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Abstract

Infectious diseases, such as COVID-19, can be transmitted by the virus-laden res-
piratory droplets exhaled by an infected person. People spend most of their time
in indoor environments. The indoor ventilation systems can dilute or remove such
respiratory droplets making the knowledge of respiratory droplet transmission in
these scenarios essential to control the infection.

Respiratory droplet transmission is a complex problem, characterized by mul-
tiphase flow, polydisperse droplet population, multi-component mass transfer, and
evaporation. In the numerical methods, the dispersed droplets can be treated in an
Eulerian or Lagrangian manner. The Eulerian approach treats the dispersed droplets
as a continuum rather than tracing the movement of individual droplets as in the
Lagrangian approach. Therefore, the Eulerian approach generally has lower compu-
tational costs, which makes it attractive. However, it has difficulty in dealing with
the polydispersity and evaporation of the respiratory droplets.

In this dissertation, to exploit the cost-effectiveness and simplicity of the Eulerian
approach, the population balance equation (PBE) is coupled with the Eulerian-
Eulerian (E-E) approach to trace the transmission of the polydispersed evaporating
respiratory droplets. Two PBE-solving methods, the sectional method (SM) and the
quadrature method of moments (QMOM) are adopted and compared. Codes for the
EE-PBE approach are developed based on the open-source software OpenFOAM and
verified and validated using experimental and numerical data in the literature. Then,
different Eulerian approaches, including the pseudo-single-phase model (PSPM),
the two-fluid model (TFM), and the EE-PBE approach, are adopted to investigate
respiratory droplet transmission in ventilated indoor environments.

The developed EE-PBE approach is systematically verified and validated with
experimental and numerical data in the literature. This is performed by first assessing
the different aspects of the transmission process, including evaporation, movement
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of the respiratory jet (or puff), and particle transmission in ventilated environments.
Finally, all features are collectively considered through the examination of the
transmission of polydispersed evaporating cough droplets. Good agreements are
obtained for all cases, indicating that the developed EE-PBE approach can tackle the
key nature of respiratory droplets, especially evaporation and polydispersity. The two
PBE-solving methods, SM and QBMM are compared and discussed. Furthermore,
the results confirm the suspending trend of small droplets and the falling trend of
large droplets.

The different Eulerian approaches are adopted to trace respiratory droplet trans-
mission in ventilated indoor environments. Good agreements with experimental data
in the literature are found. For the Eulerian approaches, the PSPM is suitable for the
transmission of small-size droplets but a suitable diffusion coefficient is required.
The TFM can provide accurate predictions for the transmission of monodispersed
droplets. Meanwhile, the EE-PBE approach can trace the transmission and evapora-
tion of polydispersed droplets. For ventilation systems, the stratum ventilation (SV)
supplies fresh air to the breath zone directly may be a good choice to control indoor
infection. The displacement ventilation (DV), transporting the droplets upwards and
providing a stratified environment, can provide protection to some areas within the
environment. The mixing ventilation (MV), distributing the droplets uniformly and
providing a uniform environment, may not be suitable to control indoor infection.

In conclusion, the Eulerian approach provides reliable and efficient tools to
deepen the understanding of respiratory droplet transmission and assess the perfor-
mances of different ventilation systems.
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Chapter 1

Introduction

The COVID-19 pandemic has spread widely around the world and changed many
aspects of social life. It can be transmitted by the virus-laden respiratory droplets
(> 5 µm) or aerosols (< 5 µm) exhaled by an infected person during respiratory
activities[1, 2]. The virus carried by the droplets or aerosols may deposit on the
body of the potential host [3], contaminate the objects and surfaces [4, 5], or be
suspended in the air [5–8]. Depending on different conditions, they remain viable
for a period ranging from several hours to several days [9–13]. A susceptible person
may be infected by contacting or inhaling the virus. Additionally, people spend most
of their time in indoor environments [14], such as offices, classrooms, and hospital
wards. In these circumstances, different ventilation systems, providing different
airflow patterns, are widely used to dilute or remove the virus [15]. Therefore,
knowledge of the transmission of respiratory droplets and aerosols in ventilated
indoor environments is of great importance for breaking the transmission chain and
controlling the infection.

However, transmission of respiratory droplets is a complex process characterized
by its multiphase, polydisperse, multi-component nature, and the phenomenon of
evaporation [16]. As illustrated in Figure 1.1, during respiratory activities, such as
breathing, speaking, coughing, or sneezing, the respiratory droplets will be expelled
together with the exhaled puff from the mouth or nose. The droplets, including
droplet nuclei in the solid phase and droplets in the liquid phase, are carried by and
interact with the exhaled breath and surrounding air in the gaseous phase, resulting
in a multiphase system. The liquid droplets have multiple components, consisting



2 Introduction

Fig. 1.1 The virus-laden droplets exhaled by an infected person during different respiratory
activities.

of volatile and non-volatile substances [17], so they will partially evaporate or
condensate along their trajectory. The changing sizes play an important role in their
transmission [18]. Furthermore, as shown in Table 1.1, different respiratory activities
generally produce puffs moving with different velocities. Obviously, the cough or
sneeze droplets, possessing higher velocities, may be transported for larger ranges.
Additionally, the sizes of the droplets generated during different respiratory activities
vary significantly, ranging from micrometers to millimeters [19, 20]. The breath
droplet size may mainly concentrate in the range of 0.1-10 µm [21–25]. Larger
droplets of several hundred micrometers are found for speaking [26–29], cough
[26–30], and sneeze [26, 31, 32], respectively. The sizes, affecting the rate of mass,
momentum, and heat transfer between the droplets and the surrounding air, can
significantly affect the behavior of droplets. The size of 100 µm is widely regarded
as an important threshold in the literature [18, 33]. The larger droplets (> 100 µm)
usually cannot fully evaporate, so they settle on the ground within a certain distance
due to gravity. The smaller droplets (< 100 µm), on the contrary, quickly evaporating
into nuclei, can be suspended in the air for longer times and transported for longer
distances.
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4 Introduction

