNS. An URANS simulation was employed to replicate the flow
setup used by Fabregat et al. [24, 25], who numerically studied the first stage of
the idealized flow resulting from a mild cough. During the URANS simulations, an

extensive mesh independent study was performed, which raised several questions
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regarding the grid resolutions and turbulence model requirements. These questions
eventually led to the organization of an international CFD challenge aimed at ad-
dressing these issues titled the "2022 International Computational Fluid Dynamics
Challenge on violent expiratory events" organised by University of Rovira i Virgili
and University of Udine (Italy). This research initiative aimed to evaluate the ef-
fectiveness of different CFD codes, turbulence models and numerical grids in re-
producing the short-term flow and short-range dispersion associated with a first
stage of typical violent expiratory event. The challenge was divided into two parts,
each addressing a critical aspect of the problem. First, to evaluate and compare the
performance of different numerical methods and turbulence models in reproduc-
ing the predictions of DNS for an unsteady jet flow during an idealized exhalation
event. This involves assessing the ability of each combination of method and model
to accurately capture the rapid, but short-lived, injection of warm air into a previ-
ously still ambient environment (Stage I of the Challenge). Second, to investigate
the influence of particle size and evaporation on the dispersion of the aerosol cloud
generated during the exhalation event. This includes comparing the simulation re-
sults obtained from DNS with the results of the challenge participants. The aim is to
quantify the impact of these factors on the dispersion behavior of the particle clouds
(Stage II of the Challenge).

In the second part of the thesis we explored the long-term pathogen-laden par-
ticle cloud dispersion, when aerosol clouds are advected by large-scale buoyancy-
driven flows which are regular for indoor environments. Leveraging DNS coupled
with a Lagrangian Particle Tracking (LPT) scheme, the airflow and pathogen-laden
particles were modelled within a cubic room with side lengths of approximately 3
m, subjected to a temperature differential of 1.24 K applied to two pairs of oppos-
ing differentially heated walls. Analyzing particle trajectories, the spatial depen-
dence of particle cloud mixing time for a given particle size were investigated and
compared with established dispersion regimes using the particle relative dispersion
and variance of the particle concentration. Furthermore, the turbulent diffusion co-
efficient from the temporal evolution of the particle relative dispersion was calcu-

lated to quantify particle cloud spread and diffusion within the room. The results
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from our computationally expensive DNS approach were evaluated against predic-
tions from closed-form models, specifically a novel developed Gaussian model and
a semi-analytical model from the literature, to assess their predictive capabilities re-
garding mixing rates under idealized flow conditions.

In relation to the aforementioned topics, the final chapter of the thesis addresses
particle deposition. Thatcher et al. [20] conducted compelling experiments to in-
vestigate particle deposition rates on smooth surfaces, focusing on particles ranging
from 0.1 to 2.5 pm in size. Reproducing their experimental setup numerically, Fab-
regat and Pallares [21, 23, 22] conducted investigations using DNS coupled with a
LPT scheme to study the hydrodynamics and particle deposition at Rayleigh num-
ber 5.4 x 108, Extending the analysis performed by Fabregat and Pallares up to a
Rayleigh number of 3.6 x 10, the objective of this chapter is twofold: To assess the
validity of the wall-averaged Nusselt number correlation over a broader range of
Rayleigh numbers to close existing gap in the literature and to compare the numer-
ical results of the wall-average particle deposition rates with the experimental data
reported by Thatcher et al. [20] and the boundary layer solutions presented by Pal-
lares and Fabregat [23].

In chapter 6 of this dissertation conclusions are made, simulation data based
analysis provides valuable insights into the complex dynamics of particle transport
within turbulent flows, making contributions to the study of turbulent particle-laden
flows, particle dispersion, and deposition. The findings presented herein hold impli-
cations not only for researchers studying violent expiratory events but also serve as
a valuable guideline for modeling such events. Additionally, the results offer crucial
initial conditions for simulating of the second stage of violent expiratory event, while
the analysis of particle cloud dispersion in enclosed rooms can aid in validating par-
ticle cloud mixing time predictions. Furthermore, the deposition results hold practi-
cal importance for individuals involved in the development of cost-effective compu-
tational methods for predicting particle deposition phenomena and those who are
keen on simulating this phenomenon in advanced setups. Overall, this research ex-
pands our understanding of particle-laden flows and their applications, paving the
way for future advancements in related fields.

In the concluding section of this study, we discuss potential research topics that
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could deepen our comprehension of this intricate subject. Future research direc-
tions in this field should focus on enhancing our understanding and management
of aerosol dynamics during violent expiratory events. Key areas for investigation
include the incorporation of realistic anatomy, integration of body movements, and
exploration of complex environments. Additionally, investigating the Nusselt num-
ber versus Rayleigh Number correlation for enclosed turbulent flow driven by natu-
ral convection is essential for model refinement. By pursuing these avenues, we can
improve the accuracy and comprehensiveness of our models, leading to better pre-
dictions of particle dispersion and deposition. Ultimately, this research has signifi-
cant implications for public health and safety, enabling the development of effective
strategies for mitigating airborne diseases and advancing air filtration methodolo-

gies.

1.2.1 Methods and tools

The core of this research lies in the numerical solution of the Navier-Stokes equa-
tions. Several methodologies have been used in this process, including Direct Nu-
merical Simulation, Large-Eddy Simulation (LES), and Unsteady Reynolds Aver-
aged Navier-Stokes (URANS). The Computational Fluid Dynamics is essential for
understanding multiphase flows, comprising both carrier and dispersed phases.

DNS is a powerful numerical method for solving the Navier-Stokes equations
without the need for turbulence models. It resolves the entire range of spatial and
temporal scales of turbulence, resulting in highly realistic flow representations. How-
ever, due to its significant computational demands, DNS is most suitable for rela-
tively simple flows at moderate Reynolds numbers. While it provides exhaustive
and accurate results, its applicability is limited by its high computational cost.

LES is a hybrid approach that combines the benefits of DNS and turbulence mod-
eling. In LES, the large-scale turbulent structures are resolved, while the small-scale
structures are modeled. This allows for a more efficient simulation compared to
DNS, as only the most energetic eddies are explicitly resolved. LES strikes a balance
between accuracy and computational cost, making it suitable for a wide range of

turbulent flows.
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URANS is another commonly used approach for turbulent flow simulations which
today is widely used in engineering. It involves time-averaging the Navier-Stokes
equations to obtain a set of equations that can be solved for the time-averaged flow
quantities. URANS equations require turbulence models to close the equations, as
they introduce additional unknown terms representing turbulent stresses. These
turbulence models are based on empirical data and introduce additional level of
modeling uncertainty.

Each of these approaches has its strengths and limitations, and their choice de-
pends on the specific characteristics of the flow being simulated, desired results ac-
curacy and the available computational resources.

The research further ventures into the intricacies of multiphase flows, which sig-
nify the co-current movement of materials of two or more phases. The complexities
embedded in such flows make their characterization and quantification more de-
manding than those of single-phase flows. A widely employed approach for model-
ing multiphase flow is the Euler-Lagrange method, where the fluid phase is treated
as a continuum, resolved by the Navier-Stokes equations, while the dispersed phase
is represented by tracking numerous particles employing a Lagrangian Tracking
Scheme with one-way coupling.

This method centralizes on monitoring individual particles as they traverse the
fluid flow, offering a detailed view of the particles trajectories, velocities, and ac-
celerations. In the context of particle-laden flows, the one-way coupling approach
is a computational technique employed when the influence of particles on the fluid
is insignificant. However, the fluid’s impact on the particles is paramount. Essen-
tially, it presumes that the fluid flow fields, such as velocity and pressure, determine
the particle motion, but the presence of the particles does not modify the fluid flow
fields. An additional simplification in our case is that there is no interaction between
the particles themselves.

For the DNS our research used NEK5000 [29], an open-source spectral element
method (SEM) based solver for the incompressible Navier-Stokes equations. Devel-
oped by the Mathematics and Computer Science Division of Argonne National Lab-
oratory, NEK5000 is highly scalable and recognized for its algorithmic performance.

The basis functions in SEM are Nth-order tensor-product Lagrange polynomials,
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leading to a linear unsteady Stokes problem solved at each time step.

The computational power for these extensive fully-resolved calculations was
provided by the Marenostrum4 supercomputer, located at the Barcelona Supercom-
puting Center. Despite the considerable computational cost of DNS, the capabilities
of Marenostrum4 enabled comprehensive DNS, generating substantial data amounts.
URANS simulations were carried out using OpenFOAM [30], an open-source tool-
box offering various numerical solvers and pre-/post-processing utilities. Open-
FOAM includes solvers for mentioned flow conditions, including incompressible,
compressible, single and multiphase flows with heat transfer.

Lastly, post-processing of the simulation data obtained from NEK5000 and Open-
FOAM was conducted using Python in-house developed code. Data visualization
was achieved with Paraview and Visit [31, 32], both open-source software tools,
facilitating a comprehensive understanding of the fluid flow dynamics under this

study.

1.2.2 Objectives

The general aim of this thesis is to develop a advanced understanding of the trans-
port dynamics of particles within turbulent flows, with a specific focus on violent
expiratory events, and distribution of aerosols in enclosed environments with tem-
perature gradients. This involves improving our knowledge on turbulence mod-
eling, computational fluid dynamics, particle transport, as well as comparing and
validating various models and numerical results with experimental data. One of
the study’s ultimate goal is to provide valuable insights and recommendations for
improving the predictability of turbulent particle-laden transport modeling.

The overarching objectives of this thesis can be summarized as follows:

1. Investigation of turbulent particle transport modeling in violent expiratory
event: The primary aim is to discern the variances in the trajectories of thermal
puffs and particle clouds introduced by modeling the turbulent transport using a
k — e model. This objective focuses on addressing the challenges posed by URANS
due to the transient nature of the flow during a cough event and the rapid decay

of turbulence intensity once the exhalation ceases. This part of the study will strive



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL SIMULATIONS OF PARTICLE TURBULENT DISPERSION AND
DEPOSITION WITH IMPLICATIONS FOR THE SPREADING OF AIRBORNE DISEASES

Akim Lavrinenko

12 Chapter 1. Introduction

to shed light on the balance between computational requirements and accuracy in
predicting exhaled particle cloud dynamics.

2. Analysis of an international CFD challenge results of simulations of the
flow in violent expiratory events: This objective revolves around an international
CFD challenge to evaluate the proficiency of different modeling approaches in repro-
ducing the dynamics of a initial stage of prototypical violent expiratory event. This
challenge aims to bring together different methodologies and computational tools,
and hence, the goal is to analyze and compare the results submitted by the par-
ticipants who used different CFD codes, computational grids and turbulence mod-
els. Study provides foundation for efficient and accurate modelling of turbulent jet
particle-laden flows.

3. Advanced analysis of pathogen-laden particle cloud dispersion in enclosed
spaces: The third objective is to asses aerosol mixing capabilities, focusing on the
long-term particle transport (second stage of a violent expiratory event), particu-
larly when the dispersion particle clouds is advected by large-scale buoyancy-driven
flow. Using DNS coupled with LPT, the aim is to model airflow and pathogen-laden
particles within an enclosed environment. The study intends to examine the spatial
dependence of the mixing time for the particle clouds and quantify the dispersion
characteristics, providing valuable insights into the dispersion of aerosols in indoor
environment. This objective seeks to provide enriched understanding of turbulent
aerosol dispersion and also validate Gaussian models against results derived from
the DNS. A new Gaussian model, based on an instantaneous aerosol point source, is
used to compute particle concentrations within a cubical room experiencing large-
scale recirculating flow. This then is compared to mixing times calculated using
variance of the particle concentration from the DNS results, and against predictions
from a semi-analytical model proposed by Lau et al. [33].

4. Evaluation of Wall-Averaged Nusselt Number correlation and particle de-
position rates in cubical cavity: The final objective is to extend the analysis of pre-
vious studies of particle deposition on thermally active walls in in the cubical cavity
up to a Rayleigh number of 3.6 x 10?, with the aim of validating the wall-averaged
Nusselt number correlation and comparing the numerical results of wall-average

particle deposition rate with experimental and theoretical results. This part of the
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research will contribute significantly to our understanding of particle behavior and

deposition under varying conditions in enclosed room.

1.3 Overview of thesis

The doctoral thesis consists of four research papers that serve as core content of the
thesis. Each paper represents an independent investigation of turbulent airborne
particle transport phenomena. Each paper follows a structured format, beginning
with a comprehensive introduction featuring relevant references to establish con-
text and background for the research. The introduction sets the stage for the sub-
sequent components of the paper. Following the introduction, each paper presents
mathematical and physical model used in the study. This section delves into intri-
cate details concerning the computational domain, the physical model, and includes
equations and properties crucial to understand the research. Moving forward, the
papers provide a detailed account of the results, showcasing the outcomes of sim-
ulations conducted as part of the study. This section offers insights and data de-
rived from the study. Lastly, each paper concludes by summarizing the key findings
and main highlights of the investigation. This concluding section provides a con-
cise overview of the research significance and its contribution to the broader field of
study. In this way, the doctoral thesis compiles four distinct but interrelated studies,
each equipped with a comprehensive structure designed to facilitate understanding
and engagement with the research.

Below are presented short summary of each chapter of the thesis.

* Chapter 1: This initial chapter provides a comprehensive introduction, includ-
ing an in-depth review of the existing literature relevant to the study. It further
outlines a brief summary of the undertaken work, elucidates the methodolo-

gies and tools employed, and details the principal objectives of this thesis.
¢ Chapter 2: Comparison between fully resolved and time-averaged simulations
of particle cloud dispersion produced by a violent expiratory event.

This study involves a comparative analysis of Direct Numerical Simulation

results of Fabregat et al. [24, 25], and those derived using Unsteady Reynolds
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Averaged Navier-Stokes (URANS) equations with a k — € turbulence model. In
both scenarios, the dispersed phase is modeled as spherical Lagrangian parti-
cles under the assumption of one-way coupling. Generally, the URANS model
successfully captures the upward movement of lighter particles with diam-
eters under 64 pm, driven by the drag exerted by the buoyant puff created
when warm exhaled air enters a cooler quiescent environment. Both DNS and
URANS concur that particles of 64 pm and larger tend to follow parabolic tra-
jectories as a result of gravitational forces. Results suggests that computational

meshes with finer resolution tends to give better results.

A grid independence analysis is carried out to evaluate the impact of enhanced
mesh resolution on the statistical behavior of the particle cloud as the flow de-
velops. Findings suggest that chosen model tends to overestimate the horizon-
tal displacement of particles smaller than 64 pm, while it underestimates the

displacement for particles larger than 64 ym.

¢ Chapter 3: Numerical simulations of the flow and aerosol dispersion in a vi-
olent expiratory event: Outcomes of the “2022 International Computational

Fluid Dynamics Challenge on violent expiratory events”

This article offers a comprehensive discussion on the outcomes of the "2022
International Computational Fluid Dynamics Challenge on Violent Expiratory
Events." This challenge sought to evaluate the efficacy of various computa-
tional codes and turbulence models in reproducing the airflow generated by a
typical rapid exhalation and the resulting aerosol cloud dispersion. A shared
flow setup was provided, upon which seven research teams from different
countries conducted a total of 12 numerical simulations of the first stage of ide-
alized violent expiratory event. These simulations employed Unsteady Reynolds
Averaged Navier-Stokes equations, Large-Eddy Simulations, or hybrid (URANS-
LES) techniques. Each team’s results were compared to one another and bench-
marked against a Direct Numerical Simulation of the identical flow and en-
semble average of 13 LES simulations. The DNS outcomes served as a ref-

erence to discern the deviations introduced by each modeling approach. A
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total of 12 simulations considering the dispersion of both evaporative and non-

evaporative particle clouds were executed using URANS and LES.

Most of the models exhibited decent predictive capability regarding the shape
and the horizontal and vertical extents of the buoyant thermal cloud caused
by the warm exhalation into a cooler, initially quiescent ambient environment.
However, vertical turbulent mixing was generally underestimated, predom-
inantly by URANS-based simulations, regardless of the specific turbulence
model used, and to a lesser degree, by LES. When compared to the DNS, both
methodologies overpredicted the horizontal range covered by the clouds of
small particles (less than 32 pm), which tends to remain suspended within the

thermal cloud long after the flow injection has ceased.

* Chapter 4: Using Direct Numerical Simulations to investigate the dispersion
of pathogen-laden aerosols in buoyancy-driven turbulent flows in enclosed

spaces.

This study investigates the capability of ambient air currents in an idealized
cubic enclosed room for mixing and dispersing an aerosol cloud generated by
an exhalation event, using Direct Numerical Simulations. The turbulent flow
in the computational domain, representing a closed room with sides of ap-
proximately 3 m, is driven by natural convection. By imposing a temperature
difference of AT = 1.24K between two pairs of diferentially opposite walls,
and with the resulting flow occurs at a Rayleigh number of 3.6 x 10° with a
Prandtl number of 0.7. This flow is characterized by a dominant large-scale re-
circulation pattern, with an average air velocity of 0.02ms~!, which is typical

of background air currents in indoor environments.

The initial aerosol distribution is modeled by randomly seeding particles within
a sphere of radius 0.3 m, which are tracked using a Lagrangian scheme for up
to 1.4 x 10% s or ~23 min. Employing relative dispersion of particles clouds
and variance of particle concentration to quantify the level of mixing, the re-
sults indicate that particle clouds near walls disperse faster than those initially
located near the room center, attributable to the enhanced turbulent intensity

and large advection velocities generated within the wall boundary layers.
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Furthermore, a new analytical model for aerosol cloud dispersion in the en-
closed cubic room is developed and its results are compared with the disper-
sion model from the literature and the DNS. Although closed form models
have limited capacity to predict the mixing rate due to the highly inhomo-
geneous turbulence distribution within the room, they can in some instances
provide reasonable estimations of the time required to reach fully mixed con-

ditions in the room.

Overall, particles ranging from 0.1 to 2.5 pm become homogeneously distributed
within the first ~500 s after the release. Both analytical models tend to under-
estimate time required for reaching fully-mixed conditions compared to the

DNS.

Chapter 5: Fully-resolved numerical simulations of the turbulent flow and par-
ticle deposition in a cubical cavity with two pairs of differentially heated op-

posed walls at Rayleigh number 3.6 x 10°.

The turbulent dispersion and deposition of airborne solid, smooth, spherical
particles are investigated using DNS. The computational model replicates the
experimental conditions of previously reported measurements [20] within a

cubical cavity filled with air and differentially heated opposing walls.

In this model, the trajectory of each particle is influenced by a balance between
five forces: hydrodynamic drag, buoyancy, lift, thermophoresis, and Brownian
motion. The major factors affecting particle deposition largely depend on par-
ticle size, the solid-gas density ratio, and the dynamics within the thermal and

momentum boundary layers near solid surfaces.

The current results suggest an extension of previous correlations between the
wall-averaged Nusselt number and the Rayleigh number within a range from
107 to 5.4 x 108 to the Rayleigh number 3.6 x 10°. Furthermore, numerical pre-
dictions of particle deposition rates on thermally active and smooth surfaces
align well with both experimental data and analytical boundary layer solutions

for particle sizes varying from 0.1 pm to 2.5 pm in diameter.
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These particle sizes allow for the examination of different particle deposition
regimes, ranging from those controlled by thermophoresis (0.1 ym) to those

dominated by gravitational forces (2.5 nm).

e Chapter 6: This final chapter summarizes the main findings of the research,
concluding the thesis. It also proposes potential avenues for future explo-

ration, thereby laying the groundwork for subsequent research in this field.
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In this work we compare the DNS results (Fabregat et al. 2021, Fabregat et al. 2021) for a mild cough already reported in the
literarure with those obtained with a compressible URANS equations with a k-e turbulence model. In both cases, the dispersed
phase has been modelled as spherical Lagrangian particles using the one-way coupling assumption. Overall, the URANS model
is capable of reproducing the observed tendency of light particles under 64 um in diameter to rise due to the action of the drag
exerted by the buoyant puft generated by the cough. Both DNS and URANS found that particles above 64 pm will tend to
describe parabolic trajectories under the action of gravitational forces. Grid independence analysis allows to qualify the impact
of increasing mesh resolution on the particle cloud statistics as flow evolves. Results suggest that the k-e model overpredicts the

horizontal displacement of the particles smaller than 64 um while the opposite occurs for the particles larger than 64 pm.
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1. Introduction

Throughout history, mankind had to endure several pan-
demics that have cost many human lives and profoundly af-
fected economic and social spheres on a global scale. In
today’s global world, the COVID-19 pandemic has had an
enormous impact on our lives and has posed a major chal-
lenge to public health systems around the world. As of mid-
2021 there have been approximately 200 million confirmed
cases and just over 4 million deaths [1].

The flow physics plays a central role in the spreading of
the infection that occurs when pathogen-laden droplets are
spewed into the air when an infected person breathes, talks,
coughs or sneezes [2]. Computational fluid dynamics (CFD)
has been extensively used to shed some light on the factors
that control the ability of these fluid particles to disperse
in the environment after being released during respiratory

*Corresponding author. E-mail address: akim.lavrinenko@urv.cat (Akim Lavrinenko)

Executive Editor: Cristian Marchioli

events [3-11].

Mittal et al. [12] pointed out the existing scientific gaps
in our understanding of the transmission pathways of respi-
ratory diseases and the strategies for mitigating it. The air-
flow produced by violent respiratory events contains an aver-
age of approximately 25000 particles, as reported by Duguid
[13]. Depending on their size and the underlying flow hydro-
dynamics, these pathogen-laden particles are capable of re-
maining afloat and disperse by the action of the background
air motion enabling disease transmission. The World Health
Organization (WHO) and the US Centers for Disease Con-
trol and Prevention (CDC) officially acknowledged inhala-
tion of virus-laden aerosols as the main transmission route
for SARS-CoV-2 [14,15].

It is known that different factors such as ambient air hu-
midity and velocity and temperature affect the dispersion
and distance travelled by exhaled particles. Wells [16] was
one of the first who studied how air humidity and droplet
size influences droplet deposition time. Xie et al. [17] and
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later Chong et al. [18] continued Wells studies. Pendar and
Péscoa [19] reported a detailed analysis of the transport char-
acteristics and fluid dynamics for saliva droplets spewed dur-
ing a sneeze in an indoor environment using a fully-coupled
Eulerian-agrangian method. They concluded that the hori-
zontal range of the particle cloud strongly depends on the
ambient air conditions. Abkarian et al. [20] modeled a hu-
man cough using Large Eddy simulation (LES) with the La-
grangian particle approach in order to analyze flows during
breathing and speaking considering the impact of phonetic
features. They concluded that virus transmission is enhanced
during rapid and excited speech, typical of social gatherings
and singing events. The time spent in front of another per-
son is a major factor, too: they recommend speakers to keep
a distance of 2 m or more between them for conversations
longer than 30 s. Bourouiba et al. [21] experimentally stud-
ied coughs and concluded that the turbulent hydrodynamics
strongly affects the spatial range of the particle cloud. Dbouk
and Drakakis et al. [22] reported that the region of influence
of the particle cloud produced by a sneeze under windy con-
ditions is 2-4 times larger than that in the absence of back-
ground flow. Their results suggest that, in open spaces, wind
can enhance the transport of aerosols far beyond the 2-m sep-
aration, a distance considered as safe in many social distanc-
ing guidelines. In addition, human physiological factors may
also affect the dispersion of the particle cloud. Fontes et al.
[23] used Detached Eddy simulation (DES) to study a cough
with different saliva properties and different geometries of
the nasal and buccal passages. They suggested that differ-
ences in the anatomy of the nose and throat have a dramatic
impact on the particle spray characteristics. More recently,
and on the DNS front, Diwan [24] simulated the hydrody-
namics evolution of the first 27.5 s of a dry cough with an
in-house code using a mesh with 2.15 billion cells. The au-
thors, however, provided limited results that could be readily
used in a validation against URANS. Fabregat et al. [25,26]
also used DNS and Lagrangian particle tracking (LPT) to
simulate the initial 1.67 s of a mild cough with evaporat-
ing and non-evaporating particles between 4 and 256 pum in
diameter.

In this work, an unsteady compressible RANS simulation
is used to repeat the exact same flow set-up used by Fabregat
et al. [25,26], who numerically investigate the idealized flow
produced by mild cough, and compare the results with the
DNS reported by these authors. In Ref. [26], it is shown that
for for the selected initial conditions, flow setup and compu-
tational domain, the evaporation of the particles does not af-
fect significantly particle cloud trajectory. Current study goal
is to determine the deviations of the thermal puff and particle
cloud trajectories introduced by modeling the turbulent trans-
port using a k-e model. Notably, the transient nature of the

flow poses a challenge for URANS due to the transition from
laminar to turbulent regimes as the air injection accelerates
at the beginning of the cough event and also, later on, due to
the turbulence intensity rapid decay once the exhalation has
ceased.

