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Abstract

The Eulerian-Lagrangian approach is widely employed for spray simulations in various applica-
tions ranging from transportation systems to environmental flows. Traditional implementations
of this technique are based on the assumption that the liquid droplets are spherical. This as-
sumption is unphysical for several applications that droplets vary in shapes. The droplet shape
and more specifically the droplet surface affects phenomena like evaporation and drag and
consequently the droplet dynamics. Eulerian-Lagrangian simulations have been widely used in
the modelling of infectious diseases. Experimental observations on respiratory droplets have
shown that during a violent expiratory event, a sneeze, the exhaled saliva forms ligaments of
various sizes. Since the shape of the droplets affects the evolution of the spray which in turn
determines how far infectious droplets can travel, it is necessary to overcome the spherical
assumption limitation in computational models. A novel spray model able to account for the
droplet deformation is being developed and it is used in this paper to analyse the droplet de-
formation during a sneezing event. Results are compared to experimental observations. Such
a new model can also be applied to spray injection within ICE or in jets in crossflow relevant to
gas turbines.

Keywords
Eulerian-Lagrangian Simulations, Respiratory Droplets, Surface Density

Introduction

Sprays are of great interest in a wide range of applications. Their modelling has been based
on two different approaches. The first one is the Eulerian—Lagrangian (EL) approach, in which
the dispersed liquid phase is solved using a Lagrangian formulation, tracking individual droplet
parcels and interpolating the gas-phase properties at the parcels locations. The second ap-
proach follows the Eulerian—Eulerian (EE) two-fluid methodology, treating different size classes
of droplets as separate and inter-penetrating phases and solving conservation equations for
each one of them. Though the EE framework can give more accurate results since it can pro-
vide predictions for any liquid structure in terms of shape, it requires a high computational cost.
The EL offers a compromise in terms of computational cost and accuracy which justifies its
widespread (and almost exclusive) use for large scale industrial internal combustion engines
and gas turbine simulations, reproducing the global spray behaviour reasonably well. More
recently the EL approach has also been used in biomedical applications. In particular, it has
been used to investigate the transmission of respiratory infections by means of the mucosali-
vary droplets exhaled during violent expiratory events [1, 2], as well as by talking. The main
limitation though of EL implementations is the spherical droplet assumption, which can lead
to inaccuracies in the predictions of trans-critical and super-critical conditions where highly
distorted droplets are present [3] or in set-ups such as cross flow jets where non spherical
ligaments are present [4].

In this paper, a novel spray model able to account for the droplet deformation (based on the
concept of the surface density approach[5]) has been developed within OpenFOAM. The model
is capable of characterising the Lagrangian particles in terms of droplets geometry, in order to
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account for the surface and the elongation of the particle alongside their volume. Being able to
model non-spherical droplets with the EL framework, means that we can predict the presence
of ligaments and elongated structures, as well as flattened liquid structures, such as "bag-
shaped", "lens-shaped" and "spheroid" droplets in the flow. Eventually this can lead to more
accurate characterisation of the the forces acting on the droplets and to improve several spray
processes, such as droplets evaporation, drag force and droplet break-up.

This new spray model is applied here to study respiratory droplets exhaled during a sneeze.
Respiratory droplets are linked to respiratory infections such as influenza, tuberculosis and se-
vere acute respiratory syndrome (SARS), including the recent SARS-CoV-2 coronavirus. Ex-
perimental observations suggested that the exhaled droplets from various routes (speaking,
coughing, sneezing) are not always spherical and thus simple EL frameworks used in previ-
ous studies might not be accurate. The formation of ligaments and sheets of saliva has been
more pronounced during sneezing events[6]. Such structures undergo rapid fragmentation into
smaller droplets after 100 ms. Hence, the characterisation of the droplet shape is important
as it provides information on the break-up and vaporisation of the particles of saliva exhaled
during a sneeze. This, in turn can provide a better characterisation of the population of the
saliva particles in terms of droplets size, determining the route of transmission of the infectious
disease. To our knowledge this is the first numerical investigation of the droplet shape produced
by sneeze.