Furthermore, the ventilation systems also make a huge difference in indoor
respiratory droplet transmission [51]. On the one hand, the ventilation systems supply
fresh air to the indoor environments, which will change the ambient conditions, such
as relative humidity and temperature. The changing ambient conditions affect the
movement of the exhaled puff and the evaporation of the respiratory droplets, finally
affecting the transmission of these droplets [52, 53]. On the other hand, different
ventilation systems are characterized by different indoor airflow patterns. The supply
air interacts with the droplet-laden exhaled puff directly, which can significantly
change the trajectories of respiratory droplets. This will dilute or remove the virus-
laden droplets and reduce the risk of infection. Consequently, ventilation systems
are widely used to control indoor infection. However, operating under different
mechanisms, they present different performances in removing the virus. Their
performances are also affected by operation parameters [54], such as inlet and
outlet layouts, airflow rate, temperature, and relative humidity of the supplied air.
Moreover, the layouts of the indoor environments and the positions and postures of
individuals within these spaces remarkably impact the indoor airflow pattern, further
influencing the performance of ventilation systems. Thus, gaining a comprehensive
understanding of respiratory droplet transmission in indoor environments under
different ventilation systems is essential for efficient indoor infection control.

There are various methods to investigate respiratory droplet transmission. Direct
experimental methods measure the transmission of droplets generated during actual
respiratory activities of human volunteers and provide information on droplet velocity
and size distribution. For example, Zhu et al. [45] used particle image velocimetry
(PIV) to study droplet transport during cough. They found that the droplets were
expelled at a velocity up to 22 m and could travel further than 2 m. Bahramian
and Ahmadi [55] measured the velocity and droplet size distribution of sneeze.
They found that the maximum velocity was up to 25.1 ms−1. The droplets ranging
from 0.1 µm to 708 µm traveled more than 2.64 m at 0.6 s. Coldrick et al. [56]
investigated the transmission of droplets produced during a series of real activities in
an unventilated chamber. The results showed a great deposition of droplets within
1 m of the subject and a substantial number of suspending aerosols. The direct
measurement can track the transmission of actual respiratory droplets. However,
considering the health and safety of the volunteers and the costs and feasibility of
the experiment, the surrogate methods are more widely used.
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The surrogate methods, adopting tracer particles or tracer gas as surrogates of
the respiratory droplets [57], are widely used to trace the transmission of respiratory
droplets within ventilated environments. In the tracer particle method (TPM), the
monodispersed [58–60] or polydispersed [61–63] particles generated by the particle
generator are used to provide a good approximation of the respiratory droplets.
Zhou et al. [64] measured the concentration of particles from 0.1 µm to 10 µm
to investigate aerosol transmission in a ventilated fever clinic. They found that
the occupant locations would affect the aerosol removal effectiveness. Liu et al.
[65] experimentally investigated the performance of mixing ventilation (MV) and
displacement ventilation (DV) using particles from 0.3 µm to 2 µm, and they found
that DV presented a vertical stratification of the particle concentration, providing
better air quality than MV. Li et al. [66] investigated the effect of different inlet/outlet
setups of MV, stratum ventilation (SV), and interactive cascade ventilation (ICV)
on the transmission of cough and sneeze aerosols (1 µm). The ICV was found to
present better cross-infection control performance than SV and MV. Furthermore, to
mimic the evaporation of the respiratory droplets, tracer droplets consisting of pure
water or salt water are also adopted. Xu et al. [67] used the evaporating salt-water
droplets (0.3 µm to 10 µm) to experimentally investigate the effectiveness of three
personalized ventilation systems. Wang et al. [68] measured the concentration and
size distribution of evaporation droplets (0.3 µm to 10 µm) in a negative-pressure
isolation ward under MV. They found that the small droplets evaporated into nuclei
very quickly, resulting in similar size distributions at different locations in the ward.

Small-size respiratory droplets (respiratory aerosols), tend to completely follow
the airflow behaving like gaseous pollutants. Therefore, a tracer gas, such as CO2

[69–71], N2O [72–75], or SF6 [76–78], can be adopted as a surrogate to trace the
transmission of respiratory aerosols [79–81]. Studies indicate that the tracer gas
method (TGM) is reasonable for the droplets of around 1 µm (0.7 µm [82], 0.8 µm
[83], 1.0 µm [84], 2.5 µm [85], 3.2 µm [86], 3.5 µm [80]). Tian et al. [87] adopted
CO2 to investigate the performance of MV, DV, and SV in a small office. They
found that the CO2 source locations could affect the CO2 removal effectiveness,
and SV removed the CO2 more effectively than MV and DV. Ameen et al. [88]
compared the measured tracer gas (SF6) decay of a novel ventilation system, corner
impinging jet ventilation (CIJV), with MV and DV. It was found that the CIJV
presented better air change effectiveness. Kong et al. applied CO2 as the tracer
gas in the experimental study on the coupling of the low-temperature radiant floor
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and the intermittent stratum ventilation (LTR-ISV) [89], and ICV [90]. These novel
ventilation systems presented a better performance in reducing infection risk.

The above experimental studies reveal the performance of different ventilation
systems in removing respiratory aerosols or droplets. However, because of the
limited number of measuring points, the experimental study might not fully capture
the non-uniform distribution of the respiratory droplets caused by the complex indoor
airflow under different ventilation systems [91]. To better control indoor infection,
numerical methods are required to provide more detailed temporal evolution and
spatial distribution of the respiratory droplets.