Allin all, COVID-19 has received a massive response from
the research community in wide range of areas. On the CFD
field, the need for reliable and computationally affordable
methodologies to predict pathogen-laden particles dispersion
is still an on-going challenge. This study should shed some
light on the trade-off between CPU requirements and accu-
racy in predicting the dispersion of the aerosol cloud and re-
sults may be of interest for those who study numerically jet
flows and particle dispersion and modelers who need bench-
mark results [27]. Also, results may be valuable, as initial
conditions, for those interested in simulations of the long
term dispersion of pathogen laden aerosols.

2. Physical and mathematical model

The numerical simulation of a violent expiatory event resem-
bling a mild cough is carried out using OpenFoam with the
reactingParcelFoam solver. This is a transient solver for com-
pressible, turbulent flow equipped with a reacting multiphase
particle module and surface film modelling [28]. This solver
has been used to replicate the flow set-up used in Fabregat
et al. [25,26] who used DNS to investigate both the hydro-
dynamics and particle dispersion in idealized environments.
Figure 1 shows a sketch of the computational domain with
boundary conditions and coordinate system. The cough is
modelled as a transient jet flow of air at constant temperature
(34°C) with linearly increasing inlet velocity from 0 m s~ up
to 4.8 m s~! at 0.15 s and then a linearly decreasing velocity
toOm s~ at 0.4 s. The air flow is ejected into a quiescent en-
vironment with a temperature of 15°C. Respiratory aerosols
are modelled as solid spherical Lagrangian particles contin-
uously ejected with the exhaled air over the duration of the
exhalation. To facilitate the comparison of particle dispersion
between the DNS in Fabregat et al. [26] and the URANS sim-
ulations, we considered here n = 7 different particle diame-
ters in the range 2V pum with j = 1,2, ...,n. The exhaled
air and the accompanying particles are injected through an
inlet of circular section of 2 cm in diameter (see Fig. 1).
The motion of the aerosol particles, assumed Lagrangian and
spherical, is obtained by solving the set of ordinary differen-
tial equations governing their position and velocity. All parti-
cle sizes are ejected simultaneously during exhalation. Air is
considered to be ideal gas with physical properties calculated
using “Janaf polynomials” [29].
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Figure 1 Sketch of the computational domain, / = 1.6 m,d = 1.0 m, /; = 0.04 m, d; = 0.02 m. The dimensions of the domain are the same as for the DNS of

Fabregat et al. [26]

2.1 Carrier flow transport equations

ReactingParcelFoam solves numerically the system of den-
sity weighted time averaged Navier-Stokes equations [30].
The system including the continuity, the momentum and the
energy equation [31], which can be written as

op 0

e (ou)=0 1
5t * o ) =0 (1)
0 0 Ou; ap

o) + ——\puittj — pe 72— | = =3 i35 2
PAGEOA o, (PM uj llrfaxj) ax, T P8 2

0 9 oh\ dp

—(ph + pk) + — |pu;h + pujk — @erm— | = —— + pu;gds.

5 P+ PR) o, (pu, pujk — aes axj) ox; T P88
3)

In Egs. (1)-(3), u; is the i-th component of the density
weighted time averaged velocity field in the x; direction, p is
pressure, ¢ is time, u’ is the fluctuating part of the velocity,
03 is the Kronecker delta, p is the air density, g is the gravi-
tational acceleration, / is the density weighted time averaged
enthalpy, k is kinetic energy, ur is the effective viscosity
(viscous + turbulent) a.g is the effective thermal diffusivity
(diffusive + turbulent).

2.2 Turbulence model

The standard k-e turbulence model for compressible fluid in
openFoam 8 has been used [32]. The turbulent kinetic energy
dissipation rate and the turbulent kinetic energy are shown in

Egs. (4) and (5) respectively.

0 0 9?
E(Pf) + 6—)0(9146) - 8_)c?(pDE€)

k 3 k

+ Se + SfVOptiOnS’ (4)

€ 2 0 €
=C1pG+ - [(_Cl - C3,RDT)p£”E] - (Czp—f)

where G is turbulent kinetic energy production rate due to the
anisotropic part of the Reynolds-stress tensor, D is effective
diffusivity for €, C; and C, are model coefficients , C3 gpr
is rapid-distortion theory compression term coefficient (Ta-
ble 1), S is internal source term for € and S fyopiions 1S SOuUrce
terms introduced by fvOptions dictionary for €.

0 0 6
E(Pk) + 6_)ci(puk) - @@Dek)

2 0 €
=pG - (gpa_xZ’/ik) - (sz) + Sk + vaOptionsa ©)

where Sy is internal source term for the k and S options 18
source terms introduced by fvOptions dictionary for k. Tur-
bulence model coefficients are listed in Table 1.

Table 1 Default model coefficients

Coefficient Value
Cy 0.09
Cq 1.44
G 1.92
C3 rDT 0.0
Ok 1.0
Oe 1.3
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2.3 Dispersed phase transport equations

A particle p is defined by the position of its center X , its di-
ameter d , its velocity #; and its density p. For the dispersed
phase, the particle motion is solved by integrating the force
balance, which can be written in a Lagrangian frame [33]:

0%;

— =4, 6
o = i (6)
. O,

ma—[l =Fg;+ Fg;0i3, @)
where m = ‘% is particle mass, #; is particle velocity, Fg;

is the particle drag force, F,; is apparent weight.
Then spherical particle drag force is
u; — lfi,‘

Fq;i = m——. (®)
T

The relaxation time (7) of the particles is the time it takes for
a particle to respond to changes at the local flow velocity, and
it is given by [33]

4  pd
f=—— 9
7 3 pCalui — i ®
The apparent weight is
Foi=(0—p)gi. (10)

The drag coefficient Cy is a function of the particle Reynolds
number (Re), which is defined as [33]

Ezzpmm—ﬁu
M

; an

where u is the dynamic viscosity of the fluid.

24 _
=, if Re <1,
Re
24 —o. _
20+ 27 i1 <Re<s,
C;=1{ Re 16 (12)

24 . _
221 +0.158 ™), if 5 < Re < 1000,
Re

0.44, if Re > 1000.

2.4 Computational grid

Seven different grid resolutions have been considered with
the number of cells ranging between 1.8 x 10° and 1.7 x
107. Mesh is generated using the OpenFoam utility called
blockMesh, which generates structured hexagonal meshes.
The mesh resolution has been increased along the jet axis
where larger gradients are expected. Mesh is also refined
near the inlet and coarsened progressively along the x axis
direction. As an example, Fig. 2 shows a mesh slice at y =

0 illustrating the grid cell distribution. Figure 2a shows the
entire domain and Fig. 2b a detailed view near the inlet.

Table 2 lists the different cases, with the mesh details and
computational cost. Meshes 1 and 2 simulations were car-
ried out using on 8 core Intel(R) Core(TM) i7-6700 CPU
@ 3.40GHz while mesh 3 to 7 used 24 core Intel Processor
(Haswell, IBRS) 2.3 GHz.

3. Results

3.1 Grid-Independence test

The mesh resolution effect is illustrated in Fig. 3a-g that
shows the instantaneous temperature field at t = 1.5 s sliced
at y = 0 for each mesh listed in Table 2. Figure 3h shows,
for comparison, the instantaneous temperature field from the
DNS by Fabregat et al. [25] at the same time. The color-
bar of the temperature field is shown at the bottom of Fig.
3. Results indicate that coarse meshes limit the dispersion
of the puff resulting in higher values of temperature along
the plume axis. As resolution increases, the temperature field
becomes more complex exhibiting richer fine scale structures
associated with enhanced mixing, shorter horizontal penetra-
tion and lower maximum temperatures.

Figure 4 shows the horizontal (a) and vertical (b) ther-
mal field centroid coordinates (blue lines), the variance (red
lines) and the size of the hot puff (black lines) for each mesh
in Table 2 at + = 1.5 s. The thermal field centroid and
variance have been computed as the first and second mo-
ment using Eqs. (13) and (14) respectively. The horizon-
tal puff size is determined as the maximum value of the x-
coordinate where temperature is above the background un-
perturbed value. Analogously, the vertical puff size is com-
puted as the difference between the maximum and minimum
values of the y-coordinate above which temperature is larger
than that corresponding to the unperturbed environment. For
comparison purposes, dashed lines indicate the DNS predic-
tions of the thermal puff size, centroid location and variance
using the corresponding colors.

TdV
o TV (13)
Jf, Tdv
s — %)2TdV
i = fv(x—x) (14)
fv Tdv

In Eqgs. (13) and (14), %; and o; are first and second mo-
ments (centroid and variance) in each direction i, V is the
volume of the computational domain, 7 is temperature field
and x; is the horizontal or vertical coordinate.
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Figure 2 Computational domain slice at ¥ = 0, Mesh 3 (see Table 2). a Whole domain; b inlet pipe.

Table 2 Mesh details and simulation time for the mesh independence study. CPU hours are calculated for simulation time equal to t=1.5 s. In parenthesis,
the used CPU configuration is specified where 1 stands for Intel(R) Core(TM) i7-6700 CPU@3.40GHz and 2 for 24 core Intel Processor (Haswell, IBRS) 2.3
GHz. Min cell is the cube root of minimal cell volume and max cell is the cube root of maximal cell volume, Avg non-ortho is average mesh non-orthogonality.

Mesh ID Cell count (x10%) CPU-hours Min cell (m x10™%) Max cell (m x1072) Max skewness avg non-ortho
Mesh 1 0.18 3.49 x 10%(1) 6.61 5.12 0.65 2.99
Mesh 2 0.51 4.41 x 103(1) 4.40 3.61 0.69 3.20
Mesh 3 1.0 3.22x10%(2) 3.27 2.79 0.72 3.31
Mesh 4 3.0 2.92 x 10*(2) 232 1.96 0.75 32
Mesh 5 6.0 2.19 x 10*(2) 1.87 1.60 0.76 3.21
Mesh 6 10.0 9.29 x 10*(2) 1.56 1.34 0.77 322
Mesh 7 17.0 2.66 x 10°(2) 1.28 1.12 0.77 3.24

Results in Fig. 4 show that the values of puff size (black
lines) only settle when the mesh resolution is above that used
in Mesh 5, namely, 6 million cells. In contrast to the ther-
mal puff sizes, horizontal and vertical centroid coordinates
(in blue) exhibit a slight tendency to keep decreasing as the
resolution increases. The variance of the thermal field, used
as a proxy for the thermal puff horizontal and vertical widths,
are found to reach a plateau when resolution 1 million cells.

In comparison to the DNS values in Ref. [25], URANS
results for both metrics intended to measure the horizontal
range attained by the penetrating plume, namely the thermal
puff size and the variance, seems to slightly overpredict the
DNS results. The larger horizontal centroid coordinate ob-
tained with URANS indicates that this approach tends also
to predict a further penetration of the thermal field. All in all,
these results suggest that the URANS simulation underpre-
dicts the horizontal turbulent mixing for this flow configura-
tion. Notably, results in Fig. 4b show that URANS underpre-
dicts the vertical thermal puff extent while both the centroid
and variance predictions are relatively close to those obtained
in the DNS.

3.2 Main results

A snapshot of the particle cloud at the end of the URANS
simulation (r = 1.7 s) is shown in Fig. 5 for Mesh 3 (a),
Mesh 6 (b) and Mesh 7 (c). Each color represents a parti-

cle size ranging from red (4 pm) to magenta (256 um). At
t = 1.7 s almost all the large particles with the diameters of
256 and 128 pm have reached the bottom boundary of the
computational domain. On the other hand, particles with di-
ameters of 4 and 16 um show ascending trajectories due to
the updrafting buoyant puff while intermediate sizes of 32
and 64 um remain afloat while describing slightly descend-
ing trajectories. Increasing mesh resolutions from Meshes 3,
6 and 7 leads to a richer particle cloud topology as a results
of the finer scales that emerge when the flow hydrodynamics
is better resolved. Notably though, the general features and
relative positions of every particle size cloud remain pretty
similar despite the one order of magnitude difference in the
number of cells.

The mesh resolution effect on the particle cloud dispersion
is better observed in the temporal evolution of the particle
positions projected along the y axis shown in Fig. 6. Each
snapshot shows the particle positions (for all sizes) at times
t =02s(@),t=04sM),r=10s(c)andr = 1.7 s
(d). Blue, red and green colors correspond to three different
selected grid resolutions, namely Meshes 3, 6 and 7, respec-
tively (see Table 2).

Results suggest that as the mesh resolution and time in-
crease, the particle cloud dispersion is enhanced and axial
cloud penetration along the axial direction decrease. The sig-
nature of the finer flow features that emerge as resolution in-
creases is clearly observed in the green cloud that exhibits
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Figure 3 Instantaneous contours of temperature at Y = 0 and at 7 = 1.5 s (for mesh resolution details see Table 2)
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Figure 4 Horizontal a and vertical b puff size (black), centroid position (blue) and variance (red) at f = 1.5 s as a function of the mesh resolution. Dashed
line indicate DNS results from Fabregat et al. [25].

Figure 5 Snapshot of the particle cloud at z = 1.7 s, for Mesh 3 a, Mesh 6 b and Mesh 7 ¢. Colors indicate particle diameter: red 4 pm, orange 8 pum, yellow
16 um, green 32 um, cyan 64 pum, blue 128 um, magenta 256 pm.
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Figure 6 Snapshots of particle clouds at t =0.2sa,r=04sb,r=1.0s cand 7 = 1.7 s d produced by simulations with different mesh resolution. Blue, red
and green colors represent Meshes 3, 6 and 7, respectively (for mesh details see Table 2).
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Figure 7 Trajectories of the particle cloud and puff centroids. Lines represents particle cloud trajectory and dashed lines thermal puff trajectory. DNS results
are plotted in black. Blue, red and green denotes URANS with Meshes 3, 6 and 7, respectively. The markers in the trajectories of the particle cloud indicate
the particle cloud centroid position at the end of the injection (f = 0.4 s).
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more convoluted and complex distribution of particle posi-
tions in comparison to smaller cell count meshes.

The trajectories of the centroid of the thermal field (dashed
line) and the particle cloud (solid line) are shown in Fig. 7.
DNS predictions by Fabregat et al. [25,26] are plotted in
black and the present URANS simulations are plotted in blue,
red and green for Meshes 3, 6 and 7 respectively. Dot mark-
ers indicate the end time of the air injection (¢ = 0.4 s). The
centroid trajectory of the particle cloud is determined as the
average coordinates of all airborne particles after discarding
those that deposited on the inlet pipe walls. Thermal puff
trajectory is calculated using Eq. (13) at each time step.

The transport of the particles between 4 and 16 um in di-
ameter is dominated by hydrodynamic drag. As a result, the
trajectory of the centroid exhibits a vertical deflection im-

721489-9

posed by the vertical rising motion of the buoyant puff en-
gulfing them. On the other hand, the particles larger than
64 um in diameter are dominated by gravitational effects and
exhibit a quasi-ballistic trajectories. For lighter particles with
diameters from 4 um to 16 pm URANS overpredicts the
travel distance almost by factor of two. The travel distance
of the particles with diameter 32 and 64 pum is close to that
predicted by DNS. Particles with diameter 64 um have clos-
est trajectory to the DNS result. URANS underpredicts the
travel distance compared to the DNS for particles with diam-
eters 128 and 256 pm. For the latter, the average distance
traveled by particles is almost twice smaller.

Figures 8 and 9 show the time evolution of the horizon-
tal and vertical mean velocity of particle cloud over time for
each particle size. DNS results are shown in black while

4 pm 8 pm
3
= 2
~
g
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0
16 pm 32 pm
3
/
|
|
128 pm
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0 02 04 06 08 1 12 14 16
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Figure 8 Horizontal velocity of particle cloud over time. Black, blue, red and green line indicates DNS, Meshes 3, 6 and 7, respectively.
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Figure 9 Vertical velocity of particle cloud over time. Black, blue, red and green line indicates DNS, Meshes 3, 6 and 7, respectively.

blue, red and green colors correspond URANS results with
Meshes 3, 6 and 7 respectively. In URANS simulations parti-
cles leave inlet pipe after t=0.05 s therefore velocity increases
not from the beginning of the injection because particles in
the inlet pipe are not taken into consideration. In the DNS
particles are released at X = 0.0 m [26]. In Fig. 9, when
the mean particle cloud velocity is 0 m s™! indicates that all
particles has fallen to the bottom boundary of the computa-
tional domain. Figure 8 shows that, in comparison to DNS,
URANS tends to overpredict the horizontal particle veloc-
ity for diameters under 64 pum resulting in larger horizontal
ranges as shown in Fig. 7. Regarding particles of 64 um,
URANS and the DNS predictions of horizontal velocity and
range are very similar. In contrast, URANS is found to un-
derpredict the horizontal spread of particles with diameter of
128 pm regardless of the mesh resolution. URANS horizon-
tal velocity predictions for the largest particles of 256 pum
are in agreement to the DNS results. However, the URANS
cloud centroid trajectory departs significantly from the DNS

result.

Particles with diameters from 4 wm to 32 pm in Fig. 9 have
higher vertical velocities in case of URANS. Vertical veloc-
ity of particles with diameter 64 pm converge with the DNS
att = 1.2 s. Both 128 and 256 um particles vertical mean ve-
locities are slightly lower in case of URANS and as a result
particles reach the bottom boundary later as shown in Fig. 7.

4. Conclusion

In this study we used unsteady Reynolds-Averaged Navier-
Stokes (URANS) equations to numerically simulate an ide-
alized mild cough modelled as a transient injection of warm
air into an initially quiescent colder environment. The rapid
air exhalation is accompanied by the injection of spherical
particles intended to represent the aerosols spewed into the
air when a person coughs. By comparison to existing DNS
databases [25] for the exact same flow set-up, we concluded
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ABSTRACT

This paper presents and discusses the results of the “2022 International Computational Fluid Dynamics Challenge on violent expiratory
events” aimed at assessing the ability of different computational codes and turbulence models to reproduce the flow generated by a rapid
prototypical exhalation and the dispersion of the aerosol cloud it produces. Given a common flow configuration, a total of 7 research teams
from different countries have performed a total of 11 numerical simulations of the flow dispersion by solving the Unsteady Reynolds
Averaged Navier-Stokes (URANS) or using the Large-Eddy Simulations (LES) or hybrid (URANS-LES) techniques. The results of each team
have been compared with each other and assessed against a Direct Numerical Simulation (DNS) of the exact same flow. The DNS results are
used as reference solution to determine the deviation of each modeling approach. The dispersion of both evaporative and non-evaporative
particle clouds has been considered in 12 simulations using URANS and LES. Most of the models predict reasonably well the shape and the
horizontal and vertical ranges of the buoyant thermal cloud generated by the warm exhalation into an initially quiescent colder ambient.
However, the vertical turbulent mixing is generally underpredicted, especially by the URANS-based simulations, independently of the specific
turbulence model used (and only to a lesser extent by LES). In comparison to DNS, both approaches are found to overpredict the horizontal
range covered by the small particle cloud that tends to remain afloat within the thermal cloud well after the flow injection has ceased.
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I. INTRODUCTION

The Coronavirus Disease 2019 (COVID-19) pandemic has
revealed the need for a better understanding of the flow physics that
govern the airborne transmission of infectious diseases via pathogen-
laden aerosols, such as Severe Acute Respiratory Syndrome (SARS),
human influenza HIN1, avian influenza (H5N1), and tuberculosis. In
response to such a need, Computational Fluid Dynamics (CFD) tools
have been massively used to predict the short-term short-range flow
and particle dispersion produced by expiratory events to investigate
the underlying physical mechanisms and to predict the risk of infec-
tion 1 or 2 s after exhalation. Given the complexity of the flow and the
huge range of parameters to be explored, expensive Direct Numerical
Simulations (DNS) are rarely affordable and Reynolds Averaged
Navier-Stokes (RANS)- or Large-Eddy Simulations (LES)-based
approaches are most often used. When this is the case, literature
results show a significant scattering in the predictions, indicating that
no general consensus has been achieved yet on the optimal (if any)
modeling approach.

The outbreak of the COVID-19 pandemic in 2020 has dramati-
cally boosted the number of research papers in which CFD is used to
investigate aspects of the physical mechanisms of the virus transmis-
sion. As an example, a Scopus search conducted at the end of October
2022 for articles with the words “CFD” and “COVID” or “SARS” in
the title, in the keyword list, or in the abstract yielded 306 papers with
26 entries in 2020, 99 in 2021, and 141 in 2022. Some of these articles
have been collected in special issues, including “Flow and the virus” in
Physics of Fluids (2021), “Numerical and experimental investigation
of airborne pathogen transmission, and associated heat and mass
transfer processes” in International Communications in Heat and
Mass Transfer (2021), “COVID-19 and indoor environment” in
Indoor Air (COVID-19 and indoor environment, 2022), “Prevention
and control of COVID-19 transmission in the indoor environment” in
Indoor and Built Environment (Xu and Yu, 2022), or “CFD and
COVID-19” in International Journal of Computational Fluid
Dynamics (Saad, 2021). It is not the objective of this introduction to
exhaustively review the different studies published in the literature so
the interested reader is referred directly to these special issues for more
details. Also, recent reviews on the role of CFD for modeling aerosol
pathogen transmission can be found in Peng et al. (2020), Mohamadi
and Fazeli (2022), Sheikhnejad et al. (2022), and Rayegan et al. (2022),
among others.

CFD has been used to investigate the flow and the particle disper-
sion released during expiratory events under different situations and
conditions. Simulations of the short-term, short-range dispersion have
been conducted to determine the range and shapes of the flow ejection
and of the particle cloud a few seconds after the end of an isolated
cough or sneeze or after a sequence of violent expiratory events
(Abkarian et al., 2020; Diwan et al., 2020; Pendar and Pascoa 2020;
Chong et al, 2021; Fabregat et al., 2021a; 2021b; Liu et al, 2021;
Trivedi et al., 2021; and Wang et al,, 2021). These simulations usually
considered the ejection of warm fluid into a quiescent colder ambient
and results have been used, first, to establish specific short-term safety
distances and, second, to impose initial conditions for long-term simu-
lations of the cloud dispersion within forced or naturally ventilated
spaces. Long-term, long-range dispersion in specific indoor ventilated
scenarios has been also simulated to investigate the effect of the back-
ground air flow on the turbulent dispersion of the aerosol cloud in a
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wealth of different indoor scenarios, such as classrooms (Foster and
Kinzel, 2021; Narayanan and Yang, 2021), hospitals (Arjmandi et al.,
2022), offices (Yu ef al., 2018; Bhat et al, 2022), halls (Shao and Li,
2020), general ventilated spaces (Zhang et al. 2021), cars (Arpino ef al.,
2022; Mathai et al.,, 2022), buses (Duchaine et al.,, 2021; Ho and Binns,
2021; and Zhang et al., 2021), airliner cabins (Yang ef al., 2018; Talaat
et al., 2021), restaurants (Ho, 2021; Liu ef al 2021; and Wu et al.
2021), elevators (Dbouk and Drikakis, 2021), and parkings (Nazari
etal., 2021).

To simulate aerosol dispersion, DNS, LES, the numerical solution
of the Unsteady Reynolds-Averaged Navier-Stokes equations
(URANS), and hybrid URANS-LES methods have been used. These
three techniques can be understood as three different levels of model-
ing to simulate turbulent flows. While DNS solves directly for all spa-
tial and temporal scales, LES models the effect of the turbulent scales
smaller than the grid on the larger scales that are explicitly solved by
the computational grid. URANS-based simulations are based on a
higher level of turbulence modeling, since they numerically solve the
Unsteady Reynolds Averaged equations with models for the closure
terms (Pope, 2000). Although some DNS have been reported in the lit-
erature so far (Diwan ef al, 2020; Chong ef al, 2021; and Fabregat
et al. 2021a), generally, LES have been preferred for predictions of the
short-term dispersion because of the relatively small computational
costs it requires (Abkarian ef al, 2020; Pendar and Pdscoa, 2020;
Calmet et al, 2021; Liu et al.,, 2021; and Wang et al. 2021). On the
other hand, URANS, and to a lesser extent LES coupled with hybrid
methods, has been used to simulate the long-term dispersion, which
usually involves larger computational domains and longer simulations
times compared to the short-term dispersion.

