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Abstract

The COVID-19 pandemic is one of the greatest challenges to humanity nowadays. COVID-19 virus can replicate in the host’s
arynx region, which is in contrast to other viruses that replicate in lungs only, i.e. SARS. This is conjectured to support a fast
pread of COVID-19. However, there is sparse research in this field about quantitative comparison of virus load in the larynx for
arying susceptible individuals. In this regard the lung geometry itself could influence the risk of reproducing more pathogens
nd consequently exhaling more virus. Disadvantageously, there are only sparse lung geometries available. To still be able to
nvestigate realistic geometrical deviations we employ three different digital replicas of human airways up to the 7th level of
ifurcation, representing two realistic lungs (male and female) as well as a more simplified experimental model. Our aim is to
nvestigate the influence of breathing scenarios on aerosol deposition in anatomically different, realistic human airways. In this
ontext, we employ three levels of cardiovascular activity as well as reported experimental particle size distributions by means
f Computational Fluid Dynamics (CFD) with special focus on the larynx region to enable new insights into the local virus
oads in human respiratory tracts. In addition, the influence of more realistic boundary conditions is investigated by performing
ransient simulations of a complete respiratory cycle in the upper lung regions of the considered respiratory models, focusing
n particular on deposition in the oral cavity, the laryngeal region, and trachea, while simplifying the tracheobronchial tree.
he aerosol deposition is modeled via OpenFOAM

®
by employing an Euler-Lagrangian frame including steady and unsteady

eynolds Averaged Navier–Stokes (RANS) resolved turbulent flow using the k-ω-SST and k-ω-SST DES turbulence models.
e observed that the respiratory geometry altered the local deposition patterns, especially in the laryngeal region. Despite the

arynx region, the effects of varying flow rate for the airway geometries considered were found to be similar in the majority
f respiratory tract regions. For all particle size distributions considered, localized particle accumulation occurred in the larynx
f all considered lung models, which were more pronounced for larger particle size distributions. Moreover, it was found, that
mploying transient simulations instead of steady-state analysis, the overall particle deposition pattern is maintained, however
ith a stronger intensity in the transient cases.
2022 Published by Elsevier B.V.
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1. Introduction

The human respiratory tract is constantly exposed to environmental particles, as we can inhale more than 100
million particles daily, [1]. In certain cases, this is desirable for example when drugs are administered in the form
of aerosols. On the other hand, inhalation of harmful particles such as exhaust residues, asbestos fibers, or viruses
trapped in aerosols is undesirable. Exposure to airborne particles from various sources has been a health concern for
many years, for example, inhalation of cigarette smoke or asbestos fibers, [2]. Nevertheless, the recent COVID-19
pandemic has generated additional interest in the scientific community to further investigate the spread of exhaled
aerosolized particles as well as their deposition in the human respiratory tract. By January 7, 2022, the global
cumulative number of confirmed SARS-CoV-2 infections is more than 300 million. The death toll associated with
the coronavirus increased to more than 5.4 million cases by that date. Since its beginnings in the end of 2019
there has been various research in this field. However, there are still some uncertainties in this field, such as the
gender difference, i.e. in Germany, men had a higher risk for intensive treatment than women, [3]. Nevertheless,
ongoing research in this area has helped to provide important insights into the spread of the COVID-19 pandemic,
i.e. a variety of studies on geographical spread as well as host-to-host spread of the virus, to understand and
limit the pandemic. In this context, it was observed that the size of infectious particles is a key factor in disease
spread, [4,5]. Small droplets and aerosols with dp < 10 µm are much less likely to settle and therefore can travel
ong distances and are able to bypass the mechanical defenses of the airways and therefore penetrate deep into the
irways to the alveolar region, [6]. In contrast, larger droplets deposit mainly in the upper lung regions, [4,5,7]. For
comprehensive review of experimentally determined particle size distributions, including descriptions of methods,

ee Han et al. [8]. Lindsley et al. [9], found that breathing can generate more infectious material in the air over
ime than coughing, typically producing particles with a predominant diameter of dp ≤ 1 µm, [10]. Therefore, to
erform a comprehensive analysis of particle deposition in the human respiratory tract, it is important to consider a
ealistic particle distribution as used in Wedel et al. [11]. In the onset of the disease, it has been observed that the
lderly have a higher mortality rate from coronavirus infection (especially those with chronic diseases), but young
eople are also at risk and may suffer serious health complications or develop post-covid fibrosis, [12]. The main
ocus has been on the alveoli, a site where severe disease is likely to develop, [13], and the disease morbidity is
igh, [5,14,15]. The SARS-CoV-2 virus can bind to the angiotensin-converting enzyme 2 (ACE2) receptor and enter
he host cell, which is highly represented in this region. There are cases in which lower respiratory tract infections
ead to severe pneumonia, possibly resulting in respiratory distress syndrome (ARDS) and death, [14]. However, the
evelopment of typical lung disease profiles associated with the alveolar region caused by SARS-CoV-2 requires
hat infectious aerosols reach the lower airways. Therefore, more particles in the lower lung region are associated
ith a higher risk for developing a severe cause of disease. Nevertheless, the lower lung is not the only region of

nterest. Recently, it has been reported that the COVID-19 virus can replicate independently in the host larynx in
he early stages of infection, [16,17]. The laryngeal region includes the vocal folds, which create a cross-section
f flow constriction of elliptical or triangular shape, [18]. Consequently, SARS-CoV 19 differs from other viruses
uch as SARS that replicate exclusively in the lungs, [16]. This is thought to be a cause of the higher transmission
ate of COVID-19 virus compared with other viruses, [16].

To date, several studies have been conducted on the airflow and deposition of aerosolized particles inside the
uman respiratory tract using in vivo, in vitro, and in silico approaches, [12]. However, in vivo studies are usually
imited due to human or animal safety issues, [12].

In general, in vitro studies have particularly considered upper airways and simplified geometries, [1]. Several
uthors have presented experimental data on the deposition of particles in single bifurcation tube models, [19–
1]. Olson et al. [22], using steady-state inhalation, examined flow patterns in a realistic model of the upper
nd central airways. Kim and Fisher, [23], provide measurements of particle deposition in a symmetric airway
odel with double bifurcation based on Weibel’s model. Zhou and Cheng, [24], experimentally investigated

he regional efficiency of particle deposition in a nine-branch replica of the human lung. In addition, Zhang
nd Finlay, [25], experimentally investigated the influence of cartilage rings and showed their effects on local
eposition of microparticles. Lizal et al. [26], presented a positron emission tomography-based method for in
itro measurements of regional aerosol deposition in a model of the human tracheobronchial tree. Moreover, Lizal
t al. [27] provide an excellent review of available methods for measuring single-phase and two-phase dispersed

ows for lung airflow analysis and particle deposition in in vivo and in vitro applications.
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J. Wedel, P. Steinmann, M. Štrakl et al. Computer Methods in Applied Mechanics and Engineering 401 (2022) 115372

t
Y
u
i
e
H
a
f
T
e
c
a
t
e
t
w
d
v
e
a

t
i
t
s
L
(
r
t
d
l
r
t

In in silico studies usually idealized symmetric lung models as proposed by Weibel (WA), [28], are employed. In
addition, Horsfield et al. [29], presented geometric data sets for asymmetric tracheobronchial trees. Kim et al. [30],
numerically investigated the aerosol deposition in different lung models (excluding oral and nasal cavities) using
a classical WA airway and two Kitaoka models, [31], under differing inspiratory conditions. The author showed
that geometric variations alter the deposition patterns. However, the effects of varying flow rate for both models
considered were found to be similar, [30]. Image technology has enabled the generation of realistic replicas of
the human lung, see for example Ley et al. [32]. Nowak et al. [33], investigated the deposition between a Weibel
A-type airway model and a model based on computer tomography (CT) and attributed the significant deviations
in deposition pattern to the variations of geometric features. The authors found that the Weibel A-type model
is generally unable to predict realistic particle deposition patterns. Longest et al. [34], compared deposition in
a standard induction port and a more realistic mouth-throat (MT) model and concluded that the models should
be able to conserve the irregular MT shape to produce useful deposition predictions. Kleinstreuer and Zhang, [35],
investigated laminar to turbulent flow effects and differences in deposition patterns of nano and micronsized particles
in a replica of the upper lung, i.e. mouth and trachea, combined with a Weibel-type bifurcation. Farkas and
Balashazy, [36], evaluated the deposition behavior of particles in an asymmetric tracheobronchial model and showed
that a localized deposition pattern occurs for all particle sizes, which is more pronounced for larger particles. The
authors further showed that the deposition density in hotspots can exceed the average deposition fraction by a factor
of hundreds or thousands.