In the numerical methods, the dispersed respiratory droplets can be treated in
a Lagrangian manner or an Eulerian manner. In the Lagrangian approach, the
dispersed phase, the phase of the respiratory droplets, is represented by a number of
individually tracked droplets [92]. Meanwhile, the continuous air phase is treated
as a continuum by solving the Navier-Stokes (N-S) equations. For this reason, this
approach is called the Eulerian-Lagrangian (E-L) approach. Since this approach
tracks the movement and evaporation of individual droplets, it can easily tackle the
features of polydispersity and evaporation of the respiratory droplets. Therefore, the
E-L approach is the most widely used approach for respiratory droplet transmission.
Some researchers adopted direct numerical simulation (DNS), for the continuous
phase of the E-L approach to obtain more accurate descriptions of the droplet
transmission [93–98]. However, most of the investigations performed so far have
used the Reynolds-averaged Navier–Stokes (RANS) equations to perform studies
concerning different scenarios, such as elevator [99], airplane cabin [100], car
cabin [101, 102], classroom [103], restaurant [104], bus [105], and ship [106]. The
factors influencing the droplet transmission, such as relative humidity [107, 108],
evaporation [107, 109], wind speed [107–109], and movement of the source [110],
were also explored.

In particular, the effect of ventilation systems on the transmission of polydis-
persed evaporating respiratory droplets was also investigated using the E-L approach
[111–114]. Wang et al. [115] adopted particles ranging from 1 µm to 100 µm to
investigate the performance of IJV and two forms of MV using the E-L approach.
Ren et al. [116] used the E-L approach to trace the transmission of particles with
different diameters (3, 6, 12, 20, 45, 175 µm) in a ventilated ward. Motamedi et
al. [117] adopted the E-L approach to investigate the transmission of speaking
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droplets (2 µm to 1000 µm) in confined space under different ventilation strategies,
i.e. cross, single-side, no ventilation, and mechanical ventilation. In the work of
Liu and Deng [118], the transmission of dry droplet nuclei (0.75 µm to 330 µm) in
an elevator with MV was simulated using the E-L approach. In these studies, the
E-L approach confirmed the effectiveness of different ventilation systems to dilute or
remove respiratory droplets and accurately predicted the different fates of droplets
of larger size ranges. Both simulations and experiments show similar results: large
droplets deposit on the ground whereas small ones are removed by the ventilation
systems.

Also, the evaporation of respiratory droplets can be easily modeled by using
the E-L approach, Borro et al. [119] traced the dispersion of evaporating droplets
ranging from 3 µm to 750 µm in a ventilated hospital room; Li and Feng [120] inves-
tigated the transmission of evaporating droplets (1 µm to 1500 µm) under air curtain
(AC), MV, and DV; Lu and Lin [121] considered evaporation in their simulation of
cough droplets dispersion in a ward under DV, SV, and MV. In particular, Zhang
et al. [122] adopted large eddy simulation (LES) for the continuous phase and the
Lagrangian approach for the disperse phase to investigate the droplet transmission
during coughing and talking in a room equipped with MV and DV. The evaporation
of droplets with initial sizes of 1, 10, 20, 50, and 100 µm was modeled. They found
that in the case of DV, the 100 µm droplets showed a downward movement due to
gravity at the beginning, which was different from the smaller droplets. With time
going by, the 100 µm droplets evaporated into smaller sizes, and moved upwards
because of the buoyant airflow of DV. These studies revealed the effect of evaporation
on the trajectories of varied-size respiratory droplets and indicated the importance of
considering evaporation in studies of respiratory droplet transmission.

These studies present the advantages of the E-L approach to easily dealing with
the important characteristics of respiratory droplets, specifically, their polydispersity
and evaporation. This approach can reveal the underlying mechanisms of respiratory
droplet transmission in ventilated indoor environments and explore the influencing
factors. However, considering the escalating complexity of indoor environments,
the E-L approach may have disadvantages in computational costs [123], stabil-
ity in non-uniform environments [124], and requirement on computational mesh
[125]. Consequently, the pursuit of reliable and efficient numerical methods is still
imperative.
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The dispersed respiratory droplets can also be treated in an Eulerian manner,
where the droplets are regarded either as a continuum in the same continuous phase
with the air or as an additional continuum interpenetrating with the continuous
air phase. The former is the pseudo-single-phase model (PSPM) and the latter
is the Eulerian-Eulerian (E-E) approach. Such simplified treatments make the
Eulerian approaches have relatively lower computational costs in comparison to the
Lagrangian one [126].

The idea of the PSPM is similar to that of the tracer gas method, the small-size
droplets tend to completely follow the airflow, presenting behaviors similar to that of
a gaseous solute. Consequently, in the PSPM, the small-size droplets and the air are
in the same gaseous phase, namely, the pseudo-single-phase. To trace the droplet
transmission, one scalar transport equation for concentration [127] or species mass
fraction [128], representing the local amount of droplets, is solved together with the
N-S equations for this phase. Because of its simplicity, this approach is widely used
in studies on ventilation systems [129–133]. Ren et al. [134] adopted the PSPM to
investigate the performance of DV, MV, SV, and zone ventilation (ZV) in mitigating
the spread of infectious diseases in an office. They found that SV provided the lowest
infection risk, showing better performance in controlling infection than the other
three ventilation systems. Wang et al. [135] coupled the Wells-Riley model with
the PSPM to estimate the infection probability in a ventilated train. They found that
the distribution of infectious aerosols is non-uniform and dependent on the setups
of ventilation systems. Hatif et al. [136] solved the species transport equation to
investigate the effect of furniture layout on exposure risk to respiratory droplet nuclei
in an office served by MV and DV. It was found that placing a desk increased the
exposure risk by 50% for DV and 22% for MV. Increasing the separation distance
between occupants reduced the exposure risk. The PSPM is generally used for the
transmission of monodispersed small-size respiratory droplets (∼ 1 µm). For larger
droplets that do not completely follow the airflow, the E-E approach is required.