In this paper, we focus our attention on the effect of the turbu-
lence modeling and of the numerical methods used in the simulations
for the prediction of the short-term dispersion of an isolated violent
expiratory event. The warm and relatively humid flow ejection into a
typically colder and drier ambient usually lasts less than 1 s (Gupta
et al, 2009; Tang et al., 2013) and has a maximum Reynolds number
of order 10* (Bourouiba, 2021). During the flow injection, a new tur-
bulent jet is formed, with a penetration length from the source that
scales with time as t'/2 (Chaudhuri ef al., 2020). When the flow injec-
tion ceases, the jet evolves into a turbulent buoyant puff, with a time
scaling of t'* as the turbulence progressively decays (Scorer, 1997).
This transient turbulence level is challenging for simulations because
many turbulence models for URANS or some subgrid-scale models
for LES exhibit a decrease in their performance when dealing with
decaying unsteady turbulent flows with buoyancy effects. This is espe-
cially true when the flow progressively relaminarizes during the puff
stage. Aerosol particles are expelled during the flow injection, and
most simulations found in the literature track the particle dispersion
following individual evaporating or non-evaporating solid spherical
particles by means of Lagrangian methods assuming low particle vol-
ume fraction (¢ ~ 10> Duguid, 1946) and, consequently, neglecting
the particle collisions and adopting the one-way coupling between the
phases. Coalescence and breakup phenomena are also neglected in
almost all the available studies. The rationale behind this choice is that
none of these mechanisms is well understood yet for the specific prob-
lem of pathogen-laden droplets transported in an ambient air flow
(Zhou and Zou, 2021). This implies uncertainty in the modeling and
(expected) high variability in the simulated results.
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The larger inertial particles expelled during the exhalation follow
quasi-ballistic trajectories that are almost independent of the flow,
whereas small and less inertial particles tend to remain afloat within
the wake of the decaying new jet and the frontal puff, even when they
are larger than the Kolmogorov scale (Pourfattah et al, 2021). The
Lagrangian tracking of these small particles is also challenging when
using turbulence or subgrid-scale models because their trajectories are
more sensitive to the surrounding flow conditions and to the local
velocity. In these cases, random-walk models, tuned according to the
local level of turbulence, may be used to account for the effect of the
modeled fluctuations on the particle trajectory (Mofakham and
Ahmadi, 2020).

The usual grid distribution strategy adopted in the simulations that
are reported in the literature concentrates the mesh elements toward the
flow inlet and near the growing shear layers of the new jet flow. This
strategy produces skewed mesh elements that can affect the convergence
of the numerical solution and may reduce its accuracy. Also, the use of a
relatively coarse mesh away from the source can influence the dynamics
of the frontal puff and the capability of LES to capture the decaying tur-
bulent flow due to excessive filtering. These complex flow features of the
spatially and temporally evolving flow associated with a violent expira-
tory event make the construction of the grid also challenging since one
needs to correctly capture the time evolutions of the turbulent intensities
in different regions of the flow. The application of Adaptive Mesh
Refinement (AMR) techniques can have advantages to capture with
enough spatial resolution, flow structures that appear at different times
and at different locations along the computational domain. At the same
time, however, we remark that AMR may affect the comparison between
different simulations, which is what we aim to do in this paper. For
example, AMR can make it more difficult to directly identify the limita-
tions of a turbulence model because AMR dynamically adjusts the mesh
resolution in different parts of the domain based on the local solution
features, thus masking some of the deficiencies of a specific turbulence
model. The turbulence model may appear to perform better in some
regions of the domain simply because the mesh has been refined in those
areas and not because the model is more accurate.

The relevance that the prediction of the risk of transmission of
infectious diseases via pathogen-laden aerosols has, together with the
complexity of the simulations of the flow and particle dispersion gen-
erated in a violent expiratory event, motivated the organization of this
international CFD challenge, which was launched in October 2021.
The aim of the challenge is to assess the accuracy with which the dif-
ferent modeling approaches can reproduce the dynamics of a proto-
typical violent expiratory event. In this paper, we compare and analyze
the different results submitted by the participants, who used different
CFD codes and different turbulence modelization (LES, URANS, and
Hybrid), and we summarize the outcomes. In Sec. I, we thus present
the framework of the Challenge, and we describe the main characteris-
tics of the codes, meshes, and numerical methods used by the different
participants. The results are presented, compared, and discussed in
Sec. 111, and the final conclusions of the study and recommendations
are outlined in Sec. I'V.

Il. CHALLENGE FRAMEWORK AND PROBLEM
DEFINITION

The objective of the challenge, organized by the members of
Universitat Rovira i Virgili (Spain) and University of Udine (Italy), is
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to evaluate the ability of different CFD codes and different turbulence
models to reproduce the short-term flow and the particle short-range
dispersion that characterizes a prototypical violent expiratory event,
which has a duration of 0.4s (typical of a mild cough expelled in an
indoor environment) and is dominated by the inertia of the air injec-
tion, such that the dispersion process is assumed to be essentially inde-
pendent of the background air currents produced by a forced or
natural ventilation system. Specifically, the Challenge aims at address-
ing two tasks: (1) assess the ability of each combination of numerical
method and turbulence modeling used for the simulation to reproduce
predictions of DNS of the unsteady jet flow of an idealized exhalation
event, characterized by the rapid, but limited in time injection of warm
air into an initially quiescent ambient (stage I of the Challenge); (2)
estimate the impact of the particle size and evaporation on the disper-
sion of the aerosol cloud, generated in the exhalation event, and com-
pare the results with the predictions obtained combining DNS of the
flow with a one-way coupling Lagrangian tracking scheme (stage II of
the Challenge). Each team was free to carry out just one or both tasks.
However, since the transmission of airborne diseases depends on the
dispersion of pathogen-laden particles, the teams were strongly
encouraged to address both.

To prevent bias among participants, the challenge was planned
as a blind test. The participants had no information about choices
made by the other teams before the deadline for the data submission
and the file exchange between the participants and the organizers was
made through a private Google Drive folder for each team. The DNS
data published in Fabregat et al. (2021a; 2021b), which were already
available prior to the challenge, were suggested as a reference. The data
requested had to be sent in ASCII or binary vtk files to facilitate the
post-processing and visualization steps, which were performed using
the open-source multi-platform ParaView software (Paraview, 2022).

The physical model, the computational domain, and the bound-
ary conditions proposed for the challenge were the same as those used
by Fabregat ef al. (2021a; 2021b). The interested reader is referred to
these two publications for information about the specific set of physi-
cal parameters selected for the simulation. Figure 1 shows the cylindri-
cal computational domain and the frame of reference. The dimensions
of the cylindrical computational domain were H =160 and
D = 1.00 m, and the flow inlet consisted of a cylindrical pipe (mimick-
ing the oral cavity) with axial length H,=0.04m and diameter
d =0.02m. The Cartesian coordinate system uses (x, y, z) as the span-
wise, vertical, and streamwise directions with the origin located on the
symmetry axis and placed at the downstream end of the inlet pipe.
Gravity acts in the negative y direction (see Fig. 1).

To facilitate the transition to turbulence, a Gaussian bump of
height H; = 0.001 m and width ¢ =0.002m centered at z=—0.01 m
was placed inside the inlet pipe (see inset in Fig. 1). The exhalation
event was modeled as an unsteady air injection at 34°C into an ini-
tially quiescent environment at 15°C. The air injection velocity (w)
was assumed to be uniform at the inlet circular section and followed a
saw tooth profile equal to zero at t = 0, then linearly increasing up to a
maximum value of w=4.8m/s at t=0.15s, and finally linearly
decreasing back to w =0 at t = 0.4 s. The physical properties of the air
were assumed to be constant except for the linear density variation
with temperature, which only was taken into account in the vertical
momentum equation, according to the Boussinesq approximation.
The values for viscosity, density, thermal conductivity, heat capacity,
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FIG. 1. Physical model and the system of reference. The inset shows a zoom of
the inlet. Outflow boundary conditions are imposed at the far field z=H and at the
large cylindrical surface.

and the thermal expansion coefficient were, respectively, u=1.95
x 107°Pa s, p,=122kg/m’, k=0.0277 W/m K, Cp=1010]J/kgK,
and f=3.36 x 10> K. The constant pressure or outflow boundary
conditions were prescribed at the far field exit (z = H) and at the lat-
eral cylindrical surface (D/2)* = x* + y* for 0 < z < H. At the surface
z=0, (D/2)*>x*+y* > (d/2)* and at the cylindrical inlet pipe wall,
non-slip boundary conditions had to be used. Uniform Dirichlet
boundary conditions were imposed at the pipe inlet (z=—H,)
according to the time evolution of the air injection velocity described
above. This yields u =0, v=0, and w = w(t). All the boundary surfa-
ces were assumed to be adiabatic except for the circular inlet where a
constant uniform Dirichlet condition for the temperature, namely,
T =34°C, had to be prescribed. Each team was free to select the
boundary values for the relevant turbulence quantities at the circular
inlet. The physical time covered by the simulations was also prescribed
and set equal to t = 1.60's.

For stage II, we considered seven different spherical particle
diameters: 4, 8, 16, 32, 64, 128, and 256 um. Particles had to be released
continuously at the inlet with the same velocity of the surrounding
fluid over the entire duration of the exhalation (¢t < 0.4s). Each team
was free to decide how to model the evaporation of the aqueous frac-
tion of the particles. If included, the minimum allowable diameter due
to evaporation had to be one-third of the initial value, as in Fabregat
et al. (2021b). This corresponds to evaporating droplets laden with a
3% volume fraction of nonvolatile matter (Wang ef al., 2021). Exhaled
and ambient air relative humidities were taken as 85% and 65%,
respectively. The physical properties of the particles were assumed to
be those of water at ambient temperature (p,= 1000 kg/m’®, k,
=0.606 W/m K, Cp, =4180]/kg K), whereas a value AH, =2.257
x 10° J/kg was selected for the enthalpy of evaporation.

The deliverables for stage I were vtk files, which are readable with
ParaView (2022), with 2D instantaneous scalar fields on the symmetry
plane x = 0 at three different times: at t = 0.25 s, during the exhalation,
at t=0.40s, corresponding to the end of the flow injection and at
t=1.50s, about 1s after the exhalation. Each file contained the tem-
perature (°C), the axial (horizontal) velocity component (m/s), and
the vertical velocity component (m/s).

For stage II, each team was requested to submit seven ASCII files,
one for each particle size with the time evolutions of the position of
the centroid of the particle cloud and the sizes of the cloud, for a total

n 2 n 2
o, = Zizl ) o= Zi:l (& —c) @)
n n
with 7 the total number of tracked particles for a given diameter.

An international call for participation in the Challenge was
released in October 2021, and initially 16 teams from around the world
showed interest and asked for information about the instructions to
contribute. Six months later at the deadline for data submission (May
1, 2022), seven teams submitted the requested results. The results
obtained by each team were presented and discussed during an online
workshop held on June 27, 2022. Table I shows, in alphabetical order,
the list of teams that submitted a complete set of data for stage I, and
their country of origin.

In total, 11 different simulations were submitted for stage L.
Table 1T summarizes the list of teams, in random order, and the
details of their simulations. Each simulation is identified by an
alphanumeric code, reported in the last column of Table II. This
code classifies each team with a randomly assigned letter (A-G)
followed by an integer representing the simulations performed by
that team (the integer is increased in the case of multiple simula-
tions by a single team) and a further letter: U for a URANS-based
simulation, L, for LES or H, for hybrid URANS-LES method.
Finally, a Roman numeral is used to indicate the stage the simula-
tion refers to (I or II).

Table II shows that three teams performed the simulations with
commercial codes: two teams (A and D) with Ansys Fluent and one
team (F) with STAR-CCM+-. The open-source OpenFOAM solver was
used by two teams (C and G), whereas the two remaining teams (B and
E) used their own in-house codes. Note that team B considered the low-
Mach version of the transport equations (Le Quéré ef al.,, 2005) without

TABLE |. Affiliation of the participating teams. Alphabetical order.

Barcelona Supercomputing Center Spain
Westmont College-Federal USA-Brazil
University of Uberlandia

Otto von Guericke Universitat Germany
Magdeburg

Peter the Great St. Petersburg Russia
Polytechnic University

RMIT University-The University of Sydney Australia
Universitat Politecnica de Catalunya Spain

University of Maribor-University
of Erlangen Nuremberg

Slovenia-Germany

Phys. Fluids 35, 045106 (2023); doi: 10.1063/5.0143795
Published under an exclusive license by AIP Publishing

35, 045106-4



UNIVERSITAT ROVIRA I VIRGILI

NUMERICAL SIMULATIONS OF PARTICLE TURBULENT DISPERSION AND

DEPOSITION WITH IMPLICATIONS FOR THE SPREADING OF AIRBORNE DISEASES
Akim Lavrinenko

Buysiiangd dIv Aq 8susal] 8Aisnjoxs Ue Japun paysiigng
G62€7L0°G/£901°01 10P ‘(£202) 901570 ‘GE SPINI "shud

G-9016¥0 ‘5E

TABLE II. Stage I: Summary of the simulations’ details.

Spatial Temporal
Team Code Turbulence discretization discretization Grid Boundary conditions ~ Code
A Ansys Fluent v19.3 k-¢ Finite volume, Implicit, second 0.6 x 10° hexahedral Turbulence intensity ~ A1-U-I
(Ansys Inc., 2022)  URANS k-¢ RNG second order order, At=10"s 5% Turbulent viscosity A2-U-I
k- SST ratio 10 A3-U-I
LES  WMLES S-Q (Pr;=0.85) 35 x 10° polyhedral Vortex method A4-L-1
B Alya-HPC LES of low-Mach Finite element, Explicit. 46 x 10° tetrahedral/ Laminar inlet BI-L-I
mechanics equations (Vreman, 2004) second order At=44x10"°s prism
(Vazquez et al., (Pr,=0.7)
2016)
C OpenFOAM v8 URANS: k- » SST Finite volume, Adaptative 6.2 x 10° hexahedral k=0.0864 m*/s* C1-U-1
and v9 second order 3.5 x 1074 < At (792 x 243 x 36)" w=2387s""
(OpenFoam, 2022) <2107°s
D Ansys Fluent Hybrid: SBES, Finite volume, Bounded second 20 x 10° poly-hexcore ~ Turbulence intensity ~ D1-H-I
v2021R2 (Ansys SST-LES with WALE second order order implicit. 5%
Inc., 2022) At=10"7 s for Turbulent viscosity
t<08s ratio 10
10° < At<10™s
fort>0.8s
E UNSCYFL3D URANS two-layer k-& Finite volume, Implicit, second 0.68 x 10° hexahedral k=10"% m%/s* E1-U-1
(Fontes et al., 2019) second order order AE,: 5 (120 x 110 x 52)" £=10"° m%s*
x 107" s
F STAR-CCM+ URANS: SST k- model Finite volume, Second order 1.6 x 10° hexahedral Turbulence intensity ~ F1-U-I
2020.1 and 2021.3 second order implicit, At=10" (366 x 120 x 56)" 1% Turbulent viscosity
(Siemens, 2022) s ratio 10
LES: WALE model (Pr,=10.9) PISO unsteady. 14.2 x 10° hexahedral Laminar inlet F2-L-1
At=10"s (602 x 274 x 136)"
G OpenFOAM v7 Hybrid: k-»-SST DES Finite volume, Implicit, 6 x 10°° 30 x 10° hexahedra, Variable turbulence ~ G1-H-I

(OpenFoam, 2022

second order

<At<6x 107
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the buoyancy term in the vertical momentum equations. All the simula-
tions were carried out with second-order finite volume codes, except for
those of team B, which used a code based on a second-order finite ele-
ment technique for spatial discretization. Of the 11 simulations, 6 were
based on the numerical solution of the URANS equations, 3 used the
LES technique, and 2 used a URANS-LES hybrid methods. It should be
noted that for the physical model considered in the Challenge, the role
of the URANS in these hybrid methods is limited to the region near
the non-slip wall of the cylindrical inlet with the Gaussian bump (see
Fig. 1). Most of the teams performed the time-marching procedure with
implicit schemes and the time-steps used for the URANS-based simula-
tions ranged approximately from 107> s to 107> s, while the LES and
hybrid URANS-LES simulations were carried out with time steps in the
range 107°-10"° s. Participants were asked to select the mesh resolution
according to a test of grid independence. The resulting grids were pref-
erably constituted by hexahedra and polyhedral volumes. URANS-
based simulations were carried out with a number of grid elements
ranging from 0.6 x 10° to 6.2 x 10%, while the number of elements for
LES and hybrid methods ranged from 14.2 x 10° to 46 x 10° elements.
Five teams submitted the requested data for stage II and the
details of the Lagrangian tracking methods used by each team are indi-
cated in Table III, together with the identifying code assigned to each
simulation. For stage II, the code’s last integer indicates if evaporation
is (1) or is not (0) accounted for. As can be seen from Table III, evapo-
ration was considered in 3 simulations out of a total of 12 simulations
of the particle dispersion submitted under different conditions. In
seven of these simulations, the flow was computed by solving the

TABLE Ill. Stage Il: Summary of the simulations’ details.

URANS equations while there are three simulations in which LES was
used and only one was run using a hybrid method. All the teams pre-
sented results for the seven selected particle diameters. Particle track-
ing was performed considering a force balance that included the drag
force, the gravity and buoyancy forces, and a turbulent dispersion
force or a subgrid-scale random walk for URANS or LES, respectively.

llIl. RESULTS AND DISCUSSION

In this section we present, compare and discuss the results
obtained by the teams, starting from stage I (jet flow) in Subsections
[T A and I11 B and ending with stage II (particles) in Subsection I1I C.

A. Instantaneous thermal and velocity fields (stage I)

The teams submitted the instantaneous thermal and velocity
fields in the symmetry plane x =0 at three different times (t =0.25,
t =04, and t = 1.5s). We recall that the prototypical exhalation pre-
scribed as inlet flow reaches the maximum velocity at t=0.15 and
ends at 04s (see Sec. II). We grouped the results provided by the
teams using URANS in Figs. 2 and 3, and the results provided by
either LES or hybrid methods in Figs. 4 and 5. Figures 2 and 4 show
the non-dimensional temperature contours, whereas Figs. 3 and 5
show the contours of the axial (z) component of the velocity vector in
physical units. The non-dimensional temperature is defined as
0= (T—T,)/(T; — T,), where T; is the temperature of the flow at
injection (T;=34°C) and T, is the background temperature
(T, =15°C). This yields 0 = 0 at the far-field and 0 = 1 at the flow

Team Turbulence Evaporation Forces Number of particles Numerical method Code
A URANS No Drag, gravity, discrete ran- 13 800 for each diameter Lagrangian tracking A1-U-II-0
dom walk model Runge-Kutta method A2-U-11-0
A3-U-1I-0
LES Diameters: 4, 8, 16, 32, 64, 128, A4-L-11-0
and 256 um
C URANS No Drag, gravity, turbulent 13 800 for each diameter Lagrangian tracking. Euler ~ C1-U-II-0
dispersion implicit.
(stochasticDispersionRAS)  Diameters: 4, 8, 16, 32, 64, 128, Interpolation method: Linear
and 256 um released in half of ~ weighted interpolation using
the inlet cross section cell values.
E URANS No Drag, gravity, turbulence 5600 for each diameter Lagrangian tracking scheme: ~ E1-U-II-0
dispersion force Diameters: 4, 8, 16, 32, 64, 128,  Analytical scheme, interpola-
and 256 um tion method for fluid velocity:
Second order
F URANS No Drag, gravity, turbulence 13 800 for each diameter Lagrangian tracking. F1-U-II-0
Yes dispersion force Diameters: 4, 8, 16, 32, 64, 128, Second order tracking integra- F1-U-II-1
LES No and 256 pum released at x =0, tion and interpolation. F2-L-11-0
Yes y=0,andz=0. F2-L-1I-1
G Hybrid No Drag, gravity, turbulent 27738 for each diameter Lagrangian tracking. Euler ~ G1-H-II-0
URANS-LES dispersion implicit.
Yes (stochasticDispersionRAS)  Diameters: 4, 8, 16, 32, 64, 128,  Interpolation method: Linear ~G1-H-II-1
and 256 um weighted interpolation using
cell values.
Phys. Fluids 35, 045106 (2023); doi: 10.1063/5.0143795 35, 045106-6
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FIG. 2. Contours of instantaneous non-
dimensional temperature at t= 0.25,
t= 04, and t= 1.5s for the URANS
simulations. The predictions of the DNS
and the ensemble average of the 13
- LES are included at the top of the figure
A3-U-I for comparison purposes.
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FIG. 4. Contours of instantaneous non-
o1 dimensional temperature at t= 0.25,
B1-L-I E o] t= 04, and t= 1.5s for the LES and
o1 hybrid simulations. The predictions of the
DNS and the average of the 13 LES are
41 included in the first and second top rows
e of the figure for comparison purposes.
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comparison purposes, the average temperature and axial velocity con-
tours of 13 independent LES of the flow carried out by the organizers
with different inlet velocity boundary conditions. In these 13 LES, only

inlet. The code used to identify each simulation, indicated in the last
column of Table I, is shown to the left of the panels of Figs. 2-4.
A DNS or LES of a given turbulent flow represents a single reali-

zation of the flow, and the variability between the instantaneous fields
of different realizations can be determined by performing different
simulations with slightly different boundary conditions (Trivedi ef al,
2021). In the panels in the second row of Figs. 2-5, we included, for

the flow dispersion was simulated. The details of these simulations are
described in the Appendix. The average temperature and axial velocity
contours can be compared directly with the corresponding fields pre-
dicted by the URANS simulations, shown in Figs. 2 and 3, because the
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t=0.25 s t=0.40 s
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FIG. 5. Contours of instantaneous axial
component of the velocity vector (m/s) at
t= 025 t= 04, and t= 1.5s for the
LES and hybrid simulations. Note that the
velocity scale is different for the three
times. The predictions of the DNS and the
average of the 13 LES are included in the
first and second top rows of the figure for
comparison purposes. (*) The plots corre-
sponding to team B show the modulus of
the velocity vector.
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applied to violent expiratory events in Pallares and Fabregat (2022),
have been superimposed to the temperature contours in Figs. 2 and 4.
The model developed by Scorer (1997) to obtain the time-evolution of

URANS predictions can be considered as equivalent to the ensemble aver-
aged fields of many different flow realizations. This allows to estimate the
variability of the different realizations of the same turbulent flow. In all

the figures, the instantaneous contours of the DNS reported by Fabregat
et al. (2021a) are included on the top row for comparison purposes.

The theoretical shapes of the envelope of the thermal cloud, esti-
mated using the models of Scorer (1997) and Richards (1968), and

the front of the new jet predicts an envelope with a quasi-conical shape
with an elliptical cross section. At the plane x = 0, the contour of the
envelope corresponds to the white triangular shape shown in Figs. 2
and 4. The position and radius of the frontal spherical thermal puff
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(Richards, 1968) is indicated in these figures with a white circle. The
theoretical triangular and circular envelopes frame well the instanta-
neous thermal puff of the DNS shown in the top three panels of Fig. 2,
especially for t =0.4 and t = 1.5s. Note that the flow injection, that
lasts up to 0.4s, is still active at ¢ =0.25s, and the frontal quasi-
spherical puff, completely formed only when the flow injection ceases,
is not fully developed.

The six predictions of the thermal cloud by the URANS-based
simulations at t = 0.25, 0.5, and 1.5 s are shown in Fig. 2. Note that the
vertical dispersion of the jet obtained with these simulations is smaller
than the theoretical one, indicated by the triangular shapes, and the
one predicted by the DNS. The positions of the frontal quasi-spherical
thermal puff at t=0.4s and t=1.5s are very well captured by the
simulations C1-U-I and F1-U-I, while the other simulations (A1-U-I,
A2-U-1, A3-U-1, and E1-U-I) underpredict to some extent the range
and the vertical displacement of the frontal thermal puff. The reason
for these improved predictions of the thermal puff dynamics has to do
mainly with the grid resolution: The C1-U-I and F1-U-I simulations
were run on meshes of 6.2 x 10° and 1.6 x 10° elements, respectively,
whereas the A1-U-I, A2-U-I, A3-U-1, and E1-U-I simulations used
coarser meshes of about 0.6 x 10° elements. Comparing the predic-
tions of simulations A3-U-I and C1-U-I, both carried out with the
k-c0-SST model against the predictions of simulations A1-U-I and
A2-U-], carried out with k-¢ models (see Table II), it can be seen that
the specific turbulence model has a very limited impact on the predic-
tion of the position and extension of the frontal thermal puff. Similar
conclusions can be obtained by comparing the predictions of the axial
velocity component plotted in Fig. 3. In this case, simulations per-
formed with finer meshes (C1-U-I and F1-U-I) better reproduce the
range of DNS instantaneous velocity contours, which are characterized
by higher vertical dispersion when compared to URANS simulations.
It is also remarkable that simulation F1-U-I shows a frontal region of
high velocity that is detached from the thermal cloud and is qualita-
tively similar to that found in the DNS (see Fig. 3).