Numerical Modelling

Lagrangian Particle Tracking method

In the Lagrangian description of fluid flows, individual fluid particles are described by means of
their properties (positions, velocities, etc.) as a function of time. Position vectors and velocity
vectors are shown at one instant of time for each of these particles. As the particles move in
the flow field, their positions and velocities change with time. The Lagrangian Particle Tracking
(LPT) technique is commonly used in spray simulation. The spray is considered as a discrete
phase comprising of a large number of parcels that are transported using Newton’s second law.
The basic equations of motion for the LPT method have been described in detail in our previous
work [7].

The Eulerian-Lagrangian Particle Surface Approach (ELPSA)

The application of the Particle Surface Approach in the Lagrangian framework is based on the
analogy of an oscillating and distorting droplet as a spring-mass-damper system. A parameter
delta is calculated for every particle to describe the deviation from the spherical shape. The
spherical deviation, § (or "deformation factor"), helps to distinguish between ligament and lens
shaped particles, affecting the break-up mechanisms. We assume that § is negative for liga-
ments and positive for flattened droplets. Using the deformation factor we can then calculate
the particle surface, which affects the vaporisation rate and the drag characteristics of the liquid
structures.

The first assumption to model non-spherical droplets is to distinguish the geometrical charac-
teristics of ligaments and flattened liquid structures. The assumptions made here is to consider
the ligaments as "bullet"-shaped droplets and the flattened structures as lens-shaped droplets
as shown in Fig.1.

As that same particle is subjected to different ambient conditions and/or forces, considering
there is no vaporisation and/or breakup, its shape could change but its mass, and in turn its vol-
ume, remains constant. Being Vs, the volume of the particle, we can name ryph the radius of
the particle when it is spherical, which is provided by the numerical initialisation of the particle.
The ligament and lens shaped particles are then characterised by two parameters, r» and h,
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Figure 1. Geometrical shapes of the liquid droplets for the ligament, spherical and lens configuration.

that are both functions of r,,;, and 4. We can now describe the particle radius as:
r= (1+5)T5ph (1)
Based on the first assumption we made, we have:

T Ligament < T'Sph < T'Lens (2)

Notice that since r is a positive real number § must be 6 > —1. With the deformation factor we
can now distinguish between ligament, lens and spherical shape, having:

—1<d6<0 = T = T Ligament
0= 6=0 = T = TSph (3)
6>0 =T = TLens

The height of the particle, h, is obtained from simple geometrical considerations. Two distinct
equations are derived for i, one for each shape, which are function of r,, and d: Arigament =
hLigament(Tsphy 5)andhLens = hLens (Tspiu 5)

Hence we have:

5 = 1< <0 = h = hLigament h >0 (4)
N 520 :>h:hLens OShSTLens

Two equation for the particle surface area are then obtained, one for the ligament and one for
the disc-shaped particle:

SLigament = SLigament (ra hLigament) and SLens = (T7 hLens) (5)

Notice that if § = 0, both the surface equations provides the same surface area, which is the
surface of a spherical particle.

Calculation of The Droplet Deformation Factor
The § is calculated within the LPT model using the Taylor-Analogy between an oscillating and
distorting droplet and a spring mass system, similarly to the TAB model [8]. Here the surface
tension and the viscosity play an important role on the droplets shape. The surface tension,
o, affects the resilience of the droplet; o opposes to deformation and forces the liquid surface
to have the minimum area possible. The viscosity of the droplet, 1;, determines the "ductlity”
of the liquid structures, that is the ability of the liquid particles to deform without breaking into
smaller droplets; as y; increases the liquid particles can stretch and distort more extensively.
The equation to solve is:
2 V2.
Sph PITSpn PITSph
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the surface tension effect (spring): C"f 0; the viscosity effect (damping): Cdé” (=).
PITSph, PIT S dt
The model equation to be solved for the "distortion factor" is:
—At o
§=We—+ exp(t—)[éocos(w -At) + ;Osm(w - At)] (7)
d
2 2
1 2pm 1 . .8
where We — plUpTSPh( ), ty = M, w2 _ 016730— - =, o =06 —We, 6g =6 + 70’
o Weerit Capy PlTSph td tq

with We..;: = 12, ¢q = 5 and ¢, = 8 are model constant (these value are set as the TAB model
default[8]).