The E-E approach treats the dispersed droplets as a continuum interpenetrating
with the air phase. Two sets of N-S equations, containing interphase interaction
terms, are solved for the continuous phase (air) and the dispersed phase (droplets),
respectively. Thus, it can be called the two-fluid model (TFM). As the droplet
velocity is determined by solving the governing equations, the droplet velocity,
dependent on the interphase interactions, can be different from or the same as the
air velocity. Consequently, compared with the PSPM, the E-E approach can be used
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to track the transmission of not only small but also large droplets. However, the
calculation of interphase interaction terms requires a single representative diameter.
As a result, the E-E approach is more suitable for the transmission of monodispersed
droplets. Some simplified E-E approaches have already been applied in particle-
laden flows in indoor environments, such as the drift-flux model [137–141] and the
mixture model [138]. In particular, Diwan et al. [142] adopted DNS to study the
evolution of cough or sneeze flow without droplets. In their later works, they coupled
the E-E approach with DNS to investigate the dispersion of small cough droplets (10
µm) [143] and the virus transmission during short conversations [144]. Furthermore,
Yan et al. [145] compared the TFM with the E-L approach in their study on the
transport of non-evaporating aerosols (0.2, 0.77 and 2.5 µm) in a ventilated room. It
was found that the two approaches had similar accuracy in predicting the airflow field.
They indicated that the E-E approach had advantages in providing a mechanistic
description of the inter-phase interactions, while the E–L approach had an advantage
in modeling particle–wall interactions. Pei et al. [146] compared the TFM with the
PSPM in the study of aerosol transmission (1 µm and 10 µm) in a room equipped
with DV and MV. The concentration distributions for the aerosols of 1 µm and 10 µm
obtained using the TFM were different: the former was similar to the results of the
PSPM while the latter exhibited lower concentration due to deposition. This finding
confirmed the applicability range of the two methods, as previously mentioned.

It can be noted that the E-E approach is less adopted in respiratory droplet
transmission in ventilated indoor environments because it has difficulty in dealing
with the polydispersity and evaporation of the droplets. Nevertheless, given its
cost-effectiveness and simplicity, the development of novel methodologies based on
the E-E approach remains significant.

Therefore, the objective of this dissertation is to develop a flexible, robust, and
computationally cheap tool based on the E-E approach to investigate the trans-
mission of polydispersed evaporating respiratory droplets within ventilated indoor
environments. To achieve this objective, the population balance equation (PBE) is
introduced. The PBE is a continuity statement written in terms of the droplet size
distribution (DSD), providing a comprehensive depiction of the dispersed phase
dynamics [147]. In recent years, the PBE was coupled with TFM and applied in
polydispersed bubble flows with [148] or without [149] interphase mass transfer
and favorable performances were obtained. However, this coupled approach has
not yet been employed in the investigation of respiratory droplet transport. Con-
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sequently, the EE-PBE coupled approach capable of tracing the transmission and
evaporation of polydispersed respiratory droplets will be developed and presented in
this dissertation.

This dissertation is organized as follows:

• in Chapter 2, the different Eulerian approaches are introduced, including the
PSPM, the MFM, the PBE, and the EE-PBE coupled approaches. The codes
are developed based on the open-source software OpenFOAM and the solution
algorithms are presented;

• in Chapter 3, the developed methods and codes are verified and validated with
the experimental and numerical results in the literature. The abilities of the
developed methods to deal with the problem of droplet evaporation, respira-
tory activity, particle-laden flows, and finally transmission of polydispersed
evaporation droplets, are assessed;

• in Chapter 4, the developed methods and codes are applied in droplet transmis-
sion in ventilated indoor environments. Transmission of gaseous pollutants in
an office under DV, SV, and MV, transmission of particles in an office under
DV and MV, and transmission of evaporating droplets in a ward under MV
are investigated using different Eulerian approaches and compared with the
experimental data in the literature. The performances of different ventilation
systems are discussed;

• in Chapter 5, some conclusions are presented.



Chapter 2

Methodology

The transmission of respiratory droplets in indoor environments is a complex multi-
phase system, and it can be simulated using the Eulerian approach or the Lagrangian
approach. In this chapter, different Eulerian approaches are presented and organized
as: the pseudo-single-phase model (PSPM) in Section 2.1; the Eulerian-Eulerian
model, namely, multi-fluid model (MFM) in Section 2.2; turbulent closures for
Eulerian models are discussed in Section 2.3; finally, the population balance equation
(PBE) that can be coupled to Eulerian models to predict the droplet size distribution
is introduced in Section 2.4.

Fig. 2.1 The numerical methods for the transmission of respiratory droplets.
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2.1 Pseudo-single-phase model

The smallest-size respiratory droplets or aerosols tend to completely follow the
airflows because they generally have very small momentum response times [150].
Such aerosols, sharing the velocity of the airflow, can be regarded as belonging to
the gaseous phase of the airflow. Therefore, the multiphase problem is reduced to
a pseudo-single-phase problem, where the term pseudo is to stress the existence of
the aerosols. In the pseudo-single-phase model (PSPM), the velocity of the aerosols
can be obtained by solving the Reynolds-averaged Navier-Stokes (RANS) equations,
where the continuity equation can be written as:

∂ρ

∂ t
+∇ · (ρU) = Smass, (2.1)

where ρ is the density; U is the velocity; and Smass is the mass source term.

The momentum equation can be written as:

∂

∂ t
(ρU)+∇ · (ρU⊗U) =−∇p+∇ ·Reff +ρg+Smomentum, (2.2)

where p is the pressure; g is the gravity acceleration vector; Smomentum is the momen-
tum source term; and Reff is the effective stress tensor containing the molecular and
turbulent contributions, so it can be expressed as:

Reff = 2µeff

[
S− 1

3
(∇ ·U)I

]
, (2.3)

where µeff = µ +µt is the effective dynamic viscosity; µ is the molecular dynamic
viscosity; µt is the turbulent dynamic viscosity that can be obtained from the tur-
bulence model; S = 1

2

[
∇U+(∇U)T] is the strain rate tensor; and I is the identity

tensor.