We also remark here that the instantaneous axial velocity was
not reported by team B (B1-L-I); therefore, Fig. 5 shows the modu-
lus of the instantaneous velocity for this team. At t+=0.25 and
t=0.4s, all the LES show very similar temperature and velocity
contours. As for the URANS-based simulations (cases A1-U-I to
F1-U-Tin Figs. 2 and 3), it is evident that the vertical dispersion of
the jet is slightly underestimated with respect to the DNS, but both
the range and the extension of the frontal thermal puff are well
reproduced in all the cases. At t=1.5s, simulations F2-L-I and
G1-H-T exhibit intense velocity activity in the frontal thermal pulff,
as observed in DNS too (see Fig. 5). This can be also appreciated in
Fig. 4, where the range of the thermal cloud of these two simula-
tions appears larger than the LES range. The comparison of the
characteristics of these two simulations with those of the remain-
ing simulations shown in Table IT does not reveal a clear reason for
this difference in terms of mesh resolution, inlet velocity condi-
tions, or SGS model. It can be probably attributed to the stochastic-
ity of the different realizations of the same turbulent flow. In fact,
Trivedi et al. (2021) reported a relatively large variability in the
range of the thermal cloud in different realizations (see, for exam-
ple, Fig. 2 of Trivedi et al, 2021). Also, as it will be shown in
Subsection I1I B, the variability found in the horizontal range of
the thermal cloud at t=1.5s among the different LES shown in

Fig. 4 is compatible with the values of the horizontal size of the
thermal cloud of the 13 independent LES.

B. Position and size of the thermal cloud (stage 1)

Similarly to the definitions of the position of the centroid and
sizes of the particle clouds, given by Eqs. (1) and (2), the position of
the centroid (provided by the coordinates cry, cr;) and size (provided
by the widths o7y, o7.) of the thermal cloud can be defined as

J y0dv J z0dV
Cry = V—~, Crz = e (3)
J 0av J 0av
v v
and
J (z—cr)*0dV
o = \| Ve (4

J,0dv

Figures 6 and 7 show, respectively, the predictions of the vertical (y)
and axial (z) locations of the centroid of the thermal cloud at t = 0.25,
t=0.4, and t = 1.5s. The triangles in these figures indicate the vertical
and horizontal extensions of the cloud as the position of the centroid
plus-minus the corresponding width (cr, * o7y, and c; =01 ), whereas
the circles indicate the locations of the centroids. The predictions of
the DNS and those of the averaged 13 LES are shown with lines. The
gray regions in Figs. 6 and 7 mark the variability of the 13 LES within
two times the standard deviation of the position of the centroid of the
thermal cloud. The variability of the dimensions of the cloud is also
indicated with shaded regions. According to this, 95% of the different
instantaneous positions and sizes of the thermal cloud resulting from
different realizations of the same turbulent flow should fall in these
shaded areas. It should be noted that this variability only applies to
LES since the solution of the URANS equations directly gives the
ensemble-averaged flow and temperature fields, corresponding to a
large number of different realizations of the flow.

As shown in Figs. 6(a) (t = 0.25) and 6(b) (t =0.4s), the center
location and the size of the thermal cloud are mostly well predicted by
the LES and URANS-based simulations. At larger times [Fig. 6(c)], the
uncertainty of the predictions increases. For the three times consid-
ered, the vertical location of the centroid resulting from the URANS-
based simulations, plotted with red symbols at the bottom of the
panels, agrees well with those of the DNS and the 13 LES, but the
widths of the thermal cloud are underpredicted especially at t = 1.50s.
At this time, the variability of the vertical sizes of the thermal cloud,
defined as 207y, is relatively small among the URANS predictions,
which ranges between 0.07 (A1-U-I) and 0.08 m (C1-U-I). These val-
ues are about 50% smaller than those corresponding to the DNS (0.15)
and the 13 LES (0.12 m), indicating a reduced turbulent vertical mix-
ing due to the use of turbulence models in the URANS simulations. In
these cases, the effect of buoyancy in the transport equations of the
turbulent kinetic energy and of the dissipation is to enhance/suppress
turbulence in unstable/stable stratified regions of the flow. However, it
is known that these models show some deficiencies in the predictions
of the spread rates of vertical plumes (Kuma and Dewan, 2014) and
buoyant horizontal jets (Alfaifi et al., 2019).
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The position of the centroid of the thermal cloud predicted by
LES, plotted at the top of the panels of Fig. 6 with blue symbols,
falls within the variability of the 13 LES for ¢t = 0.25s [Fig. 6(a)] and
t=0.4s [Fig. 6(b)]. At t = 1.55, there are two simulations (B1-L-I and
D1-H-I) that predict vertical positions of the centroid below y= 0.
The inspection of the instantaneous temperature distribution provided
by the simulation B1-L-I at t = 1.5 s (Fig. 4) shows that the hot ascend-
ing plume near the coordinates origin, formed by the hot fluid remain-
ing in the inlet pipe after the flow injection has ceased, is not
reproduced in this case. Also, it can be seen that, at t = 1.5, the tem-
perature distribution is in fact shifted toward y <0, because, in this
simulation, the buoyancy term was not considered in the vertical

ARTICLE scitation.org/journal/phf

momentum equation. Although not as pronounced, the instantaneous
distribution of the simulation D1-H-I also shows this shift. In this
case, the position of the centroid and the vertical size of the thermal
cloud are within or very close to the variability of the 13 LES. Figure
6(c) shows that the other LES (A4-L-I, F2-L-I and G1-H-I) predict
vertical sizes of the thermal cloud that fall within the variability of the
13 LES.

The axial positions and the horizontal sizes of the thermal cloud
are plotted in Fig. 7. In general, the URANS-based simulations, shown
in the bottom portion of each panel, predict smaller axial ranges of the
thermal cloud (i.e., larger horizontal positions of the centroid) when
performed with finer meshes (C1-U-I and F1-U-I, see Table II), as
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FIG. 8. Trajectories of non-evaporative particle clouds predicted by the URANS-based simulations.
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compared to coarser simulations (Al-U-I, A2-U-I, A3-U-I, and
E1-U-I) at the three times considered. At t = 1.5 [Fig. 7(c)], the vari-
ability of the horizontal position of the centroid for the URANS-based
simulations lays between 0.24 (A2-U-I) and 0.42 m (C1-U-I) with the
predictions of the DNS, yielding ¢y, = 0.36 m and the 13 LES, yielding
cr; =0.32m. The horizontal extension, defined as 2o7;, ranges
between 0.5 (F1-U-I) and 0.38 m (A2-U-I) with that of the DNS being
0.45m and that of the 13 LES being 0.39 m. This indicates that, in gen-
eral, at large times, the horizontal size of the thermal cloud is well cap-
tured by the URANS-based simulations, while a large scatter is
observed in the prediction of the horizontal position of the centroid.
This scatter depends on the combination of the grid resolution and the
turbulence model used. The results suggest that, regardless of the

turbulence model used (see Table II), finer meshes allow the thermal
cloud to extend over each larger horizontal distances.

The estimations of the position and sizes of the thermal cloud
produced by LES are plotted using blue symbols at the top of the pan-
els of Fig. 7. At t = 0.25 [Fig. 7(a)] and t = 0.4 s [Fig. 7(b)], the predic-
tions lay close or within the variability of the 13 LES, which is
indicated by the gray areas. At larger times [t = 1.5, Fig. 7(c)], the dif-
ferent LES exhibit larger variability in terms of the centroid position
and horizontal sizes of the thermal cloud. The horizontal extensions
range between 0.39 (A4-L-I) and 0.51 m (G1-H-I). These values com-
pare well with DNS, which yields 267, = 045m and the 13 LES,
which yield 267, = 0.39 m. The centroid position exhibits a significant
larger variability, but its predictions are anyway close to those of DNS
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FIG. 9. Trajectories of non-evaporative particle clouds predicted by LES.
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and the 13 LES, especially for simulations D1-H-I and BI1-L-I,
which lay within the variability of the 13 LES, indicated with gray
areas in Fig. 7(c). According to the information shown in Table II,
these differences in the axial position of the centroid of the thermal
cloud at t = 1.5 s can be attributed to the inherent variability of dif-
ferent realizations of the same turbulent flow combined with the
use of different grid resolutions (note that for the LES, these range
between meshes of 14.2 x 10°-46 x 10° elements). Overall, the
results show that the variability of the different predictions, espe-
cially those relative to the horizontal position and to the extension

ARTICLE scitation.org/journal/phf

C. Particle clouds (stage Il)

In this subsection, we compare and discuss the results concerning
the centroid trajectories and the particle cloud size for seven different
diameters (4, 8, 16, 32, 64, 128, and 256 um). Table II summarizes the
different cases for stage II, which include nine simulations that con-
sider non-evaporative particles (6 URANS and 3 LES/Hybrid) and
three simulations with evaporative particles (1 URANS and 2 LES/
Hybrid).

Figures 8 and 9 show, respectively, the trajectories of the cent-
roids of the non-evaporative particle clouds for the URANS-based

of the thermal cloud, increases with time and simulations at larger
times (¢t > 1.5s) can show significant differences, up to some tens

simulations and for the LES, together with the predictions of the DNS.
The corresponding trajectories for evaporative particles are plotted in

of centimeters. Figs. 10 and 11.
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FIG. 11. Trajectories of evaporative particle clouds predicted by the by LES.

Figure 8 (URANS) shows that cloud centroid trajectories for the
small particles (4, 8, and 16 um, top-row panels the figure) mostly
remain afloat within the thermal puff and progressively increase their
axial range, departing from the DNS result as their size increases. This
is also observed for the evaporative particles, as shown in the top panel
of Fig. 10 (URANS). A similar trend is also depicted in Figs. 9 and 11
corresponding to the predictions of LES.

This increased axial range for the evaporative and non-
evaporative particles with diameters 8 and 16 um, with respect to the
DNS, can be attributed to the reduced vertical span of the thermal puff
predicted by the URANS-based and LES simulations in comparison
with the DNS (see, for example, the vertical sizes of the thermal puff at
t=04sand t= 1.5s in Fig. 6). The reduced vertical size of the ther-
mal puff is associated with less vertical mixing and higher axial fluid

velocities that transport particles of increasing inertia (4, 8, and 16 yum)
to progressively larger axial positions as they remain afloat within the
thermal puff.

The comparison of the top panels of Figs. 8 (URANS) and 9
(LES) shows that the axial spread of the particle centroid predicted by
LES is reduced with respect to the DNS. This agrees with the enhanced
vertical mixing within the thermal cloud that LES is able to reproduce
in comparison with the URANS-based simulations, thus resulting in a
wider thermal cloud, as shown in Fig. 6.

For the smaller particle sizes (4, 8, and 16 yum), the URANS pre-
dictions (Fig. 8) do not exhibit a clear trend based on the specific tur-
bulent model. For example, the results for cases A1-U-1I-0, A2-U-II-0,
and E1-U-II-0, computed with the k-¢ models, notably differ from
those reported for cases A3-U-II-0, C1-U-II-0, and F1-U-II-0, which
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used the k-w models. Specifically, both groups of simulations pre-
dicted very similar cloud trajectories with small variability, potentially
explained by differences in the mesh resolutions. Compare, for exam-
ple, the DNS with cases A3-U-II-0 and C1-U-II-0 performed with the
k- models but with 0.6 x 10° and 6.2 x 10° elements.

The trajectory of the cloud centroid for the particles with size
32 um strongly depends on the evaporation of the particles. As indi-
cated by the DNS trajectories shown in Figs. 8-11, the 32 um particles
remain afloat at = 1.5 if evaporation is considered but tend to fall if
evaporation is not considered. This trend is generally well captured
by URANS and LES, except for the cases F2-U-II-0 (see Fig. 9) and
F1-U-II-1 (see Fig. 10).

According to the DNS, the larger particles with diameters 64,
128, and 256 um tend to fall with essentially the same trajectory irre-
spectively of the evaporation. For some cases (for example, A1-U-II-0,
A2-U-II-0, or C1-U-II-0 in Fig. 8), the trajectories of the cloud cen-
troid for the 256 ym particles show backward trajectories (i.e., toward
the plane z =0 plane) at large times. This is probably caused by the
fact that, at large times, particles that have reached the bottom of the
computational domain are excluded from the calculation of the cen-
troid, which takes into account only the remaining particles injected at
the end of the exhalation (which are freely falling relatively close to the
inlet pipe). This effect can explain the departure from the DNS of the
trajectories of the clouds for particles with the largest diameters (128
and 256 um). However, for these cases, the trajectories of the centroid
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at small times (namely, close to the flow injection) compare well with
those provided by DNS.

Contrary to what is observed for smaller particles, the URANS-
based simulations tend to underestimate the axial range of the particle
cloud centroids for particles with quasi-ballistic trajectories (e.g., those
with diameter equal to 64 um or larger). This may be due to the
reduced vertical size of the thermal cloud predicted by the URANS-
based simulations, which would explain why these relatively massive
particles tend to leave the thermal cloud earlier than in DNS.

The vertical and horizontal positions of the cloud centroid as well
as its size for the case of non-evaporative and evaporative particles
with diameters 4 and 32 um at t = 0.4 and t = 1.5 s are shown in Figs.
12 and 13. For reference, the DNS predictions of the particle clouds
(green lines) and the DNS predictions of the centroid and sizes of the
thermal cloud (black lines) are also included. We selected these two
specific particle diameters, out of the seven values considered, to illus-
trate the effect of the different numerical approaches on the predic-
tions when particles remain afloat within the thermal puff for large
times. In Figs. 12 and 13, the data corresponding to the non-
evaporative particles are plotted on panels (a-0) to (d-0), while the
data of the evaporative particles are shown in panels (a-1) to (d-1).

Figure 12 shows that the DNS predictions of the vertical position
of the centroids of the particles, which tend to fall due to of gravity, are
below the centroids of the thermal cloud, which tend to rise due to
buoyancy. In general, the predictions of the vertical position of the
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FIG. 12. Vertical positions of the centroids [c,, see Eq. (1)] and vertical sizes [, see Eq. (2)] of the non-evaporative and evaporative particle clouds. (a-0) Non-evaporative
and (a-1) evaporative clouds of particles of 4 um at t = 0.4 s. (b-0) Non-evaporative and (b-1) evaporative clouds of particles of 32 um at t = 0.4 s. (c-0) Non-evaporative and
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and vertical size [o7y, see Eq. (4)] of the thermal cloud is indicated in black lines for comparison.
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FIG. 13. Horizontal positions of the centroids [c,, see Eq. (1)] and horizontal sizes [o,, see Eq. (2)] of the non-evaporative and evaporative particle clouds. (a-0) Non-
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evaporative and (c-1) evaporative clouds of particles of 4 um at t =1.55. (d-0) Non-evaporative and (d-1) evaporative clouds of particles 32 um at t =1.5s. The centroid [cr;,
see Eq. (3)] and vertical size [T, see Eq. (4)] of the thermal cloud is indicated in black lines for comparison.

centroid of the non-evaporative particle clouds (panels a-0, b-0, c-0,
and d-0) are very similar among the different cases, including
URANS-based simulations and LES, and in agreement with DNS,
especially at short times (i.e., at t = 0.4s). However, the predictions of

the vertical sizes of the particle clouds are systematically underpre-
dicted in comparison with the DNS. A similar trend has been found
and discussed in Subsection 111 B when comparing the vertical sizes of
the thermal cloud shown in Fig. 6. The effect of evaporation on the

Phys. Fluids 35, 045106 (2023); doi: 10.1063/5.0143795
Published under an exclusive license by AIP Publishing

35, 045106-18



UNIVERSITAT ROVIRA I VIRGILI

NUMERICAL SIMULATIONS OF PARTICLE TURBULENT DISPERSION AND
DEPOSITION WITH IMPLICATIONS FOR THE SPREADING OF AIRBORNE DISEASES
Akim Lavrinenko

scitation.org/journal/phf

Physics of Fluids ARTICLE

vertical position of the centroid of the particle cloud appears to be very
limited, as it can be seen by comparing the cases A1-U-II-0 with the
case A1-U-II-1 corresponding to URANS-based simulations or the
case F2-L-II-0 with the case F2-L-II-1 for LES. As predicted by DNS,
the vertical size of the particle cloud is, in general, increased if evapora-
tion is considered, especially for 4 um particles at t = 1.5s.

The horizontal extensions of the non-evaporative and evapora-
tive clouds of particles with diameters 4 and 32 um are plotted in Fig.
13. As expected, the DNS results indicate that the position of the cen-
troid is generally located at a smaller axial position compared to the
centroid of the thermal cloud. At t = 0.4, the URANS and LES pre-
dictions for the non-evaporative particles are close to the DNS results
with a maximum difference, of about 0.05 m only. At larger times, the
predictions exhibit a larger scatter and the maximum differences
increase up to about 0.15 m. Both URANS-based simulations and LES
perform similarly when compared with DNS. The horizontal size of
the particle clouds is, in general, closer to the DNS results for the LES.
URANS-based simulations obtained with coarser meshes (A1-U-II-0,
A2-U-II-0, and A3-U-II-0) tend to overpredict the size of the cloud in
comparison with simulations performed using finer meshes (C1-U-II-
0, E1-U-1I-0, and F1-U-II-0).

IV. CONCLUSIONS

In this paper, we presented and discussed the results of a collabo-
rative study, carried out by seven research teams within the framework
of an international Computational Fluid Dynamics (CFD) challenge.
Each participating team was asked to numerically simulate the short-
term short-range flow and resulting particle dispersion generated by a
prototypical violent expiratory event consisting in a short injection of
hot fluid into a colder, initially quiescent, ambient. The results
reported by each team have been compared against two reference
cases, including a single realization provided by a Direct Numerical
Simulation (DNS) and an averaged ensemble of 13 independent
Large-Eddy Simulations (LES). The information obtained from these
predictions is relevant for two reasons. First, to establish measures ori-
ented to the minimization of risk infection of diseases transmitted by
pathogen-laden aerosols expelled during expiratory events. Second, to
generate realistic initial conditions for simulations of the long-term
long-range flow and particle dispersion in indoor and outdoor scenar-
ios. The seven research teams have performed a total of 11 simulations
of the same flow configuration, but with different meshes and turbu-
lence modeling approaches. Six simulations are based on the numeri-
cal solution of the Unsteady Reynolds Averaged Navier-Stokes
(URANS) equations and five are based on the LES approach. The dis-
persion of both evaporative and non-evaporative particles with diame-
ters ranging from 4 to 256 um has also been considered resulting in 12
simulations in total (7 based on the solution of the URANS equations
and 5 based on the LES approach).

Overall, the URANS-based and the LES simulations correctly
predict the vertical and horizontal mixing of the new jet formed during
the flow injection (0 < ¢ < 0.4s). At later times, of the order of 1 sec-
ond after the flow injection has ceased (t~1.5s), the vertical mixing
of the thermal puff is, in general, underpredicted by both approaches
with vertical sizes of the thermal cloud about 50% smaller than in
DNS for URANS and 30% for LES. A larger variability in the predic-
tions of the horizontal sizes of the thermal cloud is observed, but in
general, both URANS and LES compare similarly well with the

reference data. For the flow conditions considered, the specific turbu-
lence model used for the URANS simulations has a very limited
impact on the prediction of the position and extension of the frontal
thermal puff. However, the use of finer meshes for the URANS-based
simulations allows the thermal cloud to extend over larger horizontal
distances, resulting in a better agreement with the DNS.

The trajectory and size of the particle clouds predicted by the
DNS are, in general, well reproduced both by URANS-based and LES
simulations. For the flow conditions simulated here, the cloud centroid
exhibits wider axial ranges and lower vertical displacements than the
DNS in the case of particles that remain afloat (4, 8, and 16 um).
These differences are more evident for the larger (16 um) particles and
for the URANS-based simulations. Their occurrence can be also con-
nected to the under-predicted vertical mixing of the thermal puff dis-
cussed above. The 32 um particles tend to remain afloat if evaporation
is considered but tend to fall otherwise. For the specific flow, thermal
and humidity conditions considered in this study, this trend is gener-
ally well reproduced by the different approaches. For the larger par-
ticles (64, 128, and 256 um), which tend to follow quasi-ballistic
trajectories and are less correlated with the local field compared to the
smaller particles, the URANS and LES predictions are closer to the
DNS.
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APPENDIX: DETAILS ON LES ENSEMBLE

In this Appendix, we describe the details of the LES performed
to estimate the flow variability between instantaneous fields of dif-
ferent realizations. We performed 13 LES of the flow dispersion,
without considering the particles, with the same boundary condi-
tions as those indicated in Sec. IT but adding different small pertur-
bations to the time evolution of the inlet velocity. Figure 14 shows
the time evolutions of the inlet velocity of the 13 simulations and
the corresponding intensities of the fluctuations. It can be seen that
the averaged time evolution of these realizations follows well the
linear increase and decrease in the inlet velocity used for the simula-
tions of the Challenge. The fluctuations have been modulated to
have similar intensities as the turbulent flow at the outlet of the
mouth according to the simulations of the flow in the upper respira-
tory tract during a violent expiratory event (Pallares ef al., 2022).
These 13 LES were carried out up to t=2s (At=10""s) in a
reduced cylindrical computational domain (H=50d and D =40d,
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FIG. 14. Time evolution of the 13 different inlet velocities used to obtain different
realizations of the flow. The average and the rms values are also indicated.

see Fig. 1) with a mesh resolution of 2.4 x 10° elements using a
second-order finite volume code and the WALE SGS model, as in
Pallares et al. (2022).

Figure 15 shows the time evolutions of the vertical [Fig. 15(a)]
and axial [Fig. 15(b)] positions of the temperature centroid of these
13 simulations. The coordinates of the centroid of the thermal cloud
(c1y, crz) are computed using Eq. (3). The curves corresponding to
the position of the centroid plus/minus the vertical (¢7,) and hori-
zontal (or,) sizes defined in Eq. (4) have been also included to indi-
cate the evolution of the dimensions of the thermal cloud [i.e.,
cry + o1y and cry, — opy in Fig. 15(a) and ¢z 4 o7 and ¢, — o, in
Fig. 15(b)]. The shaded regions in Fig. 15 mark the variability of the
13 simulations within two times the standard deviation of the posi-
tion of the centroid of the temperature distribution at each time.
The variability of the dimensions of the cloud is also indicated with
shaded regions. Consequently, if the different instantaneous posi-
tions and sizes of the temperature cloud follow a normal distribu-
tion, the shaded areas mark the region where 95% of the
realizations would be. To determine the normality of the vertical
and axial positions of the centroid and the sizes of the thermal
cloud, we performed the Anderson-Darling normality test
(Anderson and Darling, 1954) with a 1% of significance for the 13
realizations at each time. This test indicates that the different real-
izations satisfy the normality test for t>0.2 s. The data at t <0.2
fail the test probably because of the random nature of the white-
noise perturbations introduced in the time evolution of the inlet
velocity (see Fig. 14).

The position of the centroid of the thermal cloud and its verti-
cal [Fig. 15(a)] and horizontal [Fig. 15(b)] sizes obtained with the
DNS reported in Fabregat et al. (2021a) are plotted in Fig. 14 with
black lines. It can be seen that the vertical position and the vertical
extension of the temperature cloud of the DNS is well within the
variability of the 13 LES. For t < 1.2s, the axial position and axial
extension of the temperature cloud predicted by the DNS also fall
within the variability of the 13 LES. At larger times (t>1.2s) and
for the axial quantities [Fig. 15(b)], the DNS predicts a larger range,
of about 5cm, and extension for the thermal cloud. Note that for
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FIG. 15. Time evolutions of the horizontal (a) and vertical (b) positions of the cen-
troid of the thermal cloud and the horizontal (a) and vertical (b) sizes. The predic-
tions of the DNS are plotted in black. The time at which the flow injection ceases
(t=0.4s) is indicated.

t> 1.2, the averaged axial position of the thermal cloud obtained
with the DNS still increases with time, while the axial position for
the 13 LES is essentially constant probably because of the excessive
SGS viscosity at this late stage of the flow injection with a progres-
sively reduced turbulence activity at these axial positions with a rel-
atively coarse mesh.
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Abstract

Turbulent dispersion of particles is vital in understanding the transmission of airborne infectious
diseases. Transmission primarily occurs via inhalation of pathogen-laden aerosols released when
infected individuals breathe, talk, cough, or sneeze. We employ Direct Numerical Simulations
to investigate aerosol dispersion in an idealized cubic room subjected to high Rayleigh numbers
induced by natural convection. Temperature difference on opposing walls drive turbulent flow with
a dominant large-scale recirculation.