Zhang et al. [37], evaluated microparticle deposition in a realistic replica of the human oral airway and concluded
hat the turbulence following the oral airway constriction increases local particle deposition in the laryngeal region.
ang et al. [38], investigated the influence of different inlet conditions on flow structures in constricted airways
sing four different three-generation Weibel-type models. The author showed that inlet conditions have a significant
nfluence on the resulting airflow structures as well as mass distributions and pressure drops. In addition, Ertbruggen
t al. [39], investigated the deposition of microparticle under steady inspiratory flow in an airway model based on
orsfield’s morphological data. Augusto, [40], studied the influence of physical mechanisms, particle diameter,

nd inspiration conditions on deposition pattern of particles in a triple bifurcation model. The author showed that
or lower velocity conditions, the error increases when gravitational settling and Brownian motion are neglected.
he author also observed that the total deposition increases with rising Reynolds and Stokes numbers. Koullapsis
t al. [41], studied particle deposition in a realistic replica of the human airway and investigated the effects of inlet
onditions and electrostatic charge. Furthermore Koullapsis et al. [42], performed a benchmark study of regional
erosol deposition in the human airway and concluded that flow in the upper lung is affected by mesh size and
urbulence model, but is less sensitive to inlet conditions as their impact vanish in the laryngeal region. Wedel
t al. [7], studied the effect of aerosol deposition in scaled lungs and thus age groups based on Lagrangian particle
racking in turbulent flow. Particles in smaller lungs were found to be less prone to penetrate deeply into the airways,
hereas older individuals were more vulnerable, [7]. In addition, Wedel et al. [11], investigated particle deposition
uring various levels of physical exercising in a realistic human lung replica in different room sizes. In their study,
arious breathing conditions, from rest to intense activity, were compared using particle distributions from realistic
xpiratory events, i.e. breathing, sneezing and coughing. The authors concluded that vigorous exercise should be
voided in situations with a high concentration of suspended aerosols.

In general, most researchers have assumed steady air-particle flow. However, there are fewer contributions
argeting the analysis of transient airflow effects and deposition in realistic human lung replicas. Li et al. [43,44],
nvestigated transient effects on airflow for a model with asymmetric geometry of a simplified tracheobronchial
ree (including trachea) considering varying inlet conditions and airway geometry. In addition, Li et al. [1],
tudied particle deposition under transient inhalation conditions using typical respiration cycles and Stokes numbers.
ambert et al. [45], investigated turbulent flow in a realistic upper airway replica by employing large-eddy simulation

LES). Jayaraju et al. [46], examined the RANS k−ω, detached eddy simulation (DES), and LES in a simplified MT
eplica and concluded that the latter two agreed well with experimental measurements. Moreover, the authors found
hat DES and LES significantly improved the prediction of particle deposition, especially in the case of particle
iameters dp < 5 µm. Si et al. [18], studied particle expiration with particular attention to the anatomy of the
arngopharyngeus. The author showed that a change in laryngopharyngeal anatomy significantly affected breathing
esistance and the resulting pattern of particle deposition, [18]. Recently, Wu et al. [16], numerically investigated

he exhaled viral load for particles released from the larynx and lung and showed that particles originating from

3
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the laryngeal region lead to a higher exposure dose for susceptible individuals in the vicinity of the host. Excellent
reviews of the deposition of particles in the human respiratory tract using computational models have been published
in [2,47–49].

In summary, the above studies clearly demonstrate the importance of the breathing scenarios considered, particle
size, accurate replication of a realistic human lung, and treatment of turbulence and boundary conditions in
evaluating airflow and particle deposition in the human lung. Although there are many studies using CFD methods,
the comparison of particle deposition across realistic replicas of human lungs is sparse due to the limited availability
of geometries. Therefore, results may be subject or gender specific, as the geometric features of the lung can
significantly affect airflow and particle deposition patterns, as shown in the above studies. In addition, fixed particle
sizes are often used and realistic particle size distributions, such as those produced by expiratory events like
breathing, sneezing or coughing, are rarely considered. In addition, there are few studies quantitatively comparing
viral load in the larynx for different realistic geometries of the human lung. Because the anatomic lung features can
alter local deposition and, in particular, the larynx as a critical site for virus propagation could crucially influence
the risk of a higher exhaled viral load, it is important to conduct a particle deposition study using different realistic
lung geometries under varying inlet conditions with a special focus to the laryngeal region.

In this study, we assume a correlation between the number of viruses transported to each lung region and the local
amount of salivary volume deposited. In addition, we conjecture a correlation between the amount of aerosolized
saliva in the laryngeal region with a higher viral propagation and thus a potential higher risk of exhaling an increased
viral load. We also associate an increased risk of developing severe COVID-19 disease with higher amounts of
aerosols in the lower lung regions. In addition, it should be noted that this study uses three subject-specific replicas
of the human respiratory tract, omitting the nasal cavity and consequently limiting the investigation to oral inhalation.
Since the use of transient simulations has been demonstrated to produce higher quality results, we compare both
steady-state and transient approaches in this paper.

The paper is organized as follows: In Section 2, the airway geometry considered and the particle size distributions
studied are introduced. Also, Section 2 reviews the governing equations of the flow field and particle tracking. In
Section 3, the frozen flow field approach together with Lagrangian particle tracking is applied to the subject-specific
human lung to study the regional volumetric deposition fraction as well as local deposition hotspots at steady
state inhalation. Moreover, in Section 4, a study of transient particle deposition in the female and male respiratory
geometry is performed using a realistic respiratory cycle. Finally, Section 5 summarizes the work presented and
highlights the main conclusions.

2. Methods

2.1. Considered airway geometries

In the present study, we employ three realistic lung replicas obtained from medical imaging, see Fig. 1. The
geometry shown in Fig. 1(a, b) represents a realistic airway replica simplified for experimental purposes, see
Koullapsis et al. [42], and will be referred to as experimental geometry hereafter. This experimental geometry was
provided by Lizal et al. [26,42]. Lizal et al. [26], adopted this replica to conduct in vitro and in silico measurements

f regional deposition ratios of di-2-ethylhexyl sebacate (DEHS) particles. In addition, Wedel et al. [7], employed
his model to compare regional aerosol deposition across various age-groups. Moreover, Wedel et al. [11], employed
his experimental geometry to investigate the effect of different exercise levels on particle deposition behavior. To
nsure gender equality in our studies, we additionally use a subject-specific male and female lung replica, which
learly present subject-dependent anatomic features, as shown in Fig. 1(c–f). However, we do not claim that the
eometric features identified for the male and female lung presented are representative of their respective genders.
n addition, Fig. 1 highlights the area that includes the larynx, which was chosen for all models to contain the lung
eometry after the oral cavity up to the entrance of the trachea. Note that this region, further referred to as the larynx
egion, may vary in size among the subject-specific lungs considered. Furthermore, Fig. 1 presents the additional
ections of the lung models. It is important to point out that the bifurcations are divided such that 30 % of the parent
ranch is accounted to the next generation to achieve comparability between the models considered. Moreover, the
emale and male airways contain bifurcations up to the 9th and 10th generation, whereas the experimental lung

ontains bifurcations up to the 7th generation. Besides, not all bifurcations of a given level are resolved in the

4
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presented geometries, which affects the resulting particle deposition count per level of bifurcation. Therefore, we

decide to analyze the deposition up to the 7th generation and normalize the deposition to the number of bifurcations

present per level. Overall, Fig. 1 shows the presence of geometric differences between the considered airway replicas.