The energy equation can be written as:

∂

∂ t
(ρE)+∇ · (ρUE)+

∂

∂ t
(ρK)+∇ · (ρUK) =−∇ · (pU)+∇ · (aeff∇E)

+ρg ·U+Senergy,

(2.4)

where E is the sensible internal energy; K = 1
2 |U|2 is the kinetic energy; aeff =

κeff/(ρCp) is the effective thermal diffusivity; and Senergy is the energy source
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term. The equation neglects the contribution of radiation to energy transfer and,
consequently, it should be used only when the temperature of the droplets does not
differ too much from that of the surrounding walls.

Finally, the concentration of the aerosols is traced by a scalar transport equation,
such as the transport equation for a dilute dissolved species:

∂

∂ t
(ρYs)+∇ · (ρUYs)−∇ · (ρDeff∇Ys) = Sspecie,s, s = 1,2, . . . ,M−1 (2.5)

where Ys is the mass fraction of the sth species for the total of M − 1 dissolved
species, and ∑

M
s=1Ys = 1 where M is the index of the main component; Deff is the

effective diffusion coefficient shared by all species, equal to the sum of the molecular
contribution Ds and the turbulent contribution Dt = µt/(ρSct), and the default value
for the turbulent Schmidt number Sct is 0.7; and Sspecie,s is the source term for the
sth specie.

If neglecting the effect of changing gas composition, Eq. 2.5 becomes the
concentration transport equation of the disperse phase, where the scalar concentration
is passively transported by the airflow.

2.2 Multi-fluid model

The multiphase flow of transmission of respiratory droplets can also be solved
using the multi-fluid model (MFM), one kind of E-E approach. In MFM, both the
continuous phases and the dispersed phases are treated as interpenetrating continua.
The concept of volume fraction, representing the space occupied by each phase, and
denoted by αi for the ith phase, is introduced.

For N phases, the volume fraction for the ith phase αi is defined as:

αi =
Vi

∑
N
i=1Vi

, (2.6)

where Vi is the volume of phase i, and

N

∑
i=1

αi = 1. (2.7)
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2.2.1 Conservation equations of the multi-fluid model

With volume fractions, mass, momentum, and energy conservation equations similar
to single-phase flows can be established for each phase. The continuity equation for
the ith phase can be written as:

∂

∂ t
(αiρi)+∇ · (αiρiUi) =

N

∑
j=1, j ̸=i

(
ṁ ji − ṁi j

)
, (2.8)

where the subscript i denotes the ith phase; the subscript j denotes the jth phase
and j ̸= i; so, ρi is the density of the ith phase and other variables are denoted in the
same way; ṁ ji is the mass transfer rate from the jth phase to the ith phase; and ṁi j

is the mass transfer rate from the ith phase to the jth phase. The mass transfer is
caused by the phase change, such as evaporation or condensation.

The momentum equation for the ith phase can be written as:

∂

∂ t
(αiρiUi)+∇ · (αiρiUi ⊗Ui) =−αi∇p+∇ · (αiReff,i)+αiρig

+
N

∑
j=1, j ̸=i

(
Fi j + ṁ jiU j − ṁi jUi

)
,

(2.9)

where Fi j is the interphase force term; ṁ jiU j and ṁi jUi are the interphase momentum
transfer rates caused by mass transfer. Additionally, it should be noted that all phases
share the same pressure p.

The energy equation for the ith phase can be written as:

∂

∂ t
(αiρiEi)+∇ · (αiρiUiEi)+

∂

∂ t
(αiρiKi)+∇ · (αiρiUiKi)

=−αi∇ · (pUi)+∇ · (αiaeff,i∇Ei)+αiρig ·Ui

+
N

∑
j=1, j ̸=i

(Q̇ ji + ṁ jiK j − ṁi jKi),

(2.10)

where Q̇ ji is the interphase heat transfer term from the jth phase entering the ith
phase; ṁ jiK j and ṁi jKi are the interface kinetic energy transfer caused by mass
transfer. Similar to the PSPM, this equation does not take the effect of radiation into
account.
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Additionally, when considering phase change, some phases might be multicom-
ponent, namely containing M species, the species transport equations for the ith
phase can be written as:

∂

∂ t
(αiρiYs,i)+∇ · (αiρiUiYs,i)−∇ · (αiDeff,i∇Ys,i) =

N

∑
j=1

(
ṁs, ji − ṁs,i j

)
, (2.11)

where ṁs, ji is the mass transfer rate of the sth specie from the jth phase to the ith
phase; and ṁs,i j is the mass transfer rate of the sth specie from the ith phase to the
jth phase. It should be noted that:

ṁ ji =
M

∑
s=1

ṁs, ji, (2.12)

and

ṁi j =
M

∑
s=1

ṁs,i j. (2.13)

In most cases of this dissertation, we will use only one continuous phase and
one disperse phase, so that the MFM reduces to the two-fluid model (TFM), but
sometimes, we will need to include in the model two disperse phases of different
sizes, and solve a real MFM. In the latter case, however, we will neglect the interphase
transfer terms (of mass, momentum, and heat) between the disperse phases and only
include the terms between each single disperse phase and the continuous phase;
indeed, the multiphase systems of the respiratory droplets transmission are quite
dilute with no coalescence or breakup, and thus we can assume that all interphase
transfer processes are mediated by the continuous phase.

The closures of the MFM are discussed in the following part. For clarity, the
phase indicator i and j can be replaced by c and d, denoting the continuous phase
and the dth disperse phase, respectively.

2.2.2 Closures of the multi-fluid model

Interphase force term

In MFM, depending on the feature of the multiphase flows to be simulated, different
interphase forces, such as drag force, lift force, virtual mass force, and so on, should
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be included [150]. For the multiphase system of respiratory droplet transport, the
density of the dispersed droplets (ρdroplets = 998.2 kgm−3) is much larger than the
continuous air (ρair = 1.2 kgm−3), and the sizes of the droplets are relatively small.
Therefore, the droplet weight and drag force are largely predominant over the other
forces and are consequently included in most of the literature [151–155].