The initial aerosol distribution consists of spherical solid particles (0.1-2.5 um in diameter)
randomly seeded within a spheres initially located on the main diagonal of the cavity. Analysis of
particle relative dispersion and concentration variance reveals strong inhomogeneity, highlighting
lower dispersion in the central area of the room and significantly higher dispersion near the walls.

Additionally, we introduce a new analytical model for aerosol cloud dispersion within the cubic
room, comparing it with Direct Numerical Simulations. Results suggest that closed-form models
in some cases provide reasonable estimates of particle mixing time. According to simulation
results, homogeneous mixing inside the room is attained 500 seconds after the release even for
the most unfavorable conditions. This research advances our comprehension of indoor aerosol
dispersion, a critical factor for evaluating the risks associated with disease transmission.

Keywords: Particle transport, Airborne infectious diseases, Mixing rate, Natural convection,
Turbulent dispersion, Differentially heated cavity.

PACS: 44.35.+c, 44.25.+f, 47.27 E-

2000 MSC: 76F25, 76T15

1. Introduction

The transport of aerosols in turbulent flows plays a central role in various processes. Its prac-
tical applications span various fields, including environmental and climate studies, human health
and safety, industrial processes, and fundamental fluid dynamics research.
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In industrial applications, such understanding aids the optimization of processes like combus-
tion, spray coating, and powder handling [1, 2, 3]. The behavior of particles in turbulent conditions
also affects the transport and distribution of aerosols, influencing climate and weather patterns by
interacting with sunlight, radiation balance, and cloud formation [4]. It is instrumental in gaug-
ing and reducing environmental impact, as seen in the dispersion of pollutants in the atmosphere
and aquatic systems [5, 6]. Furthermore, it has substantial implications on outdoor [7] and indoor
air quality [8, 9, 10]. These studies deepens our understanding of fluid flow behavior, mixing
processes, and the interplay between dispersed and carrier phases.

Also, comprehending how aerosols travel in turbulent environments is essential in grasping the
spread of airborne infectious diseases. This includes diseases such as the common cold, influenza,
chickenpox, measles, tuberculosis [11], and more recently, COVID-19 [12]. By July 2023, the lat-
ter has sadly resulted in over 691 million cases and exceeded 6.9 million fatalities worldwide [13].
These insights into aerosol transport mechanisms hence hold significant implications for public
health. Centers for Disease Control [14] and Prevention and the World Health Organization [15]
urges to accelerate the research and development process, and develop new rules and standards to
mitigate the spread of diseases transmitted by pathogen-laden aerosols.

The COVID-19 pandemic has underscored the importance of gaining a deeper understanding
of physics of pathogen-laden transport. Research on this subject has been ongoing for a consider-
able period of time and various methods have been employed [16, 17, 18, 19, 20, 21].

Direct Numerical Simulations (DNS) by Fabregat et al. [22, 23] showed that human violent
expiratory events (coughs and sneezes), could be divided into two stages. In the first stage that
starts immediately after the violent expiratory event, the turbulent particle dispersion is dominated
by the jet/puff flow generated by the rapid exhalation. Studies suggest that the aerosol clouds,
at the culmination of the first stage of exhalation, can be roughly estimated as a sphere with a
radius of about 0.3 meters [24, 25]. A second stage starts approximately 2 s after exhalation, once
significant fraction of the turbulent energy has already dissipated due to viscosity. The primary
drivers of particle dispersion then become ambient air currents influenced by natural factors, such
as room temperature gradients, or forced convection mechanisms like Heating, Ventilation, and
Air Conditioning systems [26]. Consequently, the long-term distribution and mixing attributes of
the particles mostly depend on these large-scale ambient flows. To improve our understanding of
inhomogeneous turbulent flow and aerosol dispersion, we numerically investigate here the mixing
properties of an idealized particle cloud resembling that genereated by a rapid exhalation in a
cubical room with no ventilation using fully-resolved simulations. Building upon the existing
research [22, 23], this study focuses on the second stage of violent expiratory event, when the
dispersion of pathogen-laden particle clouds is governed by a large-scale buoyancy-driven flow.
Through DNS with Lagrangian Particle Tracking (LPT), we model the airflow and pathogen-laden
particles within a cubical room with sides of ~ 3 m subjected to a temperature difference of 1.24
K applied to two pairs of differentially heated opposed walls. By analyzing the trajectories of
the particles within the cloud, we examine the spatial dependence of the mixing time for the
particle cloud and given particle size. Using particle relative dispersion, we compare the mixing
time of the particle cloud in our study with established regimes. This allows us to assess the
behavior of the particle cloud in terms of dispersion characteristics. Additionally, utilizing the
temporal evolution of the particle relative dispersion, we calculate the dispersion coefficient, which
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provides quantitative information about the spreading and diffusion of particle cloud within the
room. The costly DNS results are evaluated against closed-form models to appraise their predictive
capabilities regarding mixing rates under idealized flow conditions. Two distinctive models are
assessed - first, novel Gaussian model derived from an instantaneous aerosol point source, and
second, a semi-analytical model for the dispersion of a continuous source proposed by Lau et al.
[27]. The mixing times calculated using these closed models are compared to those from the DNS
using the particle concentration variance as a comparative measure.

Mathematical and physical models are presented in Section 2. Simulation results, including in-
stantaneous snapshots of the thermal flow, averaged outcomes, temporal particle relative dispersion
and variance of the particle concentration, and a comparison with analytical model predictions, are
presented and discussed in Section 3, 4. Conclusions drawn from the findings are outlined in Sec-
tion 5. Additional details regarding the LPT model can be found in Appendix A (Section 6), while
Appendix B (Section 7) provides, for completness, the derivation of the dispersion model equation
proposed by Lau et al. [27].
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2. Mathematical methods

In this study, we use the identical numerical setup described in Lavrinenko et al. [28]. The
computational domain, representing an idealized cubical room, consists in a cavity of side length
[, = 3.148 m filled with air at average temperature T = 300 K(see Fig. 1).

The bottom horizontal (floor) and the left vertical wall are kept at a constant temperature 7}, =
Ty + AT /2 while the top horizontal (ceiling) and the opposite right vertical wall which are kept at
T. = Ty — AT /2. The remaining vertical walls, normal to z, are assumed adiabatic. Temperature
difference AT is 1.243 K and gravity acts in the —y direction.

L.

3
Figure 1: Sketch of the computational domain consisting of a [—%, %] in non-dimensional units. Red and blue surfaces
represent hot and cold walls respectively.

2.1. Carrier Phase Model

Assuming incompressibility conditions, the non-dimensional mass, momentum and thermal
energy conservation equations under the Boussinesq approximation can be written as:

ou;

-0 1

ax, (D
Oou; Ou;  0dp Pr  &u;

— +Yy— = — +
ot " Ox; 0x;  \/Ra0x;0x;
00 00 1 4%

+ Préo; 2)

ot ! 8)Cj VRa anaxJ‘
where ¢ is time, u; is the velocity component in the direction x;, p is pressure and 6 = TZ;T is the

temperature fluctuation. The Rayleigh and Prandtl number are defined as Ra = (gBATE)/(va) =
3.6 x 10° and Pr = v/a = 0.7 respectively where the velocity, length, time and temperature
scales are u; = a\/R_a/lS = 0427 ms™', I, = e« VRa/u, = 3.148 m, t; = I,/u, = 7.372 s and
T, = AT = 1.243 K respectively.

Equations (1)-(3) are solved using NEK5000 [29], an open-source, high-order spectral ele-
ment method (SEM) based solver designed for solving the incompressible Navier—Stokes equa-
tions. NEK5000 utilizes Nth-order tensor-product Lagrange polynomials as basis functions on the

4
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Gauss—Lobatto—
Legendre quadrature points within each element, ensuring efficient evaluation and low storage
costs for operators [30].

The solver employs a semi-implicit kth-order Backward Difference Formula (BDFk) and kth-
order Extrapolation (EXTk) timestepping method. The time derivative is approximated using
BDFk, while the nonlinear terms and other forcings are handled with EXTk. Viscous and pressure
terms are treated implicitly, leading to the solution of a linear unsteady Stokes problem at each time
step. This problem involves Helmholtz equations for each component of velocity, temperature, or
scalars, and a Poisson equation for pressure [31]. NEK5000 is a widely utilized tool for both DNS
and LES simulations across various flow configurations and applications [32, 33, 34].

The computational grid, with a total of approximately 300 million nodes, ensuring explicit
resolution of all spatial and temporal scales as per the resolution criteria proposed by Scheel et
al. [35] for similar buoyancy-driven flow configurations. The minimum and maximum grid cells
are AX,yy = AYpin = AZyin = 3.3 x 1073 and AXyx = AYypur = AZyay = 1.4 x 107 non-
dimensional units, respectively. For further details on the numerics and mesh generation, please
refer to Fabregat and Pallares [36].

The Spectral Element Method (SEM) spatial discretization used in NEK5000 where the numer-
ical approximation in each element can be expressed as a three-dimensional Legendre polynomial
expansion of order N? is used to interpolate the particle velocity on the previous time step or in
any other intermediate time in the predictor-corrector approach used in Exponential-Lagrangian
Tracking Schemes (see details in [36]).

2.2. Discrete phase model

Particles are modelled as idealized globular and smooth spheres. Given the small particle size
and high dilution, we assume a one-way coupling between the phases and neglect the particle
collisions. When a particle deposits on the wall, it is subsequently reseeded to a random location
within the domain.

The position of a given particle x; can be written as:

dx;
dt = Mi (4)
where the particle velocity «; can be determined as:
du;  uw;—u; oT
i 1 i

dr St + ngdin + Ll + 18 jk [uj - u_,-] wr+ n(t) 5)

p ~—— i ~——

~———" Buoyancy — Lift Brownian

Drag Thermophoresis

where S, is the particle Stokes number, n, is the magnitude of the buoyancy force experienced
by a particle, §;; is the Kronecker delta, n,, is the pre-factor of the non-dimensional temperature
gradient, n; is the lift proportionality factor, &; is the Levi-Civita symbol, & = V X it is the flow
vorticity and #; is the Brownian force.

The particle transport model presented in Eqs. (4)-(5) assumes that there are five relevant forces
acting on the particle, namely, hydrodynamic drag and lift, buoyancy, thermophoresis and Brow-

5
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nian. The definitions of the different parameters in Eq. 5 can be found in Appendix A (Section 6)
of this paper.

2.3. The Gaussian dispersion model for an instantaneous point source

I

Figure 2: : (a) Sketch of the large-scale flow recirculation. (b) The channel used to model the dispersion process near
the bottom wall (1), right vertical wall (2), top wall (3) and left vertical wall (4).

Computational Fluid Dynamics (CFD) simulations, such as Direct Numerical Simulations
(DNS) and Large Eddy Simulations (LES), are widely used for investigating particle dispersion
and are valuable for research and validation purposes. However, conducting these simulations
demands substantial computational resources and generates vast data sets that necessitate time-
consuming post-processing for the clear results and thus decision-making. As a result, there is a
critical need for a reliable and efficient engineering tool capable of accurately estimating aerosol
concentrations in indoor environments.

Addressing that need, we develop a Gaussian dispersion model that assumes the particle cloud
advection along the path of the large-scale recirculation generated by the thermally active walls
(see Fig. 2a). The cloud is assumed to be transported with a constant velocity (#.) and dispersed by
a constant turbulent diffusion coefficient (K). The distribution of particles along the path parallel to
the four walls of the cavity of the large-scale recirculation is modelled similarly to the dispersion
along a straight three-dimensional square duct sketched in Fig. 2b. The coordinate system of
this domain has &, n7 and z as the streamwise, vertical and horizontal directions respectively. The
domain is shown in Fig. 2b has a height and width of /; and a streamwise dimension of 4/;, which
corresponds, approximately to the path length of the large-scale recirculation sketched in Fig. 2a.

6
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The dispersion of an instantaneous point source in an unbounded domain can be written as (see
for example Seinfeld and Pandis [37] and Drivas et al. [38]).

c(x,y,2,0) = ———
Y 8 (ntK)*"?
2 2 2
(x+5-xo+ut) (y+5-3) (¢+%-2) ©)
P 4Kt B 4Kt 4Kt

where ¢ is concentration (particles/m?), S is source strength (particles/s), K is dispersion
coefficient (m?s7!), ¢ is time (s) and u, is velocity (ms™).

Equation 6 can be adopted to the present simulation by expressing the original system of
coordinate (x,y,z) in Fig. 2a to the transformed system of reference (£,7,z) shown in Fig. 2b.
An instantaneous source is initially located at position &, 179, Zp inside the room with a constant
streamwise velocity u.. The new expression now reads:

(§+ % _60 - uct)z
4Kt

cé.n,z,1) = R.R), (7

exp| -
8 (ntK)*"* P

where &, g and zg (—1;/2 < &y < [;/2, —1,/2 <n < /2, —1;/2 < z < [;/2) are the coordinates
of the point source emission. The sum in the term R, accounts for the particle reflection on front
and back walls of the channel located z = —I/2, z = [;/2 and R,, accounts for the particle reflection
on the bottom and top walls located at n = —/;/2 and n = [;/2 respectively.

The dispersion and reflection terms along the z direction:

= (z+ % +2il, — 2)° (z+ % +2il, + 20)°
R, = — + - 8
: i_Z_m [CXP( 4Kt exp 4Kt ®
Correspondingly along the n direction,
= (n+ % +2il, — 1) (+ % + 2il, + o)
R, = i_z_;o [exp (— A% +exp|— 1K ©)

The instantaneous concentration distribution obtained from Eq. 7 in the channel is mapped into
the cavity by transforming the system of coordinates &, 1, z into the system of coordinates x,y, z,
with its origin located at the center of the cavity (see Fig. 2a).

2.4. Semi-analytic model by Lau et al. [27]

Lau et al. [27] developed a semi-analytical model to examine the two-dimensional concen-
tration of pathogen-laden particles in indoor environments. An infectious person is considered as
the continuous source of infectious aerosols. All aerosols have the same size and carry the same
amount of virus. The aerosols are transported by advection caused by the airflow with velocity

7
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u., which follows the recirculating loop. It is assumed that the aerosols are passively released into
the flow stream, as the expelled air from the mouth and nose during breathing and talking. In the
absence of aerosol removal by ventilation, biological deactivation of the virus, and gravitational
settling the time evolution of the concentration can be written as:

2R
Clx,y,0) = 1nKh
f’ > (x+%—uct—xo—2ml)2
-~ +
) 2| i
(x+ % + ut + xo — 2ml)?
+ — .
cxp 4K1

. i o _()14-%—)/0—2nw)2 tex _(y+%+yo—2nw)2 dr

2 TP 4K1 P 4Kt

(10)

where C is the concentration of infectious aerosols (aerosols/m?) at all points on the surface of
the looping airflow, R is the infectious aerosol emission rate (aerosols/s), [, w, h are length, width
and height of the room respectively (m), Xy, yo is point source location. For completeness, more
details on the original model are given in the Appendix B 7 of this paper and in the original paper
of Lau et al. [27].

Equation 10 represents a model for continuous aerosol source, where the number of particles
always increases. In contrast, both in the DNS and the model given in Eq. 7, the particle count
remains constant, modelling particle cloud from a single isolated violent respiratory event. To
allow direct comparison with the DNS results for a finite release of particles, the model of Lau et
al. [27] was modified to consider injection of particles into the domain only during the exhalation
event, which lasts for 0.4 s (t = 0 to ¢t = #;,; = 0.4 s). Beyond ¢,,;, the aerosol count is set constant
by subtracting additional aerosols every time step from the continuous source, as shown in Eq. 11.

Ccough(-x’ Y, t) = C(X, Vs t) - (C(X, Vs t) - Cinj(x’ Y, t)) (1 1)

Here, C_pgn s the concentration for times ¢ > #,;, C is the concentration calculated using Eq.
10, and Cjyj is the concentration calculated during the time interval from ¢ = 0 to #;,;.

2.5. PFarticle dispersion

In order to quantify the ability of the flow to disperse and homogenize passive particle cloud
across the entire room we use the relative dispersion of the particles and the variance of particle
concentration.

The squared relative dispersion D? is defined as the average square distance over all particles
pairs and it can be calculated using [6]:

1
D e I R (12)
i,j

8
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where x*, y*, z* are the individual particle coordinates and P is number of all possible particle pairs.
The time evolution of D? can be represented under a scaling of the form:

D>~ ¢, (13)

Different regimes of relative dispersion have been identified based on the value of power num-
ber: v = 3 corresponds to Richardson’s dispersion (homogeneous turbulent flows), shear/ballistic
dispersion has v = 2, and standard eddy-diffusion (random walk) is when v = 1 [39].

The rate of growth of average square distance over all particles pairs can be related with the
relative diffusivity as [40]: )

1dD
K = T (14)

The variance of particle concentration serves as a metric for quantifying deviations from a
uniform concentration distribution. To implement this approach, we partitioned our cavity into five
equal segments in each direction, resulting in a total of N equally sized bins. We then monitored
the particle concentration within each bin and compared them to the expected uniform distribution.
The variance is defined as [41]:

1 N
ﬁ:N;m—w (15)

where N is number of the bins, n; is particle concentration in the bin and y is the mean particle

concentration:
1 N
“:N;m (16)

14
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3. Results and discussion

As an example of the large scale flow structure Fig. 3, shows slices of the non-dimensional
temperature field at different locations. The left panel of the figure shows the temperature contours
on the plane z = 0 and it depicts the distinct features of the large-scale, persisting, clockwise
circulation pattern on the temperature field. Distinct hot air vertices are noticeable close to the left
and bottom hot walls, while the top and right cold walls display vigorous mixing of hot and cold
air. Within the central region, the temperature field maintains a relatively stable and tranquil state,
with only minor fluctuations observed around the average temperature (7). The right panel of the
figure shows a slice at y = 0.495, located within the boundary layer of the cold top wall. This
layer is characterized by the presence of cold fluid streaks that align roughly with the dominant
flow direction, which is from left to right.

-050 -0.25 0.0 0.25 0.50 -0.50 -0.25 0.0 025 0.50

04 -02 0.0 02 04 04 -0.2 0.0 02" " 0.8
X X

Figure 3: Left: instantaneous temperature slice at z = 0 (room bisector plane). Right: instantaneous temperature slice
at y = 0.495 (near the cold horizontal representing the ceiling). All dimensions are non-dimensional.

This pattern is characterized by a distinct velocity and temperature profiles. Figure 4 shows the
time-averaged non-dimensional temperature (7)) and velocities ({u,), (u,)) along the bisector of
the vertical symmetry plane of the cavity. The maximum vertical and horizontal average velocities
are 0.246 and 0.188 in non-dimensional units respectively. Overall mean velocity in the cavity is
0.05.

In dimensional units the maximum average velocity is 0.105 ms™ within the momentum
boundary layer and near-zero velocities at the center of the room. Overall, the mean air veloc-
ity in the room is 0.021 ms~!, for a Prandtl and Rayleigh number considered.

1

As an example, Fig. 5 shows (x — y) and (x — z) projections of particle trajectories of three
arbitrarily selected particles on the left and right panels, respectively. Filled and empty markers

10
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Figure 4: Time-averaged non-dimensional temperature (a) and velocity (b) profiles along the horizontal and vertical
bisectors of the symmetry plane of the cavity z = 0 for Ra = 3.6 x 10°.

Figure 5: Three arbitrary particle trajectories (in different color) as seen from the x-y (left panel) and x-z (right panel)
directions. Filled and empty markers indicate initial and terminal positions for each particle trajectory.

11
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Figure 6: Initial position of the clouds (Table 1 provides the center coordinates of each cloud).

indicate starting and final positions for all three trajectories respectively. Released near the cavity
center at (0, 0, 0), particles initially spend some time in this low speed region before being captured
and transported by the high-velocity clockwise dominant circulation. The lateral displacement in z
direction of the particle trajectories are shown in the vertical projection in the right panel of Fig. 5.
The results suggest that the particles do not have any attracting manifolds, nor any preferential
location and are circulated across the entire width of the cavity under the action of the dominant
large-scale circulation flow.

The pathogen-laden aerosol cloud, representing a human violent exhalation at the second stage,

12
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No  color X, 9,2, (Ky) m?s™!

1 red -04,-04,-04 0.0133
2 yellow -0.2,-0.2,-0,2 0.0088
3 green 0.0,0.0,0.0 0.0047
4
5

cyan 0.2,02,02 0.0129
blue 04,04,04 0.0110
mean 0.01

Table 1: Particle cloud centroid coordinates and size-averaged dispersion coefficient of each sphere.

is modeled by randomly seeding smooth solid spherical particles within spheres with a radius of
0.3 m. We consider the dispersion of a total of 25 particle clouds (i.e. 5 locations of the clouds
and 5 particle sizes). The trajectories of each cloud are tracked throughout the entire simulation
period, which corresponds to 1.4 x 10 s (23 min). Using the particle trajectories of each cloud,
we compare the mixing by utilizing the particle relative dispersion and the variance of the particle
concentration.

Fig. 6 illustrates the initial locations of the particle clouds considered in this study. The figure
displays the 5 clouds located along the main diagonal of the cavity. Each cloud comprises 5 particle
sizes: 0.1, 0.5, 0.7, 1.3, and 2.5 um. On average, there are 230 particles of each size present in
each cloud. Table 1 provides the spatial coordinates of the considered cloud center locations along
with their corresponding colors. Additionally, table 1 shows time and size averaged dispersion
coefficient (K;,) of each sphere and the average dispersion coefficient averaged over all sphere
locations and particle sizes in the last row of the table. Subscript sa stands for size averaged value.

1()1 B T T T TTTT T T T T 1171] T T 11717
‘E% 1()0 a8 E
Q

107!
10° 10! 10? 10°

7, (s)

Figure 7: Temporal evolution of the relative dispersion D? in m? of particle sphere located in the center and the corner
of the cavity for each considered particle size. Violet and orange dashed lines corresponds to shear/ballistic (v = 2)
and linear diffusion (v = 1) regimes respectively.

To study the ability of the background air currents to disperse aerosol clouds we computed the
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time evolution of the relative dispersion defined in Eq. 13. Fig. 7 shows the relative dispersion
(D?) for each particle size for the particle clouds located in the corner (green color) and in the
center (red color) of the room (see Table 1 for coordinates). We use a uniform color to depict all
particle sizes as there is minimal variation in the relative dispersion between the particle sizes for
single cloud location. Also, in the case of the red cloud during the plateau period from 20 to 50 s,
there are no distinctive trends and regular patterns observed at that moment. The figure shows that
clouds of particles with different sizes located in the center of the cavity (green) require more time
to initiate dispersion, and that the dispersion rate starts to increase rapidly at around 20 s, whereas
the relative dispersion of the particle clouds initially located in the corner (red) start to grow at 3 s.
After these initial growths the rate of dispersion in both cases is similar and is maximum with the
rate of the ballistic regime (See Eq. 12). Violet and red dashed lines show shear/ballistic (v = 2)
and linear diffusion (v = 1) regimes respectively. The average distance between particle pairs
continues to grow until 500 s for both cases, where the relative dispersion reaches a plateau with
the average distance between particle pair D ~ 2.2 m. At this point, it stops growing indicating
that all particles are homogeneously mixed within the cavity. Aerosol clouds located in the corner
reach the highest rate of dispersion at ~15 s, while clouds in the center at ~40 s. In both cases
highest dispersion rate is close to shear/ballistic regime.
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Figure 8: Temporal evolution of the relative dispersion D?, in m? averaged over all particle sizes for each initial

position, for color definition see Table 1. Black thick dashed line shows relative dispersion averaged over all particle

initial cloud positions and sizes Dfala in m”. Violet and orange dashed lines corresponds to shear/ballistic (v = 2) and

linear diffusion (v = 1) regimes respectively.