In the respiratory models examined, significant anatomical variations are observed in the shape of the oral cavity,

the shape and angle of the trachea, and especially the anatomy of the larynx. Moreover, all initial geometries are

equipped with an inlet pipe whose length linlet = 10×Dinlet was chosen to facilitate CFD computation of a developed

ow profile at the mouth. Note that the provided experimental lung has an inlet diameter of Dinlet = 2 cm, whereas

he female and male lung have Dinlet = 1 cm.

Fig. 1. Comparison of the subject-specific respiratory models studied. Note that the size ratios of the different geometries are not
representative, as they were modified for presentation purposes.
5
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2.2. Pulmonary ventilation and aerosol modeling

The volume of air inspired or exhaled per minute V̇e is called minute ventilation, [50]. It depends on the average
respiratory rate (also called breathing rate) f̄B per minute and an average tidal volume V̄T as follows:

V̇e = f̄B V̄T . (1)

he average ventilatory parameters of an adult at rest are a respiratory rate of f̄B = 12 breaths/min and a tidal
olume of V̄T = 500 ml/breath, giving a minute ventilation of V̇e = 6 l/min, [50]. With increasing activity
evels, V̇e can increase up to 180 l/min, depending on exercise and individual, [50]. For a detailed analysis of
he influence of different exercise levels, please see Wedel et al. [11]. In this study, we examine the following three
ifferent minute ventilations V̇e ranging from low to moderate activity level, i.e. V̇e = 7.5 l/min, V̇e = 15 l/min,

V̇e = 30 l/min, [11]. In agreement with Wedel et al. [7,11], the density of the inhaled expiratory aerosol is chosen
o be ρp = 1, 704 kg/m3 as suggested by Lindsley et al. [51]. To generate reliable statistics, we inject 105 randomly
istributed aerosol particles at the entrance of the mouth region, located at the position of the coordinate system
n Fig. 1. Moreover, the particles are injected with the local flow velocity. As already described in Section 1, the
ehavior of aerosols is largely characterized by their size. However, exhaled particle sizes are highly dependent
n the subject, health status and respiratory activity, [52,53]. In this study, we examine particle size distributions
imilar to those in Wedel et al. [11], see Fig. 2, which allows us to investigate a wide range of aerosol sizes, i.e.
reath and cough generated droplets as well as sneeze droplet nuclei:

• Duguid [54]: Sneezing (droplet nuclei),
• Chao et al. [55]: Coughing (droplets, aerosols),
• Fabian et al. [10]: Breathing (aerosols).

Note that for all particle size distributions considered, the majority of particles are much smaller than dp < 10 µm.
verall, less than 0.3 % of particles studied were larger than dp > 100 µm. In agreement with Wedel et al. [7,11],

t is assumed that the walls of the respiratory tract are covered with mucus. This is accounted for by assuming that
articles adhere to the lungs once they come into contact with the internal airways, [42]. Depending on the lung
entilation considered, we adjust the time step to ensure a maximum particle Courant number of Cop ≤ 1.0.

Fig. 2. Probability of expiratory aerosol and droplet sizes: breath generated droplets [10], sneeze generated droplet nuclei [54], cough
generated droplets [55].
6
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2.3. Governing equations

The dispersed flows of spherical particles is modeled by employing an Euler-Lagrangian frame.

2.3.1. Flow field
The most popular approach for modeling flow in the lung is the RANS approach as it requires less computational

effort, however, at the expense of accuracy, [48]. Zhang and Kleinstreuer, [56], studied the upper human airway and
showed that the RANS method combined with the k-ω turbulence model generally could not adequately reproduce
he results of the LES computational method, [48]. Nevertheless, the authors showed that the use of RANS with
-ω-SST in lung replicas containing only a few bifurcations lead to a good agreement with the LES method.

In this article, the flow field within the human airway is solved in an Eulerian framework. In conformity with
edel et al. [7,11], we use the open-source software OpenFOAM®, [57,58], to solve for incompressible steady-state

s well as transient flow in the lung geometries presented. The governing incompressible RANS equations are: [58]

dt(ρ f ū) + div(ρ f ū ⊗ ū + τRANS) = −grad p̄ + divτ̄ + f̄ D (2)

nd

divū = 0 . (3)

oreover, the Reynolds stress τRANS and the mean viscous stress τ̄ are obtained by: [59]

τRANS
:= ρ f u′

i ⊗ u′

j (4)

nd

τ̄ := µ gradSYMū . (5)

penFOAM® uses the finite volume method (FVM) to discretize the above equations. In Eqs. (2)–(5) ū, p̄ and ρ f
denote the Reynolds-averaged fluid velocity components, pressure and fluid density, respectively. In addition, the
′-sign in Eq. (4) denotes fluctuations so that the total velocity field reads u = ū+u′. Moreover, the term f̄ D captures
the body forces. A closed system of equations, and thus a constitutive expression for τRANS, is made possible by
using either an approximate k-ω-SST or k-ω-SST DES turbulence model, [59,60]. The detached-eddy simulation
(DES) is a hybrid model that uses a combination of RANS and LES approach, with the former applied in the attached
boundary layers and the latter in the separated regions, [60]. The subgrid scale LES simulation is used where the grid
density is sufficiently fine, i.e. where the grid spacing is much smaller than the turbulent shear layer thickness, [60]

2.3.2. Particles
In computational fluid dynamics (CFD), particle transport is usually described in either the Lagrangian or Eulerian

frame, [48]. For particles with diameters dp > 0.3 µm the Lagrangian approach is considered appropriate, while for
particles with dp < 0.3 µm the Eulerian approach is described as advantageous, [48]. A detailed discussion of both
approaches can be found in the review articles by Rostami et al. [49], and Tang and Guo, [61].

Since our study considers particles with dp > 0.3 µm, see Fig. 2, the Lagrangian frame is used in this article to
describe the motion of the dispersed phase (aerosols, droplets), [62], which are treated as point masses. Therefore,
a set of ordinary differential equations (Newton’s second law) is evaluated along the particle trajectory to track the
position and velocity of the particles, leading to the following equations:

Dtx p :=
dx p

dt
= up, (6)

Dt(m pup) := m p
dup

dt
= ρp

d3
pπ

6
dup

dt
=

∑
Fi , (7)

here x p is the position vector, up the velocity, ρp the density and dp the diameter of the spherical particle. In
ddition,

∑
Fi takes into account the sum of the forces acting on the particle, [62].