In this dissertation, the droplet weight is considered through the gravity term of
Eq. (2.9), and the interphase force term includes only the drag interaction:

Fdc = FD,dc, (2.14)

where FD,dc is the volumetric drag force between the continuous phase c and the dth
disperse phase, and it can be calculated as follows 1:

FD,dc =
3
4

CDRer
αdρcνc

d2
d

(Uc −Ud), (2.15)

where CD is the drag coefficient, dd is the dth disperse phase diameter; νc is the
continuous phase kinematic viscosity; Rer = dd|Uc−Ud|/νc is the relative Reynolds
number; the drag coefficient CD can be calculated using the empirical relationship
from Schiller and Naumann [156] as:

CD =

24
(
1+0.15Rer

0.687)/Rer, Rer ≤ 1000;

0.44, Rer > 1000.
(2.16)

The above relationship is for an isolated droplet. Since the system of respiratory
droplets in this dissertation is assumed to be dilute, the droplets can be regarded as
isolated. Therefore, it is reasonable to adopt this model.

1The volumetric drag force, FD,dc, is obtained as the product of the drag force acting on a single
droplet:

CD

(
πd2

d
4

)
ρc

|Uc −Ud |(Uc −Ud)

2
,

and the number of droplets per unit volume:

6αd

πd3
d
.
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Finally, the interface force term for the continuous phase is obtained according
to Newton’s action and reaction law:

Fcd =−Fdc =−FD,dc. (2.17)

Interphase mass transfer

The phase changes will result in the mass transfer between different phases. For the
respiratory droplets consisting of volatile and non-volatile substances, evaporation
will happen. Therefore, the interphase mass transfer caused by evaporation or
condensation will be considered in this dissertation.

Similar to most of the literature, water is regarded as the only evaporable sub-
stance in the system. As a result, the continuous phase, the phase of air, has two
components, water vapor, and dry air, while the disperse phase, the phase of droplets,
only consists of pure liquid water. During evaporation or condensation, the mass
transfer of water happens, and the mass transfer rate of water per unit volume
between the continuous phase and the dth disperse phase, ṁd , can be calculated as:

ṁd = ρckd(Yf,d −YH2O), (2.18)

where kd is the volumetric mass transfer coefficient of the dth interface; Yf,d and
YH2O are the water vapor mass fraction of the dth interface and in the bulk gas phase,
respectively. The former can be obtained by the saturation condition discussed below
and the latter is obtained by solving the species transport equation, Eq. (2.11), for
water vapor.

Since water is the only evaporable specie, when ṁd ≥ 0, liquid water evaporates
and thus ṁdc = ṁd and ṁcd = 0. When ṁd < 0, water vapor undergoes condensation
and thus ṁcd =−ṁd and ṁdc = 0.

The volumetric mass transfer coefficient of the dth interface, kd , can be calculated
as 2:

kd =
6αdShDc

d2
d

, (2.19)

2The volumetric mass transfer coefficient of the dth interface, kd , is obtained as the product of the
mass transfer coefficient per unit interfacial area k∗d that is included in the Sherwood number and the
volumetric interfacial area αv,d = 6αd/dd .
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where Dc is the molecular diffusivity of water vapor in the continuous phase; and
Sh = k∗ddd/Dc is the Sherwood number, calculated using the Frössling equation
[157] as:

Sh = 2+0.552Re1/2
r (LePr)1/3, (2.20)

where Le = ac/Dc is the Lewis number 3 defined as the ratio of thermal diffusivity
ac to mass diffusivity Dc; and Pr = νc/ac is the Prandtl number defined as the ratio
of momentum diffusivity (kinetic viscosity) νc to thermal diffusivity ac. It should be
noted that only the volumetric mass transfer coefficient on the continuous phase side
is required because the disperse phase (droplets) is assumed to consist of pure water
offering no resistance.

The mass fraction of vapor at the dth interface, Yf,d , is obtained by prescribing
saturation of the vapor at the interface:

Yf,d =
MH2O

M̄
pSat,d

p
, (2.21)

where MH2O is the molecular weight of water, M̄ is the average molecular weight
of the mixture of water vapor and dry air in the continuous phase, and pSat,d is
the saturation pressure at the dth interface under interfacial temperature Tf,d . The
following Antoine equation describes satisfactorily the saturation pressure of water
vapor in the usual range of room temperatures and has been used for the simulations
reported in the thesis:

pSat,d = exp
(

A+
B

C+Tf,d

)
, (2.22)

where A = 23.952, B =−4233.7 and C =−31.737 [52, 158].

Interphase heat transfer

The interphase heat transfer has a close relationship with the interphase mass transfer:
on the one hand, the phase changes are accompanied by absorbing or releasing heat;
on the other hand, the mass fluxes will also result in heat fluxes. In order to better
describe the heat transfer process and accurately obtain Tf,d , the two-resistance
model, considering the different heat resistance of the continuous and dispersed
phase, is adopted here.

3The product, LePr, in chemical engineering is referred to as Schmidt number, Sc = νc/Dc.
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At the dth interface, the heat flux entering the dth disperse phase Q̇cd and the
heat flux entering the continuous phase Q̇dc can be written as:

Q̇cd = Q̇fd,d + ṁfd,dEfd,d, (2.23)

Q̇dc = Q̇fc,d + ṁfc,dEfc,d, (2.24)

where Q̇fd,d and Q̇fc,d are the convective heat fluxes from the dth interface entering
the dth disperse phase and the continuous phase, respectively; ṁfd,d and ṁfc,d are the
mass fluxes of water from the dth interface entering the dth disperse phase and the
continuous phase, respectively; Efd,d is the sensible internal energy of liquid water
for the dispersed phase at the interface and Efc,d is the sensible internal energy of
gaseous water for the continuous phase at the interface.