Figure 8 shows the particle size-averaged relative dispersion (D?,) of each cloud initially lo-
cated along the main diagonal of the cavity. Due to near zero average velocities in the center of the
cavity the green cloud initially located at the center takes longer to initiate dispersion, reaching the
highest rate of dispersion around 40 s after the release. Clouds located close to the center of the
main diagonal exhibit asymmetric behavior. During the initial 10 seconds, the cyan cloud exhibits
the highest rate of relative dispersion, surpassing the dispersion rates of the rest of the clouds.
While the yellow cloud dispersion surpasses only the green cloud dispersion rate. This indicates
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the presence of inhomogeneities in the recirculating flow pattern. Both clouds, yellow and cyan,
which initially were located to the left and right from the green cloud, reach dispersion rate close
to the ballistic regime at ~25 s. The rate of particle relative dispersion of the cyan cloud is similar
to the clouds located in the corners of the cavity (red and blue). Both clouds initially located in
the opposite corners of the room exhibit similar pattern, with rapid growth of relative dispersion
starting from 3 s. These clouds show a plateau between 25 and 60 s. This is a consequence of
the large-scale recirculation advecting the spherical-like clouds along the horizontal walls of the
cavity until particle clouds reach vertical walls, here their shapes flatten, taking on a disc-like
form. As a result, the average distance between particle pairs does not increase, contributing to
the observed intermediate plateau in the plot of the particle relative dispersion. This phenomenon
hinders particle dispersion for some time and accounts for the characteristic behavior seen in the
relative dispersion plot (Fig. 8). The cyan sphere does not exhibit this pattern, showing continuous
growth. Because of this, the first particle cloud to reach the uniform distribution is cyan, it takes
300 s, while the red, blue and green clouds require 200 s more. All the clouds disperse at a rate
between the shear/ballistic and linear regimes, and at a certain point in time, they reach a transition
point where the diffusion rate reaches its maximum and subsequently slows down.

The temporal evolution of the size and the location-averaged particle relative dispersion (D2 , )
shown with black thick dashed line in Fig. 8 (subscript sala stands for size and location averaged
value). The plot can be divided into three distinct stages. The first stage, which spans the initial
10 s, is characterized by the capturing of particles by the flow. In the second stage, there is a rapid
growth in the distance between the particles in the clouds, reaching the maximum dispersion rate
at 30 s. The third stage commences after the transition point, dispersion rate is following the linear
regime (v = 1), and gradually slows down, until the particles achieve a homogeneous distribution
within the room at 500 s.

1072
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Figure 9: Temporal evolution of the relative diffusivity K, in m? s~ averaged over particle sizes for each position, for

color definition see Table 1 and averaged temporal evolution of the relative diffusivity K, in m?>s~! averaged over
particle sizes and positions is plotted using thick black dashed line.

We computed the size-averaged particle relative diffusivity (K, (¢)) using time evolution of the
15
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size-averaged particle relative dispersion (D? (7)) and Eq. 14. Figure 9 shows relative diffusivity
(K,) of each cloud, which initial positions with colors defined in Table 1. The black thick dashed
line corresponds to the size and location averaged particle relative diffusivity (K,,). The red, blue,
and cyan clouds reach their maximum diffusion rates within the time interval of approximately 20
to 40 s. However, due to the effect the cavity walls, the relative diffusivities of the red and blue
clouds experience a rapid decline, exhibiting a local minimum, and then subsequently increases
again, displaying a local maximum at 50 s for the red cloud and 100 s for the blue cloud. Nature
of this phenomenon were already explained (See Fig. 8). In contrast, the remaining particle clouds
(cyan, yellow, and green) exhibit continuous growth in their relative diffusivity until they reach
their respective maximum rates at 30, 70, and 100 s. After reaching their maximum values, the
relative diffusivity of these clouds starts to decline. From 500 s onwards, the rate of relative
dispersion fluctuates around zero. The time-averaged dispersion coefficient for each sphere is
provided in Table 1.

The averaged temporal evolution of the relative diffusivity averaged over particle sizes shown
in Fig.9 exhibits a rapid increase in relative diffusivity immediately after the release of particles,
peaking at approximately 25 s with value of K., = 0.013 m*s~!. Subsequently, it decreases and
reaches a local minimum at around 50 s, followed by another growth phase up to approximately 70
s, where it reaches a local maximum. However, after reaching the local maximum, the relative dif-
fusivity experiences a rapid decline, exhibiting fluctuations. Around 500 s, the relative diffusivity
reaches a statistically stable state, fluctuating around zero.
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Figure 10: Temporal evolution of the three-dimensional variance of particle concentration (03p) for each initial po-
sition and averaged over all particle sizes. DNS results are plotted with red for the cloud located at [-0.4, -0.4, -0.4]
and for the cloud located at [-0.0, -0.0, -0.0], model results are shown with orange line, dashed line corresponds to
u. = 0.021 ms~! and solid line to u, = 0.105 ms™!

To compare the dispersion predicted by the DNS with that of the analytical models, we use
the variance of the particle concentration as a measure of the dispersion process. To facilitate a
comparison the cavity is divided into 5° = 125 equal square bins. We track particle count in each
bin, then, by utilizing Eq.15, we compute the variance of particle concentration, and the results
are shown in Fig. 10. On the other hand, Fig. 11 shows the 2D variance of particle concentration,
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obtained from Lau et al. [27] model, where dispersion is considered only in two dimensions. To
compare the results with the DNS, in this case the cavity is divided into 5% = 25 equal rectangular
bins from the top-down (x-z) plane, and the particle count in each bin is tracked over time.

Fig. 10 shows the temporal evolution of the three-dimensional variance of particle concentration(o;p)
of the DNS for a cloud located in the corner (red) and the center (green) averaged over all particle
sizes. The predictions of the analytical models are plotted with orange color. The solid orange
line represents the model results with a velocity (u.) of 0.105 ms~! which is close to maximum
time-averaged velocity in the cavity, while the dashed orange line represents the results with a
(u.) of 0.021 ms™! which corresponds to overall mean air velocity in the room. The dispersion
rate predicted by the model appears to be unaffected by changes in velocity. According to the
model, the particle concentration variance reaches value of o3p = 1072 particles/m> at t = 168
s, while the DNS particle concentration variance reaches value of o3 = 8.5 x 1072 particles/m?
and stagnates after 500 s.
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Figure 11: Temporal evolution of the two-dimensional variance of particle concentration (o7 p) for each initial position
and averaged over all particle sizes. DNS results are plotted with red for the cloud located at [-0.4, -0.4, -0.4] and
with green for the cloud located at [-0.0, -0.0, -0.0], model results shown with magenta line, solid line . = 0.105 and
dashed line u. = 0.021

In Fig. 11, the time-dependent evolution of the two-dimensional variance of particle concen-
tration (o,p) of the DNS results for corner red particle cloud, averaged over all particle sizes. It
is shown along with the analytical model in magenta. The dashed magenta line represents the
analytical model proposed by Lau et al. [27] with u. = 0.021 ms~', while the solid magenta line
corresponds to u. = 0.105 ms~'. According to the Lau et. al. [27] model, particle concentra-
tion variance o, = 1072 particles/m> at t = 360 s, but the DNS results indicate that it takes
approximately t = 800 - 900 s to achieve even particle concentration in the room.

4. Discussion

The dispersion analysis reveals notable differences between the Lau et al. [27] model and
the DNS results. The Lau et al. model takes approximately 360 s to reach a dispersion value of
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oap = 1072 particles/m?, whereas the DNS simulation achieves homogeneus particle distribution
state around 900 s. On the other hand, the model presented in Eq. 7 achieves a similar dispersion
value at around 168 s, while the DNS simulation reaches this state at approximately 500 s.

Comparing the 2D and 3D approaches of the DNS results highlights that achieving a homoge-
neous distribution occurs faster in the 3D case. This disparity suggests that the dispersion behavior
predicted by the 2D approach is inaccurate. The results unequivocally demonstrate the failure of
the 2D dispersion model to accurately predict the dispersion process. While both analytical mod-
els fall short of providing reliable predictions compared to the DNS, the 3D approach in model
Eq. 7 yields better results.

Indeed, the DNS simulation offers more accurate predictions of the particle dispersion process
within the room compared to the analytical models. The overprediction of the dispersion rate of
the analytical models can be attributed to their simplifications, such as assuming a homogeneous
and isotropic environment, a constant dispersion coefficient, and neglecting the impact of turbulent
eddies on particle dispersion. By considering these simplifications, the analytical models may fail
to capture the intricacies of the actual dispersion process, leading to discrepancies with the DNS
results.

Upon investigating the effect of velocity in the Gaussian models, it becomes evident that the
dispersion rate remains independent of velocity. This conclusion is supported by analyzing Eqs. 7
and 10, where it is observed that the dispersion rate is solely influenced by the dispersion coeffi-
cient, while the velocity merely determines the spatial location of the aerosol cloud.

From Fig. 8 and Table 1, it can be observed that the cyan particle cloud reaches homogeneous
dispersion faster compared to other clouds, while the red corner clouds has the largest dispersion
coefficient. There is a inconsistency between the two results due to the calculation of K. In Table 1,
the value of K is determined based on the relative diffusivity until the time corresponding to the
overall maximum value of temporal diffusivity, which on average occurs at around 25 s after the
release of the clouds.

5. Conclusion

To better understand the capacity of confined turbulent flows to disperse and homogenize
aerosol patches, like those generated during a person’s cough or sneeze, we conducted fully-
resolved simulations of spherical particle clouds with different particle sizes in a buoyancy-driven
turbulent flow in a cubic cavity. The results indicate that the time required to achieve fully mixed
conditions depends on the initial location of the cloud. However, the dispersion rate, as measured
by relative dispersion and the predictions of variance of particle concentration, remains consistent
across the numerical experiments.

The comparison of the DNS results with simplified analytical models reveals that the latter
significantly overpredict the rate of dispersion when compared to the fully-resolved simulations.

Both models fail to accurately replicate DNS results. However, our newly developed model,
which adopts a 3D approach that aligns more closely with real-world conditions, indicates that the
cloud’s variance is expected to converge to values similar to those observed in DNS at approxi-
mately 168 s. In contrast, the DNS predicts fully mixed conditions after 500 s. On the other hand,
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the 2D model proposed by Lau et al. [27] indicates that the aerosol cloud would become evenly
dispersed in the room after 360 s. In contrast, in a 2D approach, DNS predicts that particles would
take 800-900 s to become evenly dispersed after their release. The discrepancy between the sim-
plified models and the DNS results underscores the need for more sophisticated models that can
accurately capture the complex dynamics of aerosol dispersion in confined turbulent flows.

Overall, these results provide insights into the dynamics of particle dispersion in a closed
room by the action of buoyancy-driven turbulent flow at Ra = 3.6 x 10° and highlight presence
of non homogeneous flow with time and space dependent dispersion coefficient. The observed
temporal evolution of relative dispersion, relative diffusivity, 3D and 2D variance can be used to
validate analytical models and improve our understanding of the physical processes involved in
particle cloud dispersion. Our findings underscore the limitations of current analytical models
and its inability to give reliable and physical results. Our study emphasizes that despite the simple
geometry and mechanism of action, buoyancy-driven flow in the cubical cavity is a complex three-
dimensional phenomenon characterized by large-scale recirculation patterns with the presence of
local instabilities arising from turbulence. These findings highlight the significance of undertaking
additional research in this field and the necessity of developing novel, efficient and computationally
cheap methods for modeling these processes.
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6. Appendix A

The particle transport model, described by Eqs. (4)-(5), incorporates five distinct forces acting
on the particles: hydrodynamic drag, lift, buoyancy, thermophoresis, and Brownian motion. In
this study, the one-way coupling approach is utilized, assuming that the dispersed phase exerts
no influence on the momentum conservation of the carrier phase. This assumption remains valid
when dealing with small particles and dilute systems, where the contributions of the dispersed
phase to the carrier phase’s momentum conservation can be considered negligible.

6.0.1. Drag

Hydrodynamic drag accounts for the fluid resistance or friction a particle experiences as it
moves with respect to the carrier phase. The hydrodynamic drag can be characterized by the
particle Stokes number defined as the ratio of the particle and flow characteristic times. Small
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S't, are associated to particles that rapidly react to changes in accelerations in the underlying flow
while large Stokes are found in inertia-dominated particles. The Stokes number for a particle of
diameter d,, can be written as:

& p
St, = —2 —pusls (17)
b ISCC My
where p,, is the particle density, C, is the Cunningham correction factor
21
Kn=— (18)
dp
Co =1+ Kn[1.205¢70026/K" 4 045,70 740/Kn] (19)

where d, = d,/I; is the non-dimensional particle diameter and A = 6.8 x 1078 m is the free mean
path in air at T, [42].

6.0.2. Buoyancy (weight)
The magnitude of the buoyancy force experienced by a particle within a fluid with different
density under a gravitational field with acceleration magnitude g = 9.81ms~2 can be written as:

Pr\ I
Ny = —g(l - p—f) = (20)
p K

6.0.3. Thermophoresis
Thermophoresis is the force due to gradients in the temperature field across the particle char-
acteristic length. The pre-factor of the non-dimensional temperature gradient, n,, is defined as

[43]: ,
Kip Vipr T
ny = —-18—2 L1 2 1)
" dlz; T() pp l% M%
where the factor K, defined as,
2C, (ks + 2k,Kn) [1+2Kn (1.2 + 0.41 exp (-0.44/Kn))]
K, = ; (22)

(1+6C,Kn) (2ks + k, + 4k,C,Kn)

contains three constant set to C; = 1.17, C,, = 1.14 and C, = 2.18. Note that the negative sign in
n,, indicates that the force points in the direction of maximal temperature decay.

6.0.4. Lift

The hydrodynamic force acts perpendicular to the flow direction and is proportional to the
cross product of the velocity difference between the two phases and the local vorticity in the
carrier phase. The proportionality factor has the form

=2t 23)
Pp
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where the lift coeflicient C; is defined as [44]:

S S
r _0.87522
2Rep 2

3 Je)

C, =
t 4Sr,2.255

5.816

(24)

where the particle Reynolds number is Re,,, particle Strouhal numberis S r,, € and J are determined
using the relations:

Re, = |ui — u,-| dyRe, (25)
’eijk [uj - uj] a)k|
Sr, = —d,), (26)
uj. — uj|
S
e= (|2, 27)
Re,
J(e) = 0.6765{1 + tanh [2.510g,, (¢ + 0.191)]}{0.677 + tanh [6(e — 0.32)]} . (28)

6.0.5. Brownian
For small enough particles, the net force due to molecular vibrations may not be negligible
and, therefore, contribute to the transport. This Browninan force takes the form [45]:

2 ksTov; P2
ni(t) = Zi 4| 21622 20 L
At prdon*C.T

(29)

where Z; is independent zero-mean Gaussian random number, kz = 1.38064852 x 1072 JK™! is
the Boltzmann constant.

6.1. Settling velocity

To gain insight into the role played by the flow hydrodinamics on the wall deposition, the
deposition rate is often compared with the settling velocity, v,. This quantity is determined by
assuming that the only forces acting on a particle suspended in a quiescent fluid are drag and
buoyancy. Simplifying Eqs. (5), the expression for v, yields

Vs = Stpng0p. (30)

6.2. Exponential-Lagrangian Tracking Schemes

Egs. (4) and (5) are temporally integrated using Exponential-Lagrangian Tracking Schemes
(ELTS) [46]. ELTS are inherently stable and offer, at least, O(A#?) local truncation errors depend-
ing on the application. Details on the ELTS temporal discretization can be found in [36].
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7. Appendix B

In this section, we reproduce derivation of the model proposed by Lau et al. [27] and discuss
the key assumptions. Authors have developed a quasi-three-dimensional spatio-temporal model
that is quick to run and predicts the concentration of viral aerosols indoors with semi-analytic so-
lution. The model considers an infectious person speaking or breathing and assumes the presence
of an air-conditioning unit in the room, driving a recirculating flow, see Fig. 12a.

(a) (b)

E=2l

y=w

Figure 12: Sketch of the computational domain. Figure is taken from the paper by Lau Zechariah, Griffiths Ian
M., English Aaron and Kaouri Katerina 2022 Predicting the spatio-temporal infection risk in indoor spaces using an
efficient airborne transmission modelProc. R. Soc. A.4782021038320210383 http://doi.org/10.1098/rspa.2021.0383,
Figure 2.

The infectious person acts as a continuous source of infectious aerosols, S, all aerosols are
of the same size and carry the same amount of virus. The aerosols are transported by advection
caused by the airflow, which follows the recirculating loop and has velocity u. The aerosols are
passively released into the flow stream, so that the advection velocity of the aerosols is also u.
The infectious aerosols are assumed to be removed due to three factors: ventilation, biological
deactivation of the virus, and gravitational settling. These correspond to sink terms, which are
denoted by S vents S geacts and S g, respectively.

Finally, it assumes turbulent mixing of the air. Turbulence leads to the aerosols diffusing
much more rapidly than due to Brownian motion. Turbulent diffusion is governed by the eddy
diffusion coefficient, K (m?/s). From these assumptions, we arrive at the advection-diffusion-
reaction (ADR) equation, the governing equation for the concentration of infectious aerosols:

ocC
E +V- (MC) -V (KVC) = Sinf - Svent - Sdeact - Sset (31)

Thus, an infectious person talking or breathing at position (&, ¥) is modelled as follows:

Sing = RO(E = &)5(y = yo) (32)

where §(x) is the Dirac delta function.
Furthermore, it is assumed that there is mechanical ventilation provided by air-conditioning
units which models the ventilation effect as a sink term of uniform strength over the domain S ;.
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The biological deactivation and gravitational settling are S 4., and Sy, respectively. In our case
we consider that there are no air exchange, viral deactivation and settling in the room thus this
terms are 0.

The typical airflow from an air-conditioning unit, # = 0.1 — 1 m/s, so it is assumed that the air
is an incompressible fluid; that is:

V-u=0 (33)

For a room with length / and width w, the loop surface of the airflow is unwrapped to the two-
dimensional domain (¢,y) € [0,2/] X [0, w], see Fig 12b. This extended domain allows to model
the evolution of the aerosol cloud in both the upper and lower layers of the flow stream in a simpler
way. Assuming there is only one infectious person, equations 31 is substituted into ADR equation
31 to obtain the partial differential equation (PDE), which we will be solving:

oc aC _ (PC &C
oc  OC (o€ oC
or ok 082 " By

where u is the airflow velocity vector, K is the diffusion coeflicient.
In the beginning there are no virus-carrying aerosols, hence, the initial condition is:

) = R6(£ = £0)o(y = yo) (34)

CE¢.y,0)=0 (35)

In the set-up the aerosols loop around the room. This is modelled through periodic boundary
conditions on the concentration and its derivative at the wall & = 0 and the opposite side of the
extended domain, at & = 2/. Hence:

C@0,y,1) =C(Q2lLy,p), (36)
ocC ocC
—0,y,) = —QLy,t 37
3 g( Y, 1) 3 g( ¥, 1) (37)
The system is closed by applying Neumann boundary conditions at the walls located aty = O, w
as follows:

ocC ocC
8—(§, 0,0)=—(&w,0)=0 (38)

y dy

The conditions in equation 38 correspond to perfect reflection of aerosols at the wall.

The PDE shown in Eq. 34 is solved with the boundary conditions in Eq. 38 and initial con-
dition in Eq. 35 by first solving the homogeneous problem to determine the impulse function.
Then, the impulse is convolved with the source function Eq. 32. Owing to the periodic and Neu-
mann boundary conditions Eq. 38, method of images could be used when solving for the impulse
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function. Hence, the solution is given by:

_ (gt r]()—2ml)
Cm,y,t) = 4 X7 Z Tkt X
[ Znn)z _(v+y0—2nw)2
X Z 4Kt +e 4K1 dt

n=—co

(39)

By leveraging the mapping of the quasi-three-dimensional setup to a two-dimensional geom-
etry, the aerosol concentration is averaged in the upper and lower branches of the loop surface to
determine the concentration for the quasi-three-dimensional setup. Specifically, it is defined that
x € [0,1] to be the Cartesian coordinate in the direction of the upper flow, so x = 7,0 <n </
defines the upper branch, and x = 2/ - defines the lower branch for [ < n < 2/. The concentration
of viral aerosols in the upper branch is then given by:

Cupper(x’ Y, H= C(-x’ Y, 1) (40)

and the concentration of viral aerosols in the lower branch is given by:

Clower(x’ Yy, t) = C(2l - XY, t) (41)

The separation between the two branches is half the height of the room. It is assumed that
within the two branches, the air is well mixed and it is used to transform the two-dimensional
expressions back into a three-dimensional representation:

Cupper(x’ Y, t) + Clower(x’ Y, t) . ﬁ

C(x,y,t) = 42
(x,y,1) > > (42)
Then substitute equation 39 into equation 42 to obtain the total concentration:
C( t) f Z (x—ut—;o—2ml)2 + _ (x+ur+:0—2m/)2 ] X
= Kt Kt
X,y 4 2 e e
(43)

O-yo —211w)2 (+yo —2nw)2
X E e_ 4Kt + e_ 4Kt

n=—o0o
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ARTICLE INFO ABSTRACT
Keywords: The turbulent dispersion and deposition of airborne solid particles is studied by means of fully-resolved nu-
Turbulent mixing merical simulations. The computational domain, consisting in a cubical cavity with differentially heated opposed

Direct Numerical Simulation
Dispersed multiphase flows
Particle wall deposition
Natural convection

Cubical cavity

walls filled with air, reproduces the experimental conditions of measurements previously reported in the liter-
ature. The computational model assumes that each solid spherical particle trajectory is governed by the balance
between hydrodynamic drag, buoyancy, lift, thermophoresis and Brownian forces. The dominant terms
responsible for particle deposition mostly depend on the particle size, the solid-gas density ratio and the hy-
drodynamics within the thermal and momentum boundary layers near the solid surfaces. The present results
suggest that previous correlations for the wall-averaged Nusselt number as a function of Rayleigh number over
the range between 107 and 5.4 x 108 can be extended up to Rayleigh number 3.6 x 10°. Also, numerical pre-
dictions of the particle deposition rates on thermally active surfaces are in good agreement with both experi-
mental data and analytical boundary layer solutions for particle sizes ranging between 0.1 pm and 2.5 pm in
diameter. These particle sizes allows to study different particle deposition regimes varying from that controlled
by thermophoresis (0.1 pm) to that dominated by gravitational forces (2.5 pm).

thermal wall arrangement have been the subject of both computational
and experimental investigations. In their exhaustive review on turbulent
natural convection in rectangular cavities, Miroshnichenko and Sher-
emet [9] concluded that gaining insight into strategies and mechanism
to enhanced turbulent heat transfer is crucial given the overwhelmingly
large number of real-world applications. The laminar natural convection
flows were investigated by Pandey et al. [10] who summarized existing
numerical and experimental studies in several types of enclosures with
and without internal bodies. Likewise, Abdulkadhim et al. [11] exam-
ined natural convection works addressed to investigate more complex
geometries.

In this study we focus our attention on the enclosed flow bounded by
two pairs of differentially heated opposed walls. This flow configuration
was investigated by Shiralkar and Tien [12] who numerically studied
the circulating flow in a squared two dimensional (2D) cavity at several
Rayleigh numbers (Ra) between 10% and 10°. These authors reported
that the numerically predicted streamline patterns were in good quali-
tative agreement with the experiments by Ostrach and Raghavan [13].
Corcione [14], who numerically studied heat transfer in 2D rectangular
enclosures, reported dimensionless correlations and distributions of

1. Introduction

The present work aims to simultaneously delve into two relevant
problems that have garnered significant amount of both numerical and
experimental efforts, namely, airborne particle dispersion and turbulent
natural convection in enclosed domains. Combined or independently,
both topics are of relevance in a wide range of applications including
airborne transmission of infectious diseases [1,2], valuable surface
soiling [3], formation of blood vessel occlusions [4], oceanic and at-
mospheric pollutant transport [5], nuclear power plant safety [6] and
heat transfer equipment design [7] to mention a few.