In this study, we consider aerosols and droplets produced by breathing, sneezing, and coughing, resulting in a
article size range of 0.4 µm ≤ dp ≤ 1500 µm. For particles with dp ≥ 1 µm the drag FD , the buoyancy FB and
he gravitational force FG predominate, simplifying Eq. (7) to: [63]

m p
dup

= FD + gVp
[
ρp − ρ f

]
, (8)
dt
7
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where m p, Vp, ρp are the mass, volume and density of the particle. Furthermore, ρ f denotes the fluid density and
g is the gravitational acceleration. In this study we employ the standard drag force model of OpenFOAM® for
pherical particles (denoted as sphereDrag), which is obtained as follows: [62]

FD =
3
4

ρ f

ρp

m p

dp

Cd

Cc
[u − up]|u − up|, (9)

ith the slip correction factor Cc and drag coefficient Cd :

Cd :=

{
24

Rep
[1 + Re2/3

p /6]; Rep ≤ 1000 .

0.424; Rep ≥ 1000 .
(10)

s well as the particle’s Reynolds number

Rep := ρ f dp|up − u|/µ , (11)

hich depends on the fluid density ρ f , the relative particle-fluid velocity |up − u| and the particle diameter dp, [64].
or the considered submicron droplets dp < 1 µm in air, the rarefaction impact becomes apparent and a slip velocity

occurs at the particle surface, which requires the consideration of a slip correction, [65]. This slip effect depends
mainly on the Knudsen number K n = λ/dp [65], which relates the mean free path length of the molecules λ to the

article diameter dp. The slip velocity at the particle surface occurs when dp is of the order of λ, [65]. In agreement
ith Wedel et al. [11], for modeling aerosols we use the findings of Rader, [66], who established empirical constants

or oil droplets in air, leading to the following slip correction factor Cc:

C Rader
c = 1 + 2K n [1.209 + 0.441 exp[−0.779/2 K n ]] . (12)

n conformity with Koullapsis et al. [42], we neglect other forces such as Brownian motion, added mass,
nd the Basset history force, [62]. To account for the interaction of the particles with the turbulent eddies
n the RANS framework, additional models are needed to approximate the fluctuation velocity. Therefore, we
se the OpenFOAM® model StochasticDispersionRAS, [67]. In this model, a fluctuation velocity u′ is calcu-

lated to perturb the velocity field in a random direction, with a Gaussian distribution with mean zero and
variance σ , [42]. The above equations are implemented in a customized version of the OpenFOAM®’s solver
icoUncoupledKinematicParcelFoam.

2.4. Limitations

The limitations of the employed set-up are consistent with those of our previous studies, [7,11]. Therefore,
we initially assume a steady-state flow field alongside a dilute particle suspension. Thus, we consider a one-way
coupling of particles and fluid. We also assume isotropic turbulence and the k-ω-SST RANS turbulence model.
Furthermore, we employ transient simulations to mimic particle deposition during realistic respiration cycles, using
both k-ω-SST and k-ω-SST DES turbulence models. Moreover, we consider sufficiently small aerosols such that
their surface tension leads to small spherical rigid particles, [68]. The applicability of the RANS turbulence approach
with one-way coupling in the flow and particle range considered was demonstrated in [7,11] and is therefore assumed
to be equally suitable in the context of this study

3. Particle deposition in realistic human airway geometries using steady-state flows

The simplified airway model of Koullapsis et al. [42], alongside with the realistic female and male lung models
employed in this study are shown in Fig. 1(b). The boundary condition used and solver information for the steady-
state approach are provided in Table 1. Note that breath actually originates from the alveoli of the lungs. However,
because of the varying number of branches and the lack of measured flow rates at each outlet of the realistic human
lung replicas, we use a fixed flow rate at the inlet and constant pressure at the outlets of the respiratory models
studied.
8
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In addition, Table 2 presents the statistics of the generated meshes of airway models considered. The presented
eshes were validated in the scope of a grid independence study.

Table 1
Computational details of considered lung model.

Flow solver: RANS with k-ω-SST [69]
Inlet BC.: P: zeroGradient

U : specified flowrates
Outlet BC.: P: fixed value

U : zeroGradient

Table 2
Computational details of generated meshes for the considered airways.

Airway Experimental lung Female lung Male lung

Cells 8.3 Mio 9.7 Mio 8.5 Mio
Boundary layers 5 5 5
Near wall distance y+

≈ 1 y+
≈ 1 y+

≈ 1

3.1. Flowfields

As mentioned in Section 2.2, flow rates in the range of 7.5–30 l/min are considered for all lung geometries
tudied, covering rest to moderate exercise. In Figs. 3 and 4 the contours of the mean velocity magnitude and
urbulent kinetic energy in the central sagittal plane are compared for the three airway geometries.

It is evident that the mean velocity distribution in the throat region varies considerably due to changes in airway
natomy. However, a common feature is the presence of an acceleration region in the posterior part of the throat.
he peak velocity for the female and male lungs is located in the inlet region of the mouth, whereas the peak
elocity for the experimental lung is found in the trachea. The strong difference in the magnitude of the velocity
n the mouth region of the investigated models is related to the larger inlet diameter (and thus the lower Reynolds
umber) for the experimental lung, resulting in a locally strongly reduced velocity.

In general, the velocity level in the central saggital plane is similar for female and male lung geometries despite
he strong geometric differences. Nevertheless, the second acceleration region in the trachea is more pronounced in
he female lung. For identical inlet Reynolds numbers Re := ρ f Dinlet |u|/µ, where Dinlet denotes the diameter of
he inlet pipe, the second acceleration region of the experimental lung is of the same magnitude as in the female
ung. However, in the experimental lung the high velocity region extends to the end of the trachea, while in the
emale lung the velocity decreases strongly toward the bifurcations. Overall, velocity in the central sagittal plane
ncreases significantly toward higher activity levels, i.e. higher flow rates, in all airways studied.

In the next step, the turbulent kinetic energy distribution in the central sagittal plane is analyzed, see Fig. 4. It can
e seen that the peak turbulent kinetic energy kmax is significantly higher for more intense exercises, i.e. higher flow
ate, for all airway geometries. Nevertheless, the turbulent kinetic energy varies strongly with the lung geometry.
oth female and male lungs have a zone of high turbulent kinetic energy in the mouth region, while k is here

ignificantly lower in the experimental lung model. In addition, the female lung has a second region of high k in
he trachea. This higher k region is also apparent in the male lung, however, with notably less intensity. In the case
f the experimental lung, the high k region in the trachea is the same magnitude than for the female lung with
dentical Reynolds number, but slightly less extended.
9
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Fig. 3. Velocity magnitude profile |u| in the central sagittal plane for varying lung geometries and exercise levels. (Note the different scaling).
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Fig. 4. Turbulent kinetic energy k in the central sagittal plane for varying lung geometries and exercise levels. (Note the different scaling).

3.2. Hydrodynamic comparability

Furthermore, we evaluate the hydrodynamic resistance of the studied airway geometries to assess whether the
lungs are hydrodynamically comparable. Therefore, we calculate the hydrodynamic resistance as follows:

R =
∆p

, (13)

V̇e
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where ∆p denotes the pressure (surface averaged) difference between airway inlet and outlet. As presented in
Table 3, there is hydrodynamic comparability between the two realistic lung replicas, i.e. female and male model,
with a slightly higher hydrodynamic resistance of the female lung. On the contrary, the experimental lung exhibits
less than half the hydrodynamic resistance as the realistic airway geometries.

Table 3
Computational details of generated meshes for the considered airways.