A similar approach has been implemented by Nguyen et al. [9] to account for distorted droplets
in the ECN spray A in trans critical conditions. The authors indicate that correctly account-
ing for the droplet shape leads to lower drag coefficients and enhanced evaporation of highly
distorted droplets. In term of macroscopic quantities, there are improvements in liquid length
prediction[9].

Initialisation of the Sneezing

Sneezing is a more violent expulsion compared to coughing. The velocity of the airflow exhaled
by the sneeze is higher than that of breath and cough. Previous research [6, 10] has shown
that sneezing events result in the generation of a sheet of fluid that expands and then breaks
apart in long filaments that destabilise, and finally disperses as a spray of droplets. Another
interesting aspect of sneezing is that the break up process depends to a large extent on the
elasticity of the exhaled liquid. It has been suggested that the more elastic the fluid, or saliva,
the longer the fluid travelled before breaking into droplets.

Not many studies have investigated the characterisation of sneezing events in terms of droplet
size distribution and velocity. In Busco et al.[11] it is reported that the exhalation phase of
sneeze can be separated into two parts. The first part consists of the ejection of aerosols and
saliva droplets, while during the second part the remaining air in the lungs is expelled, for a
total duration of approximately 0.5s. The saliva droplets injection lasts for 0.2s, as reported
by Bourouiba et al. [12] and Scharfman et al.[13]. As for the case of cough, the peak of
the airflow velocity is expected at 0.1s [12]. In our study, the maximum and average airflow
velocity for the sneeze have been selected according to Bahl et al.[14], being vs e = 35m/s
and vs .. = 14m/s. Though, as for cough, there are relevant discrepancies between different
experimentalists for both the maximum and average airflow velocity. Accounting for the total
sneeze duration and the maximum and the average value of the velocity, a time-varying inlet
velocity is applied at the mouth patch for the sneeze airflow using a normal distribution to model
it (see Fig.2a).

The droplets initial size distribution is based on experimental data from Han et al. [15] with
some modifications. The initial distribution used here is shown in Fig. 2b. Notice that the
experimental data by Han et al. [15] show a bi-modal distribution with a plateau in the droplets
distribution within the range 3210~* + 6210~* m. Also in Han et al.[15] the authors do not report
the presence of particles with diameters < 10um, while in our model they are accounted,
according to what has been reported by other authors [16, 13]. The mouth shape has been
modelled based on the experimental observation by Busco et al.[11] on mouth opening during
sheeze. From such measurements, it is shown that the shape is close to a rectangular surface
with a length to height ratio of 2.18 [11]. For this reason, in this study the mouth patch is
modelled as a rectangular surface with sides 19x9 mm. The total mass of saliva exhaled during
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Figure 2. Velocity (a) and initial droplet size PDF (b) for a sneezing event. The initial PDF used here (blue area) is
based on Han et al. [15] experimental findings (red line).

the sneeze was 7.7 mg.

Results and discussion

Results from the simulation are compared to the experimental data in terms of morphology
and velocity. The experimental observations have been obtained by Scharfman et al. [6] using
high-speed camera in the very first milliseconds of the sneeze, providing an insight into the
fragmentation process of the saliva structures exhaled. High-speed camera have been also
used by Bhal et al. [14], in a different set of experiments, to measure the velocity of the droplets
by the Particle Tracking Velocimetry (PTV) method.

Figure 3 shows a comparison of the exhaled droplets of saliva obtained by the experiments of
Scharfman et al. [6] to the Lagrangian particles obtained by the simulation. Notice that the
spreading of the Lagrangian particles depends on the initialisation of airflow exhaled from the
mouth, and it is not related to the implementation of the ELPSA model which explains some of
the discrepancies in terms of sreading observed here.

We remind that the quantity § represents the deformation of the particles, which is calculated
implementing the ELPSA model. Note that blue represents the ligament-like droplets, while the
red particle are the lens-shaped droplets. Referring to the simulations, 6 = 0 for most of the
particles, meaning they are spherical (see eq.3). The model predicts distorted droplets in the
vicinity of the mouth. Although the experiments show many ligaments are formed, in particular
at 0.021 s, the ELPSA model exhibits only some of those features. The model predicts a high
number of disc-shaped droplets, which represent the flattened liquid structures in that same
region. On the other hand, the lower population of ligaments indicates the deficiency of the
ELPSA model at the vicinity of mouth. Such an issue is linked both potentially to the current
model formulation that needs further adjustments for extreme cases that only large ligaments
are present (larger than the cell size) but also to other factors, such as the oral cavity shape and
subject varying “initial” conditions that are not well documented in experiments. Coupling our
model with a full Eulerian method (also based on the surface density approach) near the mouth
might be beneficial but it will increase the computational cost. Despite this, the model can
overall predict the temporal evolution of non-spherical droplets further downstream, in terms of
their vaporisation and breakup, thus providing useful information on the sneeze evolution.