Regarding buoyancy-driven flows in enclosed domains, when the
Rayleigh number is large enough, even simple geometries consisting in
cavities with differentially heated walls exhibit complex flow dynamics
characterized by large-scale and coherent circulating structures and
non-isotropic small-scale turbulence associated to the presence of mo-
mentum and thermal boundary layers in the near-wall regions [8].
Prototypical flow configurations enclosed in parallelepipedic or cylin-
drical domains and their variants in terms of cavity geometry and
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Nomenclature

Symbols

Ra Rayleigh number

Nu Nusselt number

T temperature

l length

t time

u; i-th direction velocity

u velocity

p pressure

Pr Prandtl number

g gravitational acceleration

X; i-th particle position

u; i-th particle velocity

St Stokes number

Sr Strouhal number

ng particle buoyancy force magnitude
g prefactor of non-dimensional temperature gradient
m lift proportionality factor

n; Brownian force

d diameter

C. Cunningham correction factor
Kn Knudsen number

Cs thermal slip coefficient

Cm momentum exchange coefficient
C numerical factor

ki thermal conductivity for phase i
CL lift coefficient

Re Reynolds number

Z; independent zero-mean Gaussian random number
kg Boltzman constant

Vs settling velocity

k kinetic energy

%4 volume

V4 deposition velocity

N total number of particles

Ny number of deposited particles
Aq area of the wall for particle deposition
M; total deposited mass of particles
(C) bulk concentration of suspended particles
() time-averaged value

Greek symbols

A increment

v kinematic viscosity

a thermal diffusivity

p thermal expansion coefficient
p density

i Kronecker delta

Eijk Levi-Civita symbol

[0} vorticity

) air free mean path

€ kinetic energy dissipation

T temporal scale

Subscripts

vert vertical

hor horizontal

0 reference value

p particle

f fluid

s scale

h hot walls

c cold walls

m m-th cavity wall

Lr left and right cavity walls

b, t bottom and top cavity walls
q,d front and back cavity walls
Superscript

a dimensional value

a volume-averaged value

a wall-averaged value

vertical and horizontal wall Nusselt number (Nu) versus Ra in the range
between 10° and 10°. Danis et al. [15] used the Smoothed Particle
Hydrodynamics (SPH) technique to investigate the natural convection in
a squared 2D cavity over the same Ra number range. The obtained
correlation were found to be in agreement with previous studies of the
same flow configurations. The algebraic heat flux model proposed by
Hanjalic and Vasic [16] was used to investigate the heat transfer in a 2D
square cavity over the range 10'°<Ra<10'2. The reported Nusselt
number for vertical and horizontal walls versus Rayleigh number were
in relatively good agreement with the experiments carried out by
Kirkpatrick and Bohn [17]. Using Direct Numerical Simulations (DNS),
Fabregat and Pallares [18] investigated the heat transfer in a cubical
Differentially Heated Cavity (DHC) for both laminar and turbulent re-
gimes over the range 10°<Ra<5.4 x 10® and reported correlations for
the wall-averaged Nu on both the vertical and horizontal surfaces.
Regarding the transport of suspended material in fluids, the turbu-
lent dispersion and wall deposition of airborne particles have attracted
notable efforts due to their central role in the spreading of toxic or
hazardous particulate matter in the environment [19], the fouling of
active surfaces in heat exchange equipment [20], and recently, the
transmission of infectious diseases including the COVID-19 [21]. When
particles are small enough, the capacity of the turbulent air flow driven
by thermal gradients to transport suspended particles and their likeli-
hood to land on a solid surface strongly depends on the density ratio

between the dispersed and carrier phases, the particle size and local
characteristics of the background thermal and hydrodynamic fields.
Puragliesi et al. [6] used DNS to investigate particle deposition in a 2D
buoyancy-driven flow within a DHC at Ra numbers between 10° and
10'° using particles with diameters between 15 and 35 pm. Kalilainen
et al. [22] experimentally studied the depletion dynamics of 1.0 and 2.5
pm particles inside a DHC at Ra = 10° with all walls insulated except the
two opposing vertical walls that were kept at distinct temperatures.
Dehbi et al. [23] used Large-Eddy Simulations (LES) to predict the air
flow field and particle dynamics inside a DHC. The particle concentra-
tion was found to decay exponentially with time and the computed
depletion rate constants were in very good agreement with experimental
data for particles with diameters of 1.4 and 3.5 pm [22]. Kim et al. [24]
extended the work of Kalilainen et al. [22] and Dehbi et al. [23] by using
experiments and LES with wall-to-wall radiation effects and Lagrangian
Particle Tracking (LPT). They reported excellent agreement between
LES velocity and temperature fields and experimental data. Addition-
ally, Kim et al. [24] investigated particle deposition velocity on ther-
mally active walls providing data on the decay rates in a cubical cavity
for different Rayleigh number and particle sizes. Lai et al. [25] investi-
gated the role played by wall rugosity and concluded that the ratio of
particle deposition rate on rough surfaces relative to smooth surfaces
increased with the particle size and the velocity magnitude of the air
flow. The effect of surface roughness was also investigated by Zhong
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et al. [26] who reported that non-smooth walls enhanced the overall
particle deposition.

Of particular interest is the work of Thatcher et al. [27] who
experimentally determined the deposition rate of particles ranging from
0.1 to 2.5 pm onto smooth surfaces at Ra = 5.4 x 10® and Ra = 3.6 x
10°. Using exactly the same flow set-up, Fabregat and Pallares
[18,28,29] numerically investigated the hydrodynamics and particle
deposition at Ra = 5.4 x 108 using DNS coupled with a LPT approach.
They proved that the numerical approach can satisfactorily predict the
wall-averaged deposition rate and identified preferential deposition lo-
cations on the cavity walls.

By extending the analysis of Fabregat and Pallares [18] up to Ra =
3.6 x 10°, the present study has two goals, namely, (i) to assess the
validity of the wall-averaged Nu correlation over the range 10”<Ra<
5.4 x 10® up to this Rayleigh number, and (ii) to compare the numerical
results of wall-average particle deposition rate with the experiments
reported by Thatcher et al. [27] and the boundary layer solutions pre-
sented in Pallares and Fabregat [28].

The paper is organized as follows: Section 2 contains a description of
the physical and mathematical models with details of the computational
domain and initial and boundary conditions. In Section 3 we present the
hydrodynamics results and discuss the updated correlation between Nu
vs Ra in the context of previous studies. Spatial distribution of the par-
ticle deposition and the average deposition rate on each thermally active
wall for each particle size are also presented. Section 4 analyzes the
comparison of the numerical predictions with experiments and bound-
ary layer theory. Finally, in Section 5 we outline the conclusions and
comment on future work.

2. Physical and mathematical model

Following the experimental set-up used by Thatcher et al. [27], the
computational domain used here consists in a cubical cavity of side
length 1=3.14m filled with air where two pairs of opposed walls are
kept at constant but different temperatures. Note that dimensional
quantities are denoted with a tilde. The turbulent flow is driven by
holding the bottom (floor) and left vertical wall temperature constant at
Ty, ie. T(x, 77/2,~) =T( 77/2.&,5) =T, (in red in Fig. 1) and the top
(ceiling) and right vertical walls at T, = T, -1.3K, i.e. T(;j/ Z,E) = T(T/
2,;/, ~) = T, (in blue in Fig. 1). The two remaining walls, normal to di-
rection z, are assumed perfectly insulated, i.e.

A
A 4

Fig. 1. Sketch of the computational domain.
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All physical properties of both the carrier (air) and dispersed phases are
evaluated at the reference temperature To = (T, +7T.)/2 = 300 K and
gravity is aligned with the —y direction.

To investigate the transport and deposition of suspended material on
each surface, 55,000 particles of 0.1, 0.5, 0.7, 1.3 and 2.5 pm in diameter
were randomly seeded within the domain once statistically steady
conditions were reached. The total of 275,000 idealized (smooth and
spherical) particles were allowed to circulate within the cavity over Af =

1.4 x 10° s. Using identical flow computational set-up and mathemat-
ical models as in Fabregat et al. [18] (see this reference for details), here
we use the Boussinesq approximation assuming incompressibility and
neglecting radiation and viscous dissipation. Thus, the non-dimensional
mass, momentum and heat conservation equations can be written as:

ou;
= 0 D
du; ou; dap Pr Py
Tyt PrTs; 2
o " Yax = o T VRa dgox, 10 @
of  dT 1 T

3)

o + ujd_xj = v/Ra 0x;0x;

where t is time, u; is the velocity component in the direction x;,p is
pressure, T is temperature perturbation and Ra and Pr are the Rayleigh
and Prandtl groups defined as:

_ gpT.L
T va

Ra =3.6x10° @

Pr=—-=0.7. 5)

12
a
where v is the kinematic viscosity, « is the thermal diffusivity, j is the
thermal expansion coefficient and gis the gravitational acceleration. The
length, velocity, time and temperature scales are =1=314m,u =
aRa?/l = 0428ms!, t,=1/u;=734s and T,=AT=13K
respectively.

Note that the equation of state that relates fluid density p; and
temperature deviation under the Boussinesq approximation can be
written as:

Py = 1o [1 —/i(T — TU> ] (6)

where p,, is the reference density at 7‘0. Egs. (1)-(3) along with the initial
and boundary conditions are solved using Nek5000 [30], an open
source, high-order spectral element method (SEM) based solver for the
incompressible Navier-Stokes equations. The basis functions in SEM are
Nth-order  tensor-product Lagrange  polynomials on the
Gauss-Lobatto-Legendre quadrature points inside each element that
ensure fast evaluation and low storage cost operators [31]. Nek5000
uses a semi-implicit kth-order Backward Difference Formula (BDFk) and
kth-order Extrapolation (EXTk) timestepping in which the time deriva-
tive is approximated by a BDFk while the nonlinear terms (and other
forcings) are treated with a EXTk. The viscous and pressure terms are
treated implicitly. This approach leads to a linear unsteady Stokes
problem to be solved at each time step, which comprises a Helmholtz
equation for each component of velocity (and temperature or scalars)
and a Poisson equation for pressure [32]. Nek5000 has been extensively
used to carry out both DNS and LES simulations in a wide variety of flow
configurations and applications [33-35].

The mesh grid, with a total of approximately 300 million nodes,
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ensures the explicit resolution of all spatial and temporal scales ac-
cording to the resolution criteria proposed by Scheel et al. [36] for
similar buoyancy driven flow configurations. The minimum and
maximum grid grid spacings are AXpn = AYpin = AZpin = 3.3 x 1073
and AXpax = AYmax = AZmax = 1.4 x 100*  non-dimensional units,
respectively. Further details on numerics and mesh generation can be
found in Fabregat and Pallares [18].

Regarding the transport of the dispersed phase, the equation of
motion of an idealized spherical and smooth particle can be derived
from the force balance acting upon it (see Fabregat and Pallares [18] for
details). Thus, the position of a given particle x; can be written as:

dx, .
ﬁ =u; (7)

where the particle velocity u; can be determined as:

du.  ui—u oT .
dt’ =—5 L+ ngbn + M + € {u/. 7,4}} o+ ni(?) ®)
P N~ i
~—~—" Buoyancy ~—~— - Brown
Drag Thermophoresis Lift

where St, is particle the Stokes number, ng is the magnitude of the
buoyancy force experienced by a particle, §; is the Kronecker delta, ny, is
the pre-factor of the non-dimensional temperature gradient, n; is the lift

proportionality factor, ¢ is the Levi-Civita symbol, @ = V x T is the
flow vorticity and n; is the Brownian force.

The particle transport model presented in Egs. (7) and (8) assumes
that there are five relevant forces acting on the particle, namely, hy-
drodynamic drag and lift, buoyancy, thermophoresis and Brownian.
Under the one-way coupling approach, used in this work, the dispersed
phase is assumed to have negligible contributions to the carrier phase
momentum conservation. This assumption is valid for small enough
particles and dilute systems.

2.1. Drag

Hydrodynamic drag accounts for the fluid resistance or friction a
particle experiences as it moves with respect to the carrier phase. The
hydrodynamic drag can be characterized by the particle Stokes number
defined as the ratio of the particle and flow characteristic times. Small
St, are associated to particles that rapidly react to changes in accelera-
tions in the underlying flow while large Stokes are found in inertia-

dominated particles. The Stokes number for a particle of diameter Ep
can be written as:

—u ©)

where p), is the particle density, C is the Cunningham correction factor.

Kn = % (10)
14
C. = 1+ Kn[1.205¢00%/K" 1 042507400/ ] an

where d, = NP /L is the non-dimensional particle diameter and 1 = 6.8 x

1078 m is the free mean path in air at To [37].
2.2. Buoyancy (weight)

The magnitude of the buoyancy force experienced by a particle
within a fluid with different density under a gravitational field with
acceleration magnitude g = 9.81 m s~2 can be written as:

P l:
o)
P 5
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2.3. Thermophoresis

Thermophoresis is the force due to gradients in the temperature field
across the particle characteristic length. The pre-factor of the non-
dimensional temperature gradient, ny, is defined as [38]:

K, U pr T,
Ny = — 8%,\4*/2 > (13)
d, To pp L u5
where the factor Ky, defined as,
_ 2C, (ky + 2k,Kn)[1 +2Kn(1.2 + 0.41exp( — 0.44/Kn))] 14)

” (14 6C,Kn) (2k; + k, + 4k,C,Kn)

contains three constant set to C; = 1.17,C,, = 1.14 and C; = 2.18. Note
that the negative sign in ny, indicates that the force points in the direc-
tion of maximal temperature decay.

2.4. Lift

The hydrodynamic force acts perpendicular to the flow direction and
is proportional to the cross product of the velocity difference between
the two phases and the local vorticity in the carrier phase. The propor-
tionality factor has the form

n = CL& (15)

p
where the lift coefficient Cy is defined as [39]:

Sr,

Re. 0.875

(16)

sel 3 e
C = [5.816 "} 3 Je

2| 4Sr, 2.255

»

where the particle Reynolds number is Re,, particle Strouhal number is

Srp, € and J are determined using the relations:

Re, = {u; — u;|a'pRe7 a7
AR

Sry = —————5—,, (18)

lu; — |

[Sr,
— 19
€ Re,,’ 19

J(€) = 0.6765{1 + tanh[2.5log, (¢ + 0.191)] }{0.677 + tanh[6(¢ — 0.32)] }.
(20)

2.5. Brownian

For small enough particles, the net force due to molecular vibrations
may not be negligible and, therefore, contribute to the transport. This
Browninan force takes the form [40]:

~ ~3
Py ksTory T
P dm*C. T

@n

where Z; is independent zero-mean Gaussian random number, kg =
1.38064852 x 10723 J K™ is the Boltzmann constant.

2.6. Settling velocity

To gain insight into the role played by the flow hydrodinamics on the
wall deposition, the deposition rate is often compared with the settling
velocity, v5. This quantity is determined by assuming that the only forces
acting on a particle suspended in a quiescent fluid are drag and buoy-
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ancy. Simplifying Eq. (8), the expression for v, yields

Vs = Styngdi. (22)

2.7. Exponential-Lagrangian Tracking Schemes

Egs. (7) and (8) are temporally integrated using Exponential-
Lagrangian Tracking Schemes (ELTS) [41]. ELTS are inherently stable
and offer, at least, ¢/(At?) local truncation errors depending on the
application. Details on the ELTS temporal discretization can be found in
[18].

The Spectral Element Method (SEM) spatial discretization used in
Nek5000 where the numerical approximation in each element can be
expressed as a three-dimensional Legendre polynomial expansion of
order N° is used to interpolate the particle velocity on the previous time
step or in any other intermediate time in the predictor-corrector
approach used in ELTS (see details in [18]).

3. Results
3.1. Flow hydrodynamics

To illustrate the hydrodynamic and thermal fields under statistically
developed conditions, Fig. 2 shows three slices for an arbitrary flow

(a)
y=0.495

x-0.495
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snapshot at t = 200 as indicated in panel (a). The instantaneous non-
dimensional temperature field (T) at z = 0 in panel (b) clearly shows
the signature of the persistent large scale clockwise recirculation rising
along the hot vertical wall and descending along the cold one. The
distinct levels of turbulence intensities between the boundary layers
along the solid surfaces and the mildly fluctuating central region clearly
emerge in the temperature field characterized by the presence of tur-
bulent intrusions in the vicinity of walls. To elucidate the rich flow
structure within the boundary layers, panel (c¢) shows the horizontal
velocity component u, very close to the top cold wall (y = 0.495). The
fine scale turbulence structure is characterized by the presence of streak-
like patterns within the momentum boundary layer mostly aligned with
the dominant current direction. When compared to panel (c), the ver-
tical velocity component u, near the vertical cold wall at x = 0.495
shown in panel (d) exhibits a distinct structure that reflects the differ-
ence between both walls orientation with respect to the gravitational
action.

To illustrate the temporal evolution of the flow under statistically
converged conditions Fig. 3 shows a sample of the time evolution of the
volume-averaged (indicated with an overbar) kinetic energy k and its
dissipation ¢ defined as:

— 1
k_ﬁ V(u,u,-) av (23)
DA 0@ O 0 04
-040 -0.25 -0.10 0.050 0.20
(d)
04
0.2
> 0.0

Fig. 2. (a) Three slices across the cavity domain: (b) instantaneous temperature field at z = 0, (c) horizontal velocity component at y = 0.495 and (d) vertical

velocity component at x = 0.495.
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Fig. 3. History sample showing the temporal evolution of the volume-averaged
turbulent kinetic energy k (top panel) and turbulent dissipation & (bottom).

and

_ Pr Ou; Ou;

€= \/IEV[/ (0Xi ()x,-) dav 24)
where Vis cavity volume. The corresponding non-dimensional temporal
scale is 7 = (k)/(€) ~ 6 where angle brackets indicate temporally aver-
aged quantities.

Fig. 4 shows the time-averaged non-dimensional horizontal (a) and
vertical (b) velocity components (uy,u,) at z = 0. It can be seen that the
contours are antisymmetrical with respect to the origin of the coordinate
system located at the center of the cavity (see Fig. 1). The corresponding
profiles of the non-dimensional time-averaged temperature and velocity
components u and v along the vertical and horizontal cavity bisectors are
shown in Fig. 5. Panel (a) shows the temperature results for the present
Ra = 3.6 x 10° in black. For comparison, the profiles at Ra = 107 (red),
108 (blue) and 5.4 x 108 (green) presented in Fabregat and Pallarés [18]
are also included. Analogously, panel (b) shows the time-averaged
profiles of u along the vertical cavity bisector and v along the horizon-
tal one. These results show the progressive thinning of both the mo-
mentum and thermal boundary layers and the increase of wall heat
transfer and wall shear stress as Rayleigh number increases. It can also
be seen that vertical velocity near the hot and cold walls is slightly
higher than the horizontal velocity near the hot floor and cold ceiling.

The temporal evolution of Nu is shown in Fig. 6 over the same
temporal sample used in Fig. 3. Hot and cold vertical walls results are
shown in orange and teal, respectively, while red and blue are used for
the hot and cold horizontal walls. Temporal averages of wall-averaged
and vertical

Nusselt number for the horizontal walls are

-04 -02 0.0 0.2 04
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Fig. 5. Time-averaged non-dimensional temperature (a) and velocity (b) pro-
files along the horizontal and vertical bisectors of the symmetry plane of the
cavity z = 0. Red, blue, green and black represents Ra = 1.0 x 10’ ,Ra = 1.0 x
10%,Ra = 5.4 x 10® and Ra = 3.6 x 10° respectively.

| | | | | | |
200 220 240 260 280 300 320 340 360 380
t

Fig. 6. Temporal evolution of the (absolute) wall-averaged Nusselt number on
each wall. Red and blue correspond to the horizontal hot and cold walls
respectively while orange and teal correspond to the vertical hot and cold walls.

approximately (mﬁ = (ﬁt) =112 and (ﬁl) = (ﬁr) = 78, respec-
tively. Where average heat flux across a given wall is defined as Nutyn:

Nity = — / 9T s, (25)
Q, ony,

where m = {b,t,L,r,f, q} represent each face of the cubical domain and
n, represent the corresponding face-normal direction. By definition,

Nﬂf = Nu, = 0 on the adiabatic walls.
Fig. 7 shows the dependence of the temporal and wall-averaged
Nusselt number on the Rayleigh number over the range between 10°

(b)

0.4

0.2

Fig. 4. Time-averaged non dimensional horizontal velocity (a) and vertical velocity (b) components at z = 0.
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Fig. 7. Dependence of the vertical (black) and horizontal (red) time and wall-averaged Nusselt number on the Rayleigh number. Corcione [14] and Kirkpatrick &
Bohn [17] correlations are show as solid and dashed lines respectively. Dotted line indicates the correlation for the current results over the entire Rayleigh num-

ber range.

and 10!! using black and red for the vertical and horizontal wall
respectively. Results include 2D numerical simulations [12,14], 3D
Reynolds-Averaged Navier-Stokes (RANS) solutions [16] and experi-
ments [17]. The present DNS results at Ra = 3.6 x 10°, shown using
triangles, suggest that the correlation derived for 10’ <Ra<5.4 x 108 by
Fabregat and Pallares [18] can be extended up to Ra = 3.6 x 10°.
Specifically, these correlations for both the horizontal and vertical wall-
averaged Nusselt number over the 10”<Ra<3.6 x 10° are:

(Nu)

= 0.139Ra" 8, (26)

vert

(Nu),,, = 0.317Ra% 27)

In comparison to the correlations in [17] estimated from experi-
mental data, the present correlations in Eqgs. (26) and (27) predict
slightly higher wall-averaged Nusselt number on both wall orientations.
The extrapolation of the present correlations and those reported in [17]
up to Ra = 3.6 x 10° predicts larger values of wall-averaged Nusselt
number in comparison to those reported by Hanjali¢ and Vasi¢ [16].

3.2. Particle dynamics and deposition

To investigate the particle deposition on thermally active walls, a
total of 275,000 ideal solid spherical particles of 0.1, 0.5, 0.7, 1.3 and
2.5 pm in diameter were randomly seeded and advected according to the
model in Egs. (7) and (8). Following the same approach used in Fabregat
and Pallares [29], once the flow reached statistically steady conditions,
the particle trajectory and deposition locations on each wall over the
next At =180 time units were recorded. The particle was assumed to
deposit on the corresponding wall when the distance between the center
of a particle and a wall was equal or less than its radius. No rebound and
resuspension have been considered. Deposited particles are randomly
reseeded within the cavity domain to ensure a constant number of sus-
pended particles across the entire simulation. The Stokes number of the
smallest and the biggest particles are St, = 8.4 x 10~° and St, = 3.3 x
105 respectively. The ability of the model in Egs. (7) and (8) to predict

the rate at which particles deposit on each surface of the cavity at Ra =
3.6 x 10° is assessed by comparing the numerical results with the ex-
periments of Thatcher et al. [27] and also with the predictions from the
Boundary Layer (BL) model derived by Pallares and Fabregat [28].

Figs. 8-12 show the landing positions on each wall for each particle
size using red, blue and black markers to distinguish between hot, cold
and adiabatic walls respectively. Arrows are used to indicate the large
scale flow direction.

The absence of deposition for particles of 0.1 and 0.5 pm in diameter
suggests that thermophoresis force prevents the smallest particles from
landing on the hot walls.

While landing positions across the vertical cold wall are approxi-
mately homogeneous, the horizontal wall exhibits larger impact density
near the region where the ascending fluid along the vertical hot wall
impinges on the ceiling. This can be explained by the intensified
favourable temperature gradient in the vicinity of this corner where a
hot vertical wall meets a cold horizontal one. On the adiabatic walls,
where no thermal forcing hinders or favors particle transport by means
of thermophoresis, only a few particle depositions were recorded.

For larger particles of 0.7 pm, results in Fig. 10 suggest that depo-
sition on the ceiling are restricted to the region where the (negative)
vertical gradient of temperature exceeds the gravitational force with
most of landings occurring within —1/2 < x <—1/3. Similar magni-
tudes between these two opposing terms explain also the few de-
positions recorded on the hot horizontal wall. Again, the absence of
thermal and gravitational components along the z-axis results in a few
landings on the adiabatic walls.

As shown in Figs. 11 and 12, as particle size increases, the contri-
bution of gravity to particle transport relative to thermophoresis in-
creases. Thus, while deposition rate increases at the hot floor surface, it
decays at the cold ceiling. Despite this, the intensified thermal gradient
near the bottom right corner where descending cold fluid impinges on
the hot floor leads to decreased floor deposition rate for particles of 1.3
pm in the vicinity of this location. This inhomogeneity vanishes in the
case of the largest particles as shown in Fig. 12. Note that Fig. 11 has one
deposited particle on the cold ceiling and this particle is not taken into
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Fig. 8. Landing positions on the walls of particles with d, = 01 pm. The di-
rection of the large scale circulation close to the wall is indicated with an arrow.

account when calculating the deposition velocity.

The results for particles with diameters of 1.3 and 2.5 pm suggest
that although thermophoresis forces are no longer able to establish a net
transport of particles towards the ceiling, they remain significant in the
horizontal direction as evidenced by the deposition solely on the cold
vertical wall. Deposition on thermally inactive walls are found to be
mostly independent of the particle size over the considered diameter
range.