Airway Dimensions Experimental lung Female lung Male lung∫
Ainlet

p/ρ dAinlet [m4/s2] 7.47e−04 4.12e−04 3.84e−04
ρ [kg/m3] 1.204 1.204 1.204
Ainlet [m2] 3.14e−04 7.85e−05 7.85e−05
poutlet [Pa] 0.0 0.0 0.0
V̇e [l/min] 7.5 7.5 7.5

R [Pa s/l] 22.91 50.492 47.08

In the next step, we compare the turbulence structures in the oral cavity and larynx. A commonly used method
or visualizing vortices is the Q criterion, which is used to calculate the second invariant of the velocity gradient
ensor: [70]

Q =
1
2

[[
tr (∇u)2]

− [tr (∇u · ∇u)]
]

. (14)

iso-surfaces are often used as indicators of turbulent flow structures. Fig. 5 shows the obtained Q iso-surface of
Q = 1000 s−2 in the oral cavity and laryngeal region of the airway geometries under investigation.

As presented in Fig. 5, the observed turbulent flow structures in the oral cavity vary greatly between different
outh geometries as well as activity levels. In the case of the female lung and the experimental lung, the vorticity

s initially dominant in the tongue region (V̇e = 7.5 l/min) and intensifies toward the posterior region of the mouth.
n the male geometry, the vortices are more pronounced in the anterior mouth region as well as in the upper mouth
art. For all geometries, the turbulent flow structures grow strongly with increasing V̇e. At the same inhalation
ate, the experimental lung exhibits less vortices, which is related to the lower Reynolds number. However, it is
oteworthy that even at the lowest Reynolds number studied, strongly pronounced turbulent flow structures are
resent throughout the laryngeal region for all lung replicas.

.3. Aerosolized volume deposition

In the following, expiratory aerosols are released randomly at the entrance of the oral cavity. The initial relative
elocity is set to urel = u−up = 0, where u denotes the flow velocity and up the particle velocity. Particle tracking

is performed up to 2.5 s or until all particles have been deactivated, either by deposition or by escape from the lung
eometry under consideration, i.e. penetration in the deeper lung parts. Depending on where the SARS-CoV-2
gents are deposited, different symptoms may occur. It is reported that the laryngeal region is a major site for virus
eplication of COVID-19 pathogen in the host, which is unlikely for other viruses, e.g. SARS, which replicate in
eeper lung regions, [16,17]. Therefore, we divide the respiratory tract into the following regions of interest:

• mouth region (oral cavity), laryngeal region, trachea and tracheobronchial tree (up to LoB F ≤ 7),

where LoB F denotes the considered level of the branching of the respiratory tract. As already mentioned in
Section 2.1, in order to compare the different lung geometries considered, we need to take into account the different
number of branches per LoB F . The number of resolved bifurcations per bifurcation level (LoB F) is shown in
Table 4 for the different lung geometries. Note that the female and male airways contain branches up to the 9th
and 10th generation, whereas the experimental lung contains bifurcations up to the 7th level. For comparability, we
examine the deposition within the tracheobronchial tree up to LoB F = 7, with anything beyond this being referred
to as the deep lung region. Fig. 6 sketches the labeling approach for the LoB F exemplified by an airwaypath
through the female tracheobronchial tree.
12
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Fig. 5. Q = 1000 s−2 isosurface for varying lung geometries and exercise level. Larynx regions are highlighted inside dotted boxes.
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Table 4
Number of bifurcations per level of bifurcation (nB F ) for the airways considered. The level
of bifurcation is denoted as LoB F and n∗

B F labels the theoretical number of bifurcations per
bifurcation level.

LoB F : 1 2 3 4 5 6 7

nB F,Female 1 2 4 8 14 15 13
nB F,Male 1 2 4 8 15 16 13
nB F,Exp. 1 2 4 8 16 25 6
n∗

B F 1 2 4 8 16 32 64

Fig. 6. Labeling of level of bifurcation exemplatory on an airwaypath of the female tracheobronchial tree.

The corrected number of deposited particles x∗

Sim per LoB F is calculated from the deposited particles obtained
y simulation, further denoted as xSim , as follows:

x∗

Sim =
xSim

nB F
n∗

B F , (15)

here nB F is the actual number of bifurcations of a certain LoB F and n∗

B F the corrected number of bifurcations
f the specific LoB F , which may be written as:

n∗

B F = 2[LoB F−1] . (16)

.3.1. Volumetric deposition
As described in Section 2.2, the inhaled particles are assumed to be generated by common exhalation activities

breathing, coughing, sneezing). Table 5 contains a detailed summary of the performed particle insertion and tracking
pproach.

Table 5
Computational details of particle tracking.

Time integration scheme Implicit Euler
Forces on particles Draga, gravity
Wall interaction Touch & Stick
Cunningham correction (Cc) Yesb,
Turbulent dispersion Continuous random walk
Number of particles 100000

aDrag coefficient (CD) [71].
bRader (1990) [66].

First, we compare the volumetric deposition fraction for 105 inhaled particles, i.e. particles produced by breathing,
coughing, or sneezing, to obtain reliable statistics for three exercise levels for the respiratory geometries considered.
Thus, the inhaled saliva masses for 105 particles of the studied particle size distribution render:

• Breath generated aerosols: m Breath ≈ 0.033 ng,
• Sneeze generated droplet nuclei: mSneeze ≈ 4.991 ng,
• Cough generated droplets: m ≈ 536381.968 ng
Cough

14
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Fig. 7 displays the volumetric deposition in the four regions of interest, including the total deposition in these
regions, which is denoted as overall deposition. As presented in Fig. 7, approximately 100 % of the inhaled saliva
volume consisting of cough-generated particles is depositing in the oral cavity for all geometries and flow rates
studied. This is due to the presence of large droplets (up to dp ≤ 1500 µm) in the cough droplet distribution,

hich carry the majority of the inhaled saliva volume and deposit almost immediately. In contrast, the deposition
f breath-generated particles firstly becomes apparent in the laryngeal region and thereafter, so that almost no
reath-generated particles deposit in the oral cavity. Besides, the male and experimental lung geometries filter more
reath-generated particles in the upper lung, i.e. they experience a higher deposition rate in the overall geometry up
o LoB F = 7. Consequently, these geometries potentially allow less breath-generated salivary volume to enter
he deeper lung regions than the female lung. Note that due to the smaller size of breath generated droplets
0.4 µm ≤ dp ≤ 1.25 µm), their overall deposition efficiency is significantly lower than for the droplet nuclei
enerated by sneezing (0.375 µm ≤ dp ≤ 22.5 µm) or droplets generated by coughing (3 µm ≤ dp ≤ 1500 µm). In

addition, Fig. 7 shows that the particle distribution of intermediate size, i.e. droplet nuclei generated by sneezing,
experiences the largest variation in deposition between the lung models studied. Looking at the deposition efficiency
in the oral cavity, a similar trend of increasing deposition at higher flow rates is seen in the female and male lungs.
In both cases, the deposition efficiency in the oral cavity is in the range of 20 % − 40 % of inhaled saliva volume.
A common deposition trend is seen in the trachea, as the deposition efficiency decreases at 15 l/min compared to
lower and higher flow rates for all geometries considered. In general, a considerably small deposition fraction in
the order of 0.5 − 2 % occurs in the trachea for all airway models studied. Furthermore, a comparable deposition
trend is observed in the tracheobronchial tree up to LoB F ≤ 7 for male and female lungs, with deposition
increasing from 7.5–15 l/min and remaining approximately constant for 15–30 l/min with an overall deposition
efficiency between 20–30 %, with a slightly higher deposition inside the female geometry. For the experimental
lung, the overall deposition efficiency is always higher than 30 % and continues to increase to over 60 % for
V̇e = 30 l/min. The most obvious difference between the considered geometries is found in the laryngeal region,
where all geometries show diverging trends with increasing flow rate. While the statistic deposition fraction in the
male larynx is rather unaffected by an increase in flow rate (with a slight decrease in deposition), it increases in the
female and experimental lungs. Note that the deposition efficiency of the experimental lung in the larynx grows to
more than twice the deposition efficiency of the female lung and five times the deposition efficiency of the male
airway. Overall, it can be seen that the female and male lung have higher comparability in deposition efficiency
than the experimental lung, which has a significantly higher deposition rate in lung regions up to LoB F ≤ 7 for
flow rates V̇ ≥ 15 l/min, despite having half the Reynolds number.