The dth interface temperature, Tf,d , is assumed to be identical on both sides of
the interface. Therefore, the convective heat flux Q̇fd,d and Q̇fc,d can be written as:

Q̇fd,d = hd,d(Tf,d −Td), (2.25)

Q̇fc,d = hc,d(Tf,d −Tc), (2.26)

where hd,d and hc,d are the volumetric heat transfer coefficients at the dth interface
for the dth disperse phase side and continuous phase side, respectively; Td and Tc are
the phase temperatures.

The coefficient hc,d , describing the turbulent heat transfer from the surface of a
sphere to the surrounding fluid, can be calculated as 4:

hc,d =
6αdκcNu

d2
d

, (2.27)

where κc is the continuous phase thermal conductivity; and Nu = h∗c,ddd/κc is the
Nusselt number calculated by the Ranz-Marshall correlation [159, 160] as:

Nu = 2+0.6Re1/2
r Pr1/3. (2.28)

4The volumetric heat transfer coefficient, hc,d , is the product of the coefficient per unit interface
area, h∗c,d , that is included in the Nusselt number and the volumetric interface area αv,d = 6αd/dd .
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Fig. 2.2 The mass and heat fluxes in the interface between the droplet and the surrounding
air.

The coefficient hd,d , describing the heat transfer from the surface of a sphere to
the fluid within the sphere, can be calculated as:

hd,d =
60αdκd

d2
d

, (2.29)

where Nu = 10 is the intermediate value between Nu ≈ 6.58 for a stagnant droplet
and Nu ≈ 17.7 for a circulating droplet [161].

Since neither mass nor heat can be stored at the dth interface, as shown in Figure
2.2, the mass and heat balance at the interface can be written as follows:{

ṁfd,d + ṁfc,d = 0,

(Q̇fd,d + ṁfd,dEfd,d)+(Q̇fc,d + ṁfc,dEfc,d) = 0.
(2.30)

Because ṁfd,d =−ṁd , Eq. (2.30) becomes:

hd,d(Tf,d −Td)+hc,d(Tf,d −Tc) = ṁfd,d(Efc,d −Efd,d) =−ṁdLd, (2.31)

where Ld = Efc,d −Efd,d is the latent heat of water. Tf,d can be calculated as:

Tf,d =
hd,dTd +hc,dTc − ṁdLd

hd,d +hc,d
. (2.32)
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Interphase updates

To obtain the mass and heat transfer rates in the dth interface, Tf,d is required. How-
ever, Eq. (2.32) is non-linear because Yf,d in Eq. (2.18) is a non-linear (exponential)
function of Tf,d as in Eq. (2.22). As a result, the Newton method is adopted to solve
for Tf,d as follows [162]:

T n+1
f,d = T n

f,d −
f (Tf,d)

f ′(Tf,d)
, (2.33)

where: f (Tf,d) = hd,d(Tf,d −Td)+ hc,d(Tf,d −Tc)+ ṁdLd , is constructed from Eq.
(2.31), f ′(Tf,d) is its first order derivative, the superscript n represents the known
current iteration step, and thus n+1 is the unknown next step. The initial guess T 1

f,d

is equal to the converged result of the last iteration. After iteration, the converged
Tf,d will be used in Eq. (2.18), Eq. (2.23) and Eq. (2.24) to update the interfacial
mass and heat transfer.

2.3 Turbulence closure

The RANS equations are adopted to model the turbulent flows of indoor environ-
ments. The RNG k− ε model [163] presents a better performance for the indoor
airflows compared with other turbulence models [164–170]. It is also found to be
more accurate than the laminar model when the Reynolds number is relatively small
(Re = 1600) [171]. As a result, it is widely used in studies on the indoor transport of
respiratory droplets [172].

Table 2.1 gives the Reynolds numbers of the cases investigated in this dissertation.
It can be noted that the Reynolds numbers are relatively large and the RNG k− ε

model was adopted in most cases. Therefore, considering its performance and
to better compare with the literature, the RNG k − ε model will be used in this
dissertation.

In the RNG k− ε model for the compressible multiphase flows, the transport
equation of the turbulent kinetic energy for the ith phase ki can be written as:

∂

∂ t
(αiρiki)+∇ · (αiρiUiki) = ∇ ·

[
αi

(
µt,i

σk
+µi

)
∇ki

]
+Pk,i −αiρiεi, (2.34)
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Table 2.1 Reynolds number for the cases investigated in this dissertation.

Case Methods1 Turbulence model Re (-)

Section 3.3
Wang et al. [173]

EXP & SIM LES Mouth: 26385.2

Section 3.4
Chen et al. [137]

EXP & SIM RNG k− ε Chamber: 5936.7

Section 3.5
Li et al. [52]

SIM RNG k− ε Mouth: 17678.1

Section 4.1
Tian et al. [87]

EXP -
DV: 6104.5
SV: 17396.8
MV: 17396.8

Section 4.2
Liu et al. [65]

EXP & SIM RNG k− ε
DV: 49075.7
MV: 27110.8

Section 4.3
Wang et al. [68]

EXP & SIM RNG k− ε MV: 17097.6

1 EXP denotes experiment and SIM denotes simulation.

where Pk,i is the production term calculated as follows:

Pk,i = αiµt,i

[
∇Ui :

(
2Si −

2
3
(∇ ·Ui)I

)]
− 2

3
αiρiki∇ ·Ui. (2.35)

The transport equation of the turbulent dissipation rate for the ith phase εi can be
written as:

∂

∂ t
(αiρiεi)+∇ · (αiρiUiεi) = ∇ ·

[
αi

(
µt,i

σε

+µi

)
∇εi

]
+C1Pk,i

εi

ki

−Rε,i +C2αiρi
ε2

i
ki
,

(2.36)

where the term Rε,i is calculated as:

Rε,i = αiρi
Cµη3

i (1−ηi/η0)

1+βη3
i

ε2
i

ki
, (2.37)
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and ηi is calculated as:

ηi =
ki

εi

√∣∣∣∣∇Ui :
[

2Si −
2
3
(∇ ·Ui)I

]∣∣∣∣. (2.38)

With ki and εi, the turbulent viscosity µt,i can be calculated as:

µt,i = ρiCµ

k2
i

εi
. (2.39)

Finally, the default model coefficients are: Cµ = 0.0845, C1 = 1.42, C2 = 1.68,
σk = 0.71942, σε = 0.71942, η0 = 4.38, and β = 0.012.