The wall-averaged deposition velocity is defined as:

Va = # = % L~ (28)
an(c)i, N A

where N is the total number of particles, Ny is the number of deposited
~ ~ ~ ~ ~ ~
particles over the time span Aty and area Aq =1 ,M; = p,A4V} is the
~ ~3
total deposited mass of the particles, V,, = (7/6)d, is the particle volume

and (C) = ppNVp /f is the bulk concentration of suspended particles
which is kept constant in the simulations. Fig. 13 shows the dimensional
deposition velocity along the perimeter of the vertical symmetry plane
of the cavity. The present DNS wall-averaged deposition velocity for
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Fig. 9. Landing positions on the walls of particles with Ep = 0.5 pm. The di-
rection of the large scale circulation close to the wall is indicated with an arrow.

each particle size and thermally active wall are shown in Fig. 13 as
horizontal dark blue lines. Using empty and filled black markers for the
two different reported experiments at Ra = 3.6 x 10°, the same figure
also shows the experimental results by Thatcher et al. [27] along with
the experimental detection limit depicted using a red dashed line. BL
model predictions of wall-averaged deposition velocity from Pallares
and Fabregat [28] are shown in magenta color. Green dashed line shows
settling velocity defined in Eq. (22). For completeness, we also included
using teal lines the results by Kim et al. [24], who numerically simulated
a DHC with one pair of vertical thermally active walls using LES at Ra =
10° to determine the deposition rate of 0.7, 1.3 and 2.5 pm particles on
the thermally active vertical walls and 0.7 pm particles on the adiabatic
floor.

DNS and BL model predictions of the deposition rate on both cold
walls for the smallest particles of 0.1 and 0.5 pm are in a good agree-
ment. When compared to experiments of Thatcher et al. [27], both DNS
and BL model underpredict the rate of deposition of 0.1 pm particles on
both cold walls while slightly overpredicted values are found for 0.5 pm
particles. For these two particle sizes, DNS predicts no deposition on the
hot walls while BL model are found to predict relatively small rates in
quite good agreement with the experimental results. In the case of
particles with diameter 0.1 pm, experimental results are in between the
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Fig. 10. Landing positions on the walls of particles with d, = 07 pm. The
direction of the large scale circulation close to the wall is indicated with
an arrow.

BL model prediction and the settling velocity. Experimental values for
particles of 0.5 pm are notably smaller that those obtained by the BL
model which are in very good agreement with the settling velocity. BL
model also predict a very small deposition rate on the vertical wall for
0.1 pm but no deposition for 0.5 pm particles. Experimental data on this
vertical surface is below (0.1 pm) or very close (0.5 pm) to the detection
limit.

For particles of 0.7 pm, experimental deposition rates on the hot floor
are bounded between the BL and the numerical predictions. Although
neither BL nor DNS predict any deposition on the vertical hot wall,
measurements of Thatcher et al. [27] did record some particle deposi-
tion, albeit, very close to the detection level. Although exhibiting a fair
amount of data dispersion, experimental deposition rate on the cold
ceiling is in good agreement with DNS results (BL model predict no
deposition). The significant value of deposition rate on this surface
suggests that the vertical thermophoretic force is capable of balancing
the gravitational force along the vertical direction. All three predictions,
DNS, BL model and experiments exhibit very good agreement on the
cold vertical wall.

Current DNS, BL model and experimental results are in very good
agreement for the largest particles of 1.3 and 2.5 pm in diameter. Both

DISEASES
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Fig. 11. Landing positions on the walls of particles with E,, = 1.3 ym. The
direction of the large scale circulation close to the wall is indicated with
an arrow.

the numerical simulations and the BL solutions predict particles exclu-
sively depositing on the floor and on the right cold wall with no impacts
on the left warm wall and cold ceiling. In contrast, experimental results
reported a few depositions on these two surfaces although data is
notably dispersed and near the detection limit. Despite differences in the
flow configuration, the values of deposition velocity reported by Kim
et al. [24] for Ra = 10° are quite similar.

4. Discussion

There exists a discrepancy between the DNS deposition rate pre-
dictions and the values obtained with the BL model and the experi-
mental measurements for the particles between 0.1 and 0.7 pm.
Specifically, while DNS predicted no deposition for the 0.1 and 0.5 pm
particles on the hot floor, BL models results were in agreement to the
experiments which reported non-negligible deposition rates above the
detection level (see Fig. 13). Similarly, DNS for the 0.7 pm particles
under-predicted the experimental observations on the same surface.
These differences might be explained, first, by the construction of the BL
solutions. In the derivation of the particle deposition rate (see [28]), the
dispersed phase velocity was decomposed into two components, one
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Fig. 12. Landing positions on the walls of particles with d, = 2.5 pm. The
direction of the large scale circulation close to the wall is indicated with
an arrow.

accounting for gravitational settling velocity and the other accounting
for the rest of the transport contributions, namely, hydrodynamic drag,
thermophoresis and Brownian forces. By doing so, the form of the force
balance without the gravitational contribution could be integrated and
then corrected to account for this initially neglected term. As shown in
Pallares and Fabregat [28], these approaches are capable of accurately
predicting both DNS and experiments for both 0.1 and 0.5 pm ina Ra =
5.4 x 10® cavity. However, when the magnitude of the thermophoresis
effect is comparable or larger than gravity (this is when particles are
small and Ra is high), these models tend to over-predict the deposition
on horizontal walls as a result of the correction to take into account the
gravity force. Thereby, under conditions dominated by thermophoresis,
BL model tend to predict deposition velocities close to the settling ve-
locity (See Fig. 13 for particles of 0.1, 0.5 and 0.7 pm). To illustrate the
relative importance of the gravitational and thermophoresis forces,
Table 1 shows the non-dimensional values of the buoyancy (n,) and the
surface averaged thermophoresis terms (nth%) on the horizontal walls
for each particle size. For comparison, the surface horizontal thermo-
phoresis term (n[h%) on the thermally active vertical walls has also been
included. All in all, in the absence of gravitational effects, the BL models
predictions on vertical walls are in good agreement with DNS and
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experimental results (See Fig. 13).

Notably, Thatcher et al. [27] mention that their experimental results
do not agree with the theoretical predictions of Nazaroff and Cass [42]
for some particle sizes. This observation could suggest that the balance
between thermophoresis and gravitational effects may not be properly
accounted for in this model. In addition, the experimental non-
negligible deposition rate reported by Thatcher et al. [27] might be
explained by enhanced gravitational effects associated to particle
agglomeration. In this regard, Kim et al. [24] used experiments to
investigate particle removal rates in a DHC of side length 0.7 m with two
opposite vertical walls held at different temperatures and the rest
adiabatic. The transport of monodisperse particles with aero-
dynamically equivalent diameters of 0.7, 1.4, and 3.5 pm, which cor-
responds to 0.5, 1.0 and 2.5 pm physical diameter, at Ra = 10° was
estimated by sampling particle concentration every 10 to 30 min for 1.0
and 2.5 pm and 1 h for 0.5 pm particles. Using microscopic imaging,
these authors reported the existence of duplets, triplets and even qua-
druplets produced by particle adhesion phenomenon. Table 2 shows the
Kim et al. [24] average and standard deviation results for single and
agglomerate fractions from the particle size also considered in the pre-
sent work. Using the same experimental setup and similar flow condi-
tions, Kalilainen et al. [22] reported single particle fractions of between
69% and 74% and between 89% and 95% for 1.0 and 2.5 pm respec-
tively with agglomerates of up to seven particles.

The works of Kim et al. [24] and Kalilainen et al. [22] suggested that
adhesion effects under similar conditions as those used by Thatcher et al.
[27] is plausible, although, no reported analysis on agglomerates was
reported. In addition, particle seeding method used by Kim et al. [24]
and Kalilainen et al. [22] who used the same DHC experimental setup
differs from Thatcher et al. [27].

5. Conclusion

Using a one-way coupling between the carrier and the disperse
phase, turbulent convective flow in a cubical cavity with two pairs of
opposed thermally active walls at Ra = 3.6 x 10° and suspended parti-
cle transport and deposition have been numerically investigated using
DNS.

Temporal averages of the hydrodynamic field allowed to expand the
correlations between the Rayleigh number and the wall-averaged Nus-
selt number derived by Fabregat and Pallares [18] up to 3.6 x 10° and to
compare the present results with those available in the literature for a
relatively wide range of Rayleigh numbers. Particle deposition rate on
each cavity wall are reported and compared to the BL model and
experimental results. The use of a disperse phase transport model ac-
counting for hydrodynamic drag, buoyancy, lift, thermophoresis and
Brownian effects is shown to accurately predict the wall deposition ve-
locity for a relatively wide range of particle sizes ranging between
thermophoresis and buoyancy dominated regimes at a relatively high
Rayleigh number.

Results show that BL model is able to accurately predict deposition
velocity of supermicron particles at Ra = 3.6 x 10°. For submicron
particles there are differences compared with the DNS. This could be
explained by the assumptions made in the derivation of the BL solutions.
As aresult, when the magnitude of the thermophoresis effect is similar to
or larger than gravitational force, these models tend to over-predict the
deposition on horizontal walls. DNS predictions of deposition velocity
for supermicron particles are in excellent agreement with the experi-
ment and BL model. Discrepancy appears when particles are less than
one micron and thermophoresis is the dominating force. As suggested in
the literature, this non-negligible difference with experiments for sub-
micron particles could be explained considering the phenomenon of
particle agglomeration (see Section 4).

Considering everything, our results suggest that the deposition of
submicron particles is heavily influenced by thermophoretic forces. On
the other hand, thermophoresis has negligible influence on deposition
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Fig. 13. Particle wall-average deposition velocity for all five diameters and four thermally active walls. Magenta and blue color represent BL model and DNS results,
respectively. Dashed green line is the settling velocity. Red dashed line indicates the experimental detection level. Empty and filled round markers represent two
different realisations of the experiment reported by Thatcher et al. [27]. Kim et al. [24] LES results are shown with teal lines.

Table 1

Buoyancy (ng), horizontal (nmg) and vertical (nmi—;) thermophoresis terms for

considered particle sizes.

d n, dT dT
dy, pm & H[h@ Mg
0.1 —65.64 2165.03 1507.79
0.5 —65.64 84.41 58.79
0.7 —65.64 42.74 29.76
13 —65.64 11.97 8.34
2.5 —65.64 2.97 2.07
Table 2

Prescribed sizes vs. averaged particle fractions.

d,, pm single fraction (%) double fraction (%) triple fraction (%)
0.5 72+3 20+2 8+3
1.0 85+3 13+2 2+1
2.5 90 +2 9+3 1+1

11

rate of particles larger than one micrometer for which buoyancy forces
dominate the transport (see Table 2). A similar conclusion can be found
in Dehbi et al. [23], Kim et al. [24] and Thatcher et al. [27].

Future efforts would be directed to use the present results to inves-
tigate the relative dispersion of particle pairs initialized within spheres
approximately representing the aerosol cloud generated by a human
exhalation. The goal is to obtain accurate estimates of the time required
by such cloud to homogeneously disperse in a human-scale room. These
results would be of help to characterize the infection risk from airborne
contagious diseases including COVID-19 in closed room taking into ac-
count natural convection.
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Chapter 6

Conclusions and future work

6.1 Conclusions

This thesis addressed the complex dynamics of turbulent particle transport. The in-
depth investigation and analysis of case studies revealed several key findings and
enriched our understanding of the field. The research has analyzed different aspects
of turbulent particle dispersion using numerical perspectives.

The results obtained from studying both the first and the second stages of a vi-
olent expiratory event have the potential to enhance our understanding of the dy-
namics of pathogen-laden aerosol dispersion in both short-term and long-term sce-
narios. These findings hold significant implications for the field of public health.
This enhanced understanding directly contributes to the effective management and
mitigation of risks associated with airborne diseases. As aerosol dispersion plays an
important role in environmental science, advanced understanding of particle disper-
sion is crucial for predicting air pollution levels and their impact on human health
and environment. Our DNS with chosen Lagrangian model demonstrates that fun-
damental physics of turbulent buoyancy-driven turbulent flow driven by natural
convection with dispersed phase could be reproduced numerically. This opens new
perspective for numerical investigation of this phenomena and provides insights
into the underlying physical mechanisms, such as the interplay between gravity and
thermophoresis forces, particle dispersion, and turbulent flow structures. Newly re-
ported high Rayleigh versus Nusselt number correlation fill in the existing gap in
the literature. Study of the particle deposition and dispersion within turbulent flow

in the differentially heated cavity contributes to the fundamental fluid mechanics.



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL SIMULATIONS OF PARTICLE TURBULENT DISPERSION AND
DEPOSITION WITH IMPLICATIONS FOR THE SPREADING OF AIRBORNE DISEASES

Akim Lavrinenko

100 Chapter 6. Conclusions and future work

The detailed investigation of turbulent jet flow with dispersed phase during vio-
lent expiratory events revealed the caveats involved in modeling transient flows and
the rapid decay of turbulence intensity post-exhalation in Chapter 2 of this work.
The challenge of balancing computational requirements and predictive accuracy in
modeling particle dynamics were investigated by the comparison between DNS and
URANS equations with a k — € turbulence model. Results show that URANS effec-
tively can reproduce the general flow hydrodynamics and offers a reasonably accu-
rate approximation of the particle cloud transport generated by the rapid exhalation.
We carried out a quantitative investigation of the effect of emerging finer flow fea-
tures with increasing mesh resolution on the hydrodynamics, using metrics such as
the thermal field size and the position and variance of the particle cloud centroids.
Findings reveal that the trajectory of particle clouds dominated by drag force (diam-
eters ranging from 4 pm to 32 pm) align more closely with those documented in the
DNS as hydrodynamics become better resolved with finer grid resolutions. Results
show that particles above 32 pm in diameter to be largely unaffected by mesh resolu-
tion due to their propensity to escape the thermal puff through gravitational effects.
However, despite the significant difference between the coarsest and finest grids,
the relative positions of clouds for all particle sizes remained relatively consistent
across the meshes considered. The URANS model, however, tends to overestimate
the distance travelled by particles with diameters from 4 yum to 32 pm, while un-
derestimating for particle diameters exceeding 64 pm comparing to the DNS. This
conclusion is significant considering the complex and transient nature of the flow,
which involves a transition from a laminar to a turbulent regime during the accel-
erated air injection and a turbulent to a laminar transition as turbulence intensity
swiftly decays after the exhalation phase. Our analysis of mesh independence per-
mitted the quantification of the cell count’s influence on flow hydrodynamics, which
significantly determines the dispersion of the particle cloud, particularly for smaller
particles where drag dominates their transport.

Chapter 3 provides an in-depth examination of the outcomes from the interna-
tional CFD challenge that centered on simulating first stage of mild expiratory event.
Each team participating in the challenge simulated the flow and ensuing particle dy-

namics resulting from a representative violent expiratory event comprising a brief
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injection of hot fluid with solid particles into a colder, initially stagnant, environ-
ment. The results were evaluated against two benchmarks - a DNS and an ensemble
average of 13 independent LES. Each team performed simulations on the same flow
setup but varied solvers, the grid topology and resolution and turbulence model-
ing methods. The study considered both evaporative and non-evaporative parti-
cles ranging from 4 to 256 pm, resulting in 12 simulations in total - seven based on
URANS equations and five on LES. Results of this collaborative endeavor fulfills
next key objectives. Firstly, this study lays the foundation for those interested in
simulating the first stage of a violent expiratory event. The analysis of the results
highlights the limitations of commonly used simulation methodologies and show-
cases the capabilities of URANS and LES when compared to the DNS. Secondly, it
assists in generating reliable initial conditions for simulations of long-term, long-
range flow and particle transport. Finally, it contributes to the development of bet-
ter mitigation strategies aimed at reducing infection risks from diseases spread via
pathogenic aerosols discharged during respiratory events. The analysis showed the
proficiency of various computational codes and turbulence models in reproducing
an idealized violent expiratory event and the resulting particle dynamics. The re-
sults, however, demonstrated a need for improvements in the modeling of vertical
turbulent mixing, as it was generally underestimated by the most simulations. The
used models predicted the shape and range of the buoyant thermal cloud reason-
ably well, affirming the potential utility of computational modeling in studying the
dynamics of aerosol particles in a real-world scenarios.

Both URANS and LES based simulations accurately predicted the vertical and
horizontal mixing of the new jet during the flow injection (t < 0.4 s). However,
both approaches underpredicted the vertical mixing of the thermal puff after the
flow injection ceased (t > 0.4 s), with the thermal cloud’s vertical size being about
50% smaller in URANS and 30% smaller in LES compared to the DNS results. The
trajectories and size of particle clouds predicted by the DNS were generally well-
replicated by both alternative methods. The cloud centroids exhibited wider axial
ranges and lower vertical displacements in comparison to the DNS for particles that
remain airborne (4 to 16 um). On the other hand, predictions more accurately re-

produced the DNS for larger particles (64 to 256 nm) which follow near-ballistic
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trajectories. URANS and LES were observed to overestimate the travel distance for
smaller particles (4 to 16 pm) and underestimate for larger particles (greater than
64 pm). The most accurate predictions were for the particles with diameters of 32
and 64 ym. As hydrodynamics became better resolved, due to improved grid res-
olution, the predicted trajectories of the particle cloud centroids converged more
closely with the DNS for particles in the 4 to 32 pym diameter range. Our analysis
of the participant’s numerical grids helped us discern how cell count affects flow
dynamics, which strongly influences the dispersion of the particle clouds, especially
when the particles are small and their transport is dominated by drag. We examined
the emergence of more detailed flow characteristics as the mesh resolution increases,
and how this affects the hydrodynamics and turbulence mixing intensity using ther-
mal field size, and the position and variance of the particle cloud centroids. The
turbulence model used for URANS simulations had minimal impact on the predic-
tion of the thermal puff’s position and extent. Yet, finer spatial resolution in URANS
simulations resulting in better agreement with the DNS data.

In chapter 4 through DNS we explored the dispersion of aerosols in buoyancy-
driven turbulent flows within enclosed spaces using the second stage of the violent
expiratory event as case study. Particularly, aerosol cloud dynamics analyses re-
vealed that particles ranging from 0.1 to 2.5 pm become homogeneously distributed
within the first 500 s after the release in a cubical room (Side length ~3 m) with
two pairs of opposed horizontal and vertical walls kept at different temperature.
Also, the dispersion rate of particle clouds remains the same within the cavity but
overall cloud mixing time is strongly affected by the initial location of the particle
cloud. Simulation results revealed that particle clouds initially located in the re-
gions with high temperature and velocity gradient (near the thermally active walls)
onset dispersion much faster than those initially located within the central region
of the cavity with low velocity and low temperature difference. Results revealing
no discernible difference in the dispersion rate across considered particle sizes un-
der studied conditions. This conclusions provide insights into the pathogen-laden
aerosol dispersion within indoor environments with large-scale recirculating flow

and their implications for the spread of airborne diseases.
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A new analytical model of aerosol cloud dispersion in enclosed room with recir-
culating flow developed during these project and the results of the semi-analytical
model proposed by Lau et al. [33] revealed, that due to assumptions and simplifi-
cations models tend to overpredict mixing rates of particle clouds in indoor spaces.
Despite this, models showed some estimations of the time required to achieve fully
mixed conditions. Comparison with the Gaussian dispersion models emphasized
the importance of turbulence distribution within the room and demonstrated lim-
ited abilities of these models to predict accurate mixing time in turbulent enclosed
flows.

These findings expose the complexity inherent to enclosed turbulent buoyancy-
driven flows, characterized by large-scale recirculation patterns and local turbulence-
induced instabilities. Despite the simplicity of the geometry and mechanism of ac-
tion, the turbulence engenders a non-homogeneous, time and space-dependent dis-
persion coefficient.

Overall, our study advances the understanding of aerosol cloud behavior in con-
fined spaces with background air currents, underscoring the shortcomings of current
analytical models. The insight into particle cloud dynamics and dispersion rates of-
fers critical data for refining these models and underscores the necessity for ongoing
research to devise innovative, efficient, and computationally economical modelling
methods.

In chapter 5, DNS is used to explore the turbulent convective flow in a cubi-
cal cavity, with two opposing thermally active wall pairs with Rayleigh number of
3.6 x 10° and to examine the transport and deposition of suspended particles in this
environment.

Time-averaged hydrodynamic field data allowed to extend the established cor-
relations between the Rayleigh number and the wall-averaged Nusselt number to as
high as 3.6 x 10° filling in an existing gap in the literature. Particle deposition rates
are reported on each thermally active wall of the cavity and compared with results
of the Boundary Layer (BL) model and results of identical experimental setup of
Thatcher et al. [20]. The study employed a disperse phase transport model, which
took into account five forces: hydrodynamic drag, buoyancy, lift, thermophoresis,

and Brownian motion. It is found that this model could accurately predict wall
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deposition rates for particles of various sizes, including those dominated by ther-
mophoretic and buoyancy forces at a relatively high Rayleigh number.

Results indicated that the a classical Boundary Layer (BL) model can precisely
predict the deposition velocity of supermicron particles at Ra = 3.6 x 10°. However,
for submicron particles, comparison with the DNS predictions showed discrepan-
cies. This could be attributed to the assumptions made during the derivation of the
BL solutions. When the effect of thermophoresis was similar to, or exceeded, grav-
itational force, these models tended to overestimate deposition on horizontal walls.
Notably, our DNS predictions for supermicron particle deposition velocity were in
excellent agreement with both experimental results and the BL model. We noticed
differences when particle size dropped below one micron and thermophoresis be-
came the dominating force. Literature suggests that these significant differences
could be due to the effect of particle agglomeration and the chosen thermophore-
sis model. In depth literature analysis suggested that for submicron particles with
dominant thermophoresis forces model proposed by Beresnev and Chernyak [34]
gives better results than the model proposed by Talbot et al. [35], which was used in
this study.

Overall, our findings suggest that thermophoretic forces heavily influence the
deposition of submicron particles. Conversely, thermophoresis has negligible im-
pact on the deposition rate of particles larger than one micron, which is predomi-
nantly governed by buoyancy forces.

In essence, this thesis presents an investigation of the dynamic interplay between
turbulent flow and particle dispersion, providing valuable insights that could con-
tribute to the development of more accurate and efficient models for predicting par-
ticle dispersion and deposition in turbulent flows. The findings pave the way for
future research endeavors aimed at improving our understanding and control of
particle transport in confined spaces, with valuable implications for public health

and safety, environmental engineering and fundamental fluid mechanics.
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6.2 Future work

The results open new avenues for future research, focusing on enhancing our com-

prehension and management of aerosol dynamics.

* Incorporation of Realistic Anatomy: Future research endeavors should aim
to incorporate the realistic anatomy of the human respiratory system into the
simulation models. This would entail modelling realistic oral and nasal pas-
sages,the throat and upper regions of the lungs, allowing a more accurate
representation of aerosol production and expulsion during violent expiratory

events.

* Integration of Body Movements: The introduction of head and body move-
ments into the current simulation models is another avenue worth exploring.
As people are naturally mobile during speech, coughing, or sneezing, the in-
tegration of these movements could offer a more realistic depiction of how

aerosols spread and disperse in various directions.

* Investigation of Complex and Realistic Environments: The studies were con-
ducted in a cubical cavity representing a room. However, real-life indoor en-
vironments are typically more complex, with furniture, people, and ventila-
tion systems. Real-world environments, replete with complex background air
currents, can significantly augment the realism and relevance of the current
models. Thus, future studies could focus on more complex geometries and

conditions that better mimic realistic scenarios.

* Exploration of the Nusselt Number versus Rayleigh Number Correlation: Fu-
ture studies should leverage LES and URANS simulations to generate predic-
tions of Nusselt numbers across a broad range of Rayleigh numbers. The com-
parison of these predictions to DNS and experimental results could validate
the accuracy of LES and URANS simulations, ultimately enabling refinements

to existing models as necessary.

* Comparative Study of Particle Deposition Predictions: The predictions of par-

ticle deposition rates obtained from LES and URANS simulations should be
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compared with DNS and experimental data. This comparison can provide
valuable insights into the accuracy of LES and URANS simulations in pre-
dicting particle deposition, revealing opportunities for model refinement and

advancement.

¢ Examine the efficacy of the thermophoresis model proposed by Beresnev and
Chernyak [34] in precisely forecasting the dynamics and deposition rates of

submicron particles within a cubical cavity featuring high Rayleigh numbers.

By exploring these proposed avenues of research, we can build upon the findings
presented in this thesis to further deepen our understanding of the intricate dynam-
ics involved in particle transport. Such knowledge is instrumental in fostering the
development of more accurate, robust, and comprehensive models that can signifi-
cantly improve the predictive capabilities of our simulations. It is also worth noting
that these enhanced understanding and refined models can inform the development
of passive tools for mitigating particle deposition and drive advancements in air fil-
tration methodologies. Ultimately, these endeavors could contribute significantly to
public health and environmental science, providing vital tools and knowledge for

managing and mitigating the risks associated with airborne diseases.
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