In the next step, we perform a detailed analysis of the deposition within the tracheobronchial tree up to LoB F ≤ 7
by considering the deposition efficiency per bifurcation level as shown in Fig. 8.

Fig. 8 displays the resulting deposition efficiency per bifurcation level as well as the total deposition in the
tracheobronchial up to LoB F = 7. Across all flow rates and particle size distributions, the deposition efficiency
is higher in the experimental lung than in either the female or male airway. The greatest variation are present for
the intermediate particle size distribution (droplet nuclei produced by sneezing), where a deposition efficiency up
to 30 % higher is achieved for V̇ ≥ 15 l/min in the experimental lung. Besides, the deposition rates of male and
female lung are comparable for all particle size distributions and flow rates. In the case of cough generated droplets
as well as sneeze generated droplet nuclei the differences in salivary volume deposition are small, with female lungs
showing slightly higher deposition efficiency (up to 4 %) for all flow rates. In the case of breath generated droplets,
the volumetric deposition fraction across all flow rates for male and female model only begin to deviate visibly
after the fourth level of bifurcation (LoB F > 4), with the filtration rate in the female lung being lower by up to
4 % for V̇ ≥ 30 l/min.
15



J. Wedel, P. Steinmann, M. Štrakl et al. Computer Methods in Applied Mechanics and Engineering 401 (2022) 115372
Fig. 7. Volumetric deposition fraction across three exercising levels; coughing droplets, droplet nuclei of sneezing, ⋆ breath generated
aerosols. (a: LoB F = 1 − 7, b: Summation of deposited particles up to LoB F = 7).
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Fig. 8. Volumetric deposition fraction per level of bifurcation (LoBF) of three different particle size distributions across three exercising
evels: experimental lung, female lung, male lung. Dashed lines indicate the corresponding sum of deposition efficiencies in the
racheobronchial tree up to LoB F=7.

Considering both the results of the regional deposition study (shown in Fig. 7) and the detailed tracheobronchial
ree analysis (shown in Fig. 8), it is highlighted that for male and female lung the deposition efficiency varies

ost in the laryngeal region, with a divergent deposition rate of up to 6 %. However, compared to the experimental
eometry, this deviation can be considered rather small. Furthermore, we display the particles that did not deposit in
he lungs regions up to LoB F ≤ 7. Consequently, this particles can potentially penetrate to the lower lung regions,

i.e. LoB F > 7. As shown in Fig. 9, the experimental lung has the least amount of saliva potentially entering the
lower lung regions for all particle size distributions and flow rates studied. Therefore, it provides the best protection
for the lower lung by achieving higher deposition in the upper lung. In addition, the filtering efficiency of the
female lung for breath-generated droplets up to LoB F ≤ 7 is lower than that of the experimental and male airways,
resulting in a higher amount of inhaled saliva volume that could reach LoB F > 7. In contrast, of the geometries
considered, the lower lung region of the male lung is most exposed to the inhaled salivary volume for larger particle
size distributions, i.e. for both droplets generated by coughing and droplet nuclei generated by sneezing. Note that
despite the anatomic differences in lung geometries, the regional deposition efficiencies between the female and
male case are small, i.e. in the order of 5 %.
17
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Fig. 9. Volumetric deposition fraction across three exercising levels overall and in the lower lungs: experimental lung, female lung,
male lung. (a: Amount of inhaled saliva volume that did not deposit in the lungs regions up to LoB F ≤ 7 is accounted to LoB F>7).

In a final step of this analysis, we evaluate the hotspots of particle deposition in the employed airway models for
he moderate flow rate V̇e = 15 l/min. Therefore, we present the deposited particles for each particle size distribution

within each lung geometry. First, Fig. 10 visualizes the hotspots of inhaled breath-generated particles. While in the
male oral cavity the deposited particles are more pronounced in the anterior part of the mouth, such a trend is
not evident in the female and experimental oral cavity. Moreover, in the upper lung regions, a distinct deposition
hotspot is present in the folds of the laryngeal region in all geometries studied. In addition, Fig. 10, clearly shows
that most particles enter the tracheobronchial trees, where deposition of breath-generated particles is higher than in
the upstream regions.

In case of sneezing generated droplet nuclei, as shown in Fig. 11, a distinct particle accumulation is visible in
the anterior tongue region for the female and male case. For the experimental lung, the particles are likewise more
pronounced in the anterior region, however, less concentrated at a specific location. Despite the accumulation in
the anterior tongue region, the proportion of deposition in the center parts of the oral cavity is smaller and the
deposition is increasing toward the cavity sides. In addition to the front mouth region, clear deposition hotspots can
be seen in the laryngeal region in all geometries examined, which are located in the laryngeal folds as well as in
the entrance region of the trachea. In the case of female and male lung, larger particles are filtered mainly in the
oral cavity as well as in the larynx and are thus less pronounced in the tracheobronchial tree. In the experimental
lung, a deposition hotspot of larger particles is also visible in the first bifurcation levels. Despite an overall similar
deposition fraction in the laryngeal region, as shown in Fig. 7, local particle accumulation in the larynx differs
markedly between geometries.

In the case of particles produced by coughing, shown in Fig. 12, it is important to note the different scaling
and coloring of the particles with dp > 100 µm. In all geometries, these particles, which carry the majority of the
inhaled saliva volume, are deposited directly in the anterior tongue area. In the case of the male and female lung, this
deposition is more concentrated than in the experimental lung. Fig. 12 additionally illustrates that despite this high
volumetric deposition efficiency in the oral cavity, a large number of smaller particles (with particle sizes in the range
of the sneeze droplet nuclei) penetrate further into the lung. These particles produce highly pronounced deposition
hotspots in the posterior region of the mouth as well as in the laryngeal folds. In the case of the experimental
lung, additional particle accumulation is present in the anterior part of the trachea and extends nearly over its entire
length. This pattern is less notable in the male lung. In contrast, in the female lung, particles are deposited mainly
at the entrance of the trachea and no distinct deposition region is seen throughout the trachea. Similar to the droplet
nuclei produced by sneezing, a strong deposition region is observed in the first two branches inside the experimental
lung, which is less pronounced in the male and female lung branches.
18
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Fig. 10. Local particle deposition for V̇e = 15 l/min and breath generated droplet nuclei distributions. Note that particles sizes are scaled
with a factor of 1000.
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Fig. 11. Local particle deposition for V̇e = 15 l/min and sneeze generated droplet nuclei distributions. Note that particles sizes are scaled
ith a factor of 200 and highlighted in different colors. (For interpretation of the references to color in this figure legend, the reader is

eferred to the web version of this article.)
20
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Fig. 12. Local particle deposition for V̇e = 15 l/min and coughing generated droplet nuclei distributions. Note that particles sizes are scaled
with a factor of 100 for dp ≤ 100 µm and particles with dp > 100 µm are represented with a factor of 25 and colored in dark violet.
Particles sizes are further highlighted in different colors according to the included color legend. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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3.3.2. Combined particle distribution
In this section, the results of Section 3.3.1 are employed to evaluate a combined particle size distribution of the

considered expiratory events, i.e sneezing, coughing and breathing. In this regard we refer to the employed setup
in [11], where a susceptible person enters the room after the symptomatic or asymptomatic host conducted a series
of respiratory activities. The total volume of expelled aerosolized droplets is computed accordingly:

• 2.0 × 10−6 ml per cough, 15.0 × 10−6 ml per sneeze and 2.5 × 10−6 ml per 30 min breathing.