To get better insight for the area close to the mouth, in Fig.4 a close-up of the liquid structures
provided by [6] is shown and compared to the particle deformation provided by the ELPSA
model at ¢ = 0.04s

For this area the ELPSA model is able to capture the flattened sheet of saliva which has been
experimentally observed and which is represented by the high concentration of the red par-
ticles (lens-shaped droplets). On the other hand the model under-predicts the presence of
ligaments (blue particles). Several ligaments have been experimentally observed in the first
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Figure 3. On top the experimental visualisation on the first stages of a sneeze adapted from [6]; on bottom the
Lagrangian particle provided by the numerics.
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Figure 4. On the left hand side the liquid structures observed by Scharfaman et al. at 0.04 s [6]; on the right hand
side the Lagrangian particle deformation obtained using the ELPSA model at 0.04 s.

stages of the sneeze, from 0.008 s to 0.04 (see also Fig.3), though the numerical model tends
to underestimate their number.

A further comparison to the experiments has been made in terms of droplet velocity. Such a
parameter is important as it determines the droplet conditions, in particular its Weber number,
also affecting the droplet deformation (see Eq.7). Figure 5 shows the comparison of the droplet
velocity obtained using the PTV by Bhal et al. [14] and the velocity of the Lagrangian particles
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obtained from the simulations.
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Figure 5. On the RHS: experimental observation of droplet velocity (adapted from [14]); on the LHS: Lagrangian
particle velocity obtained from the simulations.

In general, simualations are able to quantitatively capture the droplet velocity. Bhal et al. [14]
report that almost 80% of the droplets travel at velocities slower than 5 m/s, while less than
1% of the droplets expelled travel at velocities greater than 10 m/s. Though, it is important to
notice that experimental observation of violent expiratory events from different authors show
discrepancies for the values of several parameters, also due to the variability of participants
characteristics. Such discrepancies also regards the droplet velocity [14]. A relevant difference
between experiments and simulations is the region of maximum velocity of the droplets. While
experiments shows that the particle with maximum velocity are located 0.15-0.2 m from the
mouth, the simulations provides the maximum velocity closer to the mouth, 0.05-0.1 m down-
stream the mouth.

Conclusions

In this paper we presented and implemented in OpenFOAM a new model, the ELPSA model,
within the Lagrangian methodology to capture the particle deformation during a sneeze. We
investigated the details of the ejection of salivary fluid subject to an unsteady violent sneeze-
induced turbulent flow. A direct comparison to the experimental observation shows that the
model is able to capture some of the feature of the exhaled saliva structures, from a qualitative
point of view. In particular the numerical model shows the presence of a disc-shaped droplets,
which represent the thin film of fluid formed right at the mouth exit. Though, on the other
hand the presence of ligaments is under-predicted by the ELPSA model which indicates that
further modificaitons in the model are required. Being able to predict the presence of ligaments
or flattened liquid structures is a big step forward with respect to the assumption of spherical
Lagrangian particles. The shape of the particles affects several aspect of the droplets dynamic,
such as the drag, the vaporisation and the break-up. The application of such a numerical
tool to expiratory droplets is of paramount importance to investigate the route of transmission
of respiratory infectious diseases. This is affected by the size of the droplets generated by
sneeze and in turn by the atomisation due to the subsequent break-up. In fact, while the
flattened particles should be affected by bag or catastrophic breakup (generating a cloud of very
small particle, relatively to the parent droplet); ligaments are more likely to undergo vibrational
breakup, (generating droplets whose size is roughly the ligament diameter). Hence it is possible
to capture the generation of respiratory droplets and droplet nuclei. These aspects as well as
the further model calibration will be performed in future investigations.
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