In the chosen scenario the symptomatic host executes the following respiratory events:

• 10× coughing, 10× sneezing and 90 min of breathing

his renders a overall exhaled saliva volume of 1.775 × 10−4 ml, which is assumed to be equally distributed over a
specified room volume. The chosen airspace is based on bavarian school construction ordinance that specifies 6 m3 of
air space per person. Followingly, we considered an air space of Vairspace = 12 m3 (estimated to host 2 individuals).

he duration of the exposure of the susceptible to the exhaled saliva volume is set to 90 min. Moreover, we assume
constant number of virus copies per ml of exhaled saliva. Viral loads are commonly measured by counting viral
NA, [72]. In the following we consider ncopies = 108 copies/ml, which represents a comparably high viral load

ound in nasopharynx samples of a symptomatic SARS-COV-2 host, see [73].

Fig. 13. Viral load (measured in RNA copies) in different lung sections: experimental lung, female lung, male lung. (a: LoB F = 1−7,
b: Summation of all lung regions including tracheobronchial tree up to LoB F = 7, c: Amount that did not deposit in the overall region is
accounted to LoB F>7).

As shown in Fig. 13(e), the overall viral load in lung regions (up to LoB F ≤ 7) is comparable between the
subject-specific female and male lung, with a slightly higher overall deposition in the upper female airways, resulting
in a lower amount of viral load potentially reaching the lower airways, see Fig. 13(e, f). Moreover, the deposition in
the trachea is comparably low to the other regions of interest for all lung geometries considered. Despite the overall
similar deposition trend for the realistic lung replicas, i.e. the female and male airway geometries, the distribution of
RNA copies differs greatly within the geometric regions studied. The differences are particularly pronounced in the
laryngeal region, see Fig. 13(b). At flow rates of V̇e ≥ 15 l/min, viral RNA copy deposition in the female laryngeal
region is approximately two to three times higher (V̇e = 30 l/min) than in the male counterpart. Because of the

higher viral deposition in the upper lung regions, the female lung is somewhat better protected from pathogens
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entering the lower airways than the male lung. However, the higher viral load in the laryngeal region may lead to
higher viral reproduction and thus higher exhaled viral load.

As shown in Fig. 13(e) an overall higher viral load is present in the upper regions of the experimental lung, which
is due to increased deposition in the larynx, trachea, and tracheobronchial tree up to LoB F = 7. Consequently, a
smaller amount of virus may enter the lower lung, see Fig. 13(f). For all flow rates considered, the significantly
higher deposition of viral RNA copies in the tracheobronchial tree up to LoB F = 7 and the larynx region in
the experimental lung mainly contributes to the better protection of the lower respiratory system compared with
the female and male airways especially for higher flowrates (V̇e = 30 l/min). Note that for V̇e = 30 l/min the
experimental laryngeal region experiences more than twice the viral load of the female larynx and more than six
times the viral load of the male larynx, which is a consequence of reduced filtering in the oral region. Again, this
could be attributed to a potentially higher risk of exhaling a greater amount of viral RNA copies in the cause of
the disease.

4. Realistic respiratory cycle

So far, we have considered inspiration as a steady-state event by using the average flow rate as described in
Section 2.2. To obtain a more realistic comparison, we examine the nonstationary nature of the inhalation process
below. A nondimensional flow pattern of a single respiratory cycle is reconstructed based on transient flow rate
measurements of a realistic human respiration, see Nishi et al. [74], recorded at a constant minute ventilation of
V̇e = 7.5 l/min. Five respiratory cycles are recorded and averaged to obtain a representative flow pattern of a single
respiratory cycle. In addition, the flow pattern is corrected by scaling the inhalation and exhalation phases equally
so that the exchanged volume remains the same. To determine the actual flow patterns, we assume that the tidal
volume VT remains constant for the minute ventilations considered. Therefore, one could choose the respiration rates
f̄B = 15, f̄B = 30, and f̄B = 60 breaths/minute for the simulated average minute ventilations V̇e = 7.5 l/min,
V̇e = 15 l/min, and V̇e = 30 l/min, respectively. The obtained flow patterns are shown in Fig. 14(a). They are
generated by scaling the inhalation phase of a representative respiratory flow pattern so that the total inhaled volume
corresponds to VT = 500 ml/breath. We also construct the transient particle injection pattern, as shown in Fig. 14(b),
by assuming a linear dependence on flow rate. As exemplarily presented for three flow rates, see Fig. 14, the transient
injection rate is scaled so that the total number of 105 particles is injected within each inhalation cycle. In the scope
of this study we will focus on the intermediate flowrate of V̇e = 15 l/min.

Fig. 14. Inspiration cycles and particle injection for three different average flowrates: V̇e = 30 l/min, V̇e = 15 l/min, V̇e = 7.5 l/min.

Furthermore, we study the influence of two different turbulence models, namely the k-ω-SST as well as the

-ω-SST DES model, [60].
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4.1. Simplified geometry

The main region of interest in this study is the influence of transient flow on viral load in the laryngeal region
of a realistic human lung replica. Therefore, we simplify the female and male geometry shown in Fig. 1, while we
preserve the realistic geometry of the upper lung up to the second branching level, see Fig. 15. Note that the mesh
density in the remaining domain is similar to the previous mesh.

Fig. 15. Simplified female and male lung replicas. Note that the size scaling between male and female has been adjusted for visualization.

.2. Flow field

To generate realistic breathing conditions, the flow field is initialized by simulating a complete respiration cycle
ith the k-ω-SST model. Fig. 16 shows the initial distribution of velocity and turbulent kinetic energy in the central

agittal plane of the studied airway replicas. As shown in Fig. 16, there is an area of increased velocity in both
he oral cavity and larynx of the female and male lung model. In addition, an increase in turbulent kinetic energy
s observed at the inlet of the oral cavity and larynx of both lung geometries, with slightly higher intensity in the
emale lung.

In the next step, we evaluate the resulting velocity distribution at the approximate time of peak inspiration
tsim = 0.5 s) and peak expiration (tsim = 1.0 s). The resulting velocity distribution in the central sagittal plane

in the female and male lung is shown in Fig. 17. Similar to the steady-state inhalation performed, see Fig. 3, both
turbulence models in the female lung at peak inspiration yield high velocity regions at the entrance of the oral
cavity and at the end of the larynx that extend into the trachea. These acceleration regions are also present in
the male lung, however, with a less intense second acceleration region. For both subject specific male and female
airway, the differences between the k-ω-SST and the k-ω-SST DES flow field are already apparent in the oral cavity,
where more vortices are present in the upper and posterior regions of the mouth when the latter model is used. In
addition, k-ω-SST DES generates stronger eddies in the larynx and trachea, with the vortices in the trachea being
more pronounced in the female lung considered. During peak expiration, the high velocity regions in the male and
female lungs shift to the inlet tube and laryngeal region, again being less pronounced in the male geometry. Similar
to peak inspiration, the use of k-ω- SST DES in peak expiration for male and female airways results in stronger
fluctuations in the posterior mouth and laryngeal regions compared to the k-ω-SST model.
24



J. Wedel, P. Steinmann, M. Štrakl et al. Computer Methods in Applied Mechanics and Engineering 401 (2022) 115372

l

Fig. 16. Velocity U and turbulent kinetic energy k after one inhalation cycle in the central sagittal plane of the female and male lung
replicas. Flow rate: V̇ = 15 l/min.

Fig. 17. Velocity U at peak inhalation (tSim = 0.5 s) and peak exhalation (tSim = 1.0 s) in the central sagittal plane of the female and male
ung replicas using transient simulation with k-ω-SST and k-ω-SST DES turbulence model. Flowrate: V̇e = 15 l/min.
25
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4.3. Deposition analysis

In the next step, we investigate the resulting deposition patterns obtained in the transient simulations. Fig. 18
provides a comparison of the volumetric deposition efficiencies of the simulations performed for the female and
male lung for the transient simulation, where the influence of two different turbulence models is investigated, as well
as for the steady-state results. Note that the transient deposition efficiency is evaluated at the end of the inhalation.
As shown in Fig. 18(a), the resulting deposition fractions vary strongly with the chosen simulation approach. In the
female lung, considering a transient simulation with the k-ω-SST turbulence model results in an overall 10 % larger
deposition, whereas using the k-ω-SST DES model results in an increase of more than 20 %. In both cases, the
increased volume fraction in the oral region is responsible for the overall higher deposition and, consequently, less
saliva penetrates into the regions thereafter. Moreover, the deposition efficiency in the larynx is strongly reduced in
the transient simulations compared to the steady-state analysis, to about 2 − 3 %. In the case of the male lung, a
similar trend is obtained, however, the deviations between k-ω-SST and k-ω-SST DES deposition results are less
pronounced. As in the case of the female larynx, the deposition efficiency in the male laryngeal region is also
greatly reduced in the transient simulations compared to the steady-state approach, to about 0.5 %.

Fig. 18. Volumetric deposition efficiency for sneeze generated droplet nuclei and V̇e = 15 l/min in the female and male lung: Female lung
(transient with k-ω-SST DES), Female lung (transient with k-ω-SST), Female lung (steady-state) Male lung (transient with k-ω-SST
DES), Male lung (transient with k-ω-SST), Male lung (steady-state). Dashed lines indicate the corresponding overall deposition efficiency.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 19 visualizes the hotspots of deposition by showing local particle accumulation within the female lung.
As indicated, the deposition pattern remain similar in all simulations performed. However, the use of transient
simulations increases the intensity of the hotspots in the oral cavity and larynx, with the highest increase obtained
when using the k-ω- SST DES model. Moreover, in both transient simulations, there is an additional particle hotspot
in the center of the posterior part of the oral cavity resulting from resolving vortices in this region, see Fig. 17. In
addition, Fig. 19 shows that the k-ω- SST DES approach results in a higher deposition within the trachea compared
with the other approaches, which is again due to the higher resolution of the vortices in this region, as presented
in Fig. 17. The lower particle deposition in the mouth and larynx region found in the steady-state simulation could
be attributed to an inadequacy of the turbulent dispersion model used.

In addition, Fig. 20 visualizes the local particle accumulations within the male lung geometry. As shown, the
deposition hotspots remain similar for all simulation configurations considered. Similar to the deposition trend in
the female lung, the use of a transient simulation results in more pronounced particle accumulation in the oral cavity
and larynx, while maintaining a comparable deposition pattern overall. The highest deposition rate in the oral cavity
is obtained by using the transient simulation in combination with the k-ω-SST DES model, while the lowest particle
deposition in the upper lung is obtained in the steady-state analysis.
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Fig. 19. Local particle deposition of sneeze generated droplet nuclei after a full inhalation for V̇e = 15 l/min inside the female lung. Note
hat particles sizes are scaled with a factor of 200 and highlighted in different colors. (For interpretation of the references to color in this
gure legend, the reader is referred to the web version of this article.)
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Fig. 20. Local particle deposition of sneeze generated droplet nuclei after a full inhalation for V̇e = 15 l/min inside the male lung. Note
that particles sizes are scaled with a factor of 200 and highlighted in different colors. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
28
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5. Conclusions

In this study, we employed OpenFOAM® to gain new insights into aerosol deposition in the human respiratory
tract by using three different realistic, subject-specific replicas of the human lung. In this context, we investigated
different levels of inhalation ranging from rest to moderate level of exercise, i.e. 7.5 l/min, 15 l/min and 30 l/min.
In addition, realistic particle size distributions generated by coughing, sneezing and breathing were considered. In
the first part of our analysis, we employed a frozen flow approach in the same way as in Wedel et al. [7,11],
where the computational model is based on the RANS equations with the k-ω-SST turbulence model. This model
in combination with Lagrangian particle tracking has been successfully compared with the in vitro and in silico
results of Koullapsis et al. [42], and is therefore considered suitable for aerosol deposition studies in the selected
human airways. In the second part of our study, we investigate a realistic breathing cycle using transient simulation
with two different turbulence models, i.e. k-ω-SST and k-ω- SST DES.

In the following we summarize our main findings:

• We found a large variability in regional aerosol deposition between the considered respiratory models, which
we attributed to the variations in geometric lung features. This demonstrates the importance of an accurate
representation of the human respiratory system to derive reliable deposition trends.

• In addition, we showed that variations in lung anatomy can significantly affect respiratory resistance, with
hydrodynamic resistance in female and male lungs being approximately twice as high as in the experimental
lung used.

• In agreement with Wedel et al. [7,11], we associate higher viral concentrations in the deep lung regions, a major
site of COVID-19 morbidity, with a higher risk of developing severe disease profiles of the alveolar regions
such as pneumonia. In this context, the experimental lung geometry provides the best mechanical protection
for the lower airways, which we associate with a lower likelihood of developing a severe COVID-19 cause,
as the lowest viral load is observed in the deep lung regions for all flow rates and particle size distributions
studied.

• Moreover, we investigated local hotspots of aerosol deposition. In this context, particle accumulations for
the subject-specific female and male lung replicas were broadly comparable for all particle size distributions
considered. We also found that the effects of varying flow rate were similar in most regions of the employed
lung models. Nevertheless, the effect of flow rate differed, particularly in the laryngeal region, and proved
to be highly subject-specific. While statistical deposition efficiency in the male larynx was almost unaffected
by flow rate, the female and experimental lungs exhibited higher deposition rates with increasing flow rate.
We also found localized deposition hotspots in the laryngeal region for all particle sizes, which were more
pronounced for larger particle size distributions, i.e. sneezing and coughing.

• When we considered a realistic scenario in which we employed a combination of particle size distributions
and rising aerosol uptake with higher flow rate, an increase in viral load in the larynx was observed for all flow
rates and for all airways considered. However, the rate of growth differed greatly between the lung geometries
investigated. For example, approximately twice as many viral RNA copies were found in the experimental
lung geometry as in the female lung and six times as many viral RNA copies as in the male lung.

• We associate higher salivary volume deposition in the laryngeal region with a higher risk of viral replication
and, as a possible consequence, with a higher exposure dose for susceptible individuals in the vicinity of the
host. Therefore, despite having the best protection of the lower lung regions, the experimental lung geometry
could potentially replicate more virus in the laryngeal region due to the higher initial larynx viral load.

• In addition, we found that the use of transient simulations did not result in a significant shift in local particle
deposition. Rather, the hotspots observed in the steady-state simulations proved to be more pronounced in
the lung geometries studied for both transient simulations considered, while the overall deposition patterns
remained comparable. We attribute the lower deposition efficiency obtained in the steady-state simulations to
an inadequacy of the turbulent dispersion model used.

• The highest deposition efficiency was observed for the unsteady simulation combined with the k-ω-SST DES
turbulence model, which can be attributed to a better resolution of the vortices. Thus, more particles were
filtered in the oral cavity, resulting in a lower aerosol load that propagated to the regions thereafter.
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