In this dissertation, the RNG k− ε model will be used to close the PSPM or the
MFM. In the case of PSPM, let αi = 1, and then the above model will reduce to that
for single phase flows. In the case of MFM, the above model will be used for the
continuous phase only while the dispersed phases will be regarded as laminar flows.

2.4 Population balance equation

The MFM describes droplets of fixed size. To take into account the change in droplet
size caused by condensation or evaporation and predict the evolution of droplet size
distribution (DSD), a PBE must be coupled with the MFM. Because of the relatively
low volume fraction of the respiratory droplets in the exhaled breath [28], their
collision, aggregation, and breakup are not considered [174, 175]. Then, the PBE
for a univariate DSD, n(t,x,ξ ), without aggregation and breakup can be written as
[147]:

∂n(ξ )
∂ t

+∇ · [U(ξ )n(ξ )]+
∂

∂ξ
[G(ξ )n(ξ )] = 0, (2.40)

where the scalar ξ is the internal coordinate, representing the interested property of
the dispersed phase, such as size, volume, or temperature. The velocity U is either
independent or dependent on ξ . In the first case, droplets of different sizes at a given
location move with the same velocity. This treatment is suitable for the droplets
distributed in a narrow size range. In the second case, the monokinetic assumption
is adopted due to the neglect of interactions between the droplets. Therefore, at a
specific location, droplets of the same size will move with the same velocity while
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those of different sizes can have different velocities. This case is suitable for droplets
whose sizes vary in a wide range. The variable G = dξ/dt is the change rate of the
internal coordinate (or drift rate) due to condensation and evaporation.

Fig. 2.3 The coupling method between the E-E approach and PBE.

In the coupling of PBE and MFM as shown in Figure 2.3, the PBE is used to
trace the evolution of the DSD while the MFM is used to describe the movement of
the droplets under interactions with the surrounding air flows. Therefore, the MFM
should provide the velocity U and the drift rate G for the PBE, and the PBE should
provide the DSD to the MFM. In the MFM, one dispersed phase generally requires
only one diameter to calculate the interphase models at a given location. As a result,
the DSD should be converted to one or several representative diameters. In this study,
the sectional method (SM) and the quadrature method of moments (QMOM) will be
adopted to solve the PBE to trace the transmission and evaporation of the respiratory
droplets. Correspondingly, different DSD conversion methods will be used. The
details are presented in the following sections.

2.4.1 Sectional method

The PBE can be solved by using the SM, where the space of the internal coordinate
is discretized into a number of intervals, and the equations for the number density of
droplets belonging to each interval are solved. It should be noted that the droplets
may have the same velocity for all intervals, or have a different velocity for each
interval or each group of intervals. As a result, the SM can be used to trace the
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Fig. 2.4 The division of the internal coordinate of MUSIG method.

evolution of respiratory droplets moving with the same or different velocities at one
location.

As shown in Figure 2.4, for a volume-based DSD nv(t,x,V ), the SM divides
the space of internal coordinate V into M fixed intervals (classes or sections), and a
representative volume Vi (i = 1,2, . . . ,M) is assigned to each interval. With Vi, the ith
interval Ii can be written as Ii = [Vi−1/2,Vi+1/2]. Integrating nv(t,x,V ) over Ii results
in the ith number concentration Ni, representing the number of droplets belonging to
the ith interval per unit volume, as:

Ni =
∫ Vi+1/2

Vi−1/2

nvdV, (2.41)

and the volume fraction of droplets belonging to the ith interval, αd,i, can be defined
as:

αd,i = NiVi. (2.42)

Additionally, the fraction of the ith interval, fi, can be defined as:

fi =
αd,i

αd
, (2.43)
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where αd = ∑
M
j=1 αd, j is the volume fraction for all droplets. Then, we have:

αd fi = NiVi (2.44)

For the volume-based DSD nv(t,x,V ), integrating Eq. (2.40) over the ith interval
Ii with respect to the internal coordinate V and substituting Ni with fi using Eq.
(2.44) results in the following equation [148]:

∂

∂ t
(αdρd fi)+∇ · (αdρdUd,i fi)+Viρd(Gvnv)

∣∣∣Vi+1/2

Vi−1/2
= 0, (2.45)

where Ud,i is the velocity by which the droplets belonging to the ith interval is
transported in the physical space; and Gv = dV/dt is the volume change rate.

The third term in the left-hand side (LHS) of Eq. (2.45) is the drift term and it
can be approximated using an upwind formulation [148]. As shown in Figure 2.5a,
when evaporation happens (Gv ≤ 0), if i = 1,

V1ρd(Gvnv)
∣∣∣V3/2

V1/2
=V2ρd

N2

V2 −V1
Gv,2, (2.46)

if 1 < i < M,

Viρd(Gvnv)
∣∣∣Vi+1/2

Vi−1/2
=Viρd

Ni+1

Vi+1 −Vi
Gv,i+1 −Viρd

Ni

Vi −Vi−1
Gv,i, (2.47)

and if i = M,

VNρd(Gvnv)
∣∣∣VM+1/2

VM−1/2
=−VMρd

NM

VM −VM−1
Gv,M, (2.48)

When condensation happens (Gv > 0), as shown in Figure 2.5b, if i = 1,

V1ρd(Gvnv)
∣∣∣V3/2

V1/2
=V1ρd

N1

V2 −V1
Gv,1, (2.49)

if 1 < i < M,

Viρd(Gvnv)
∣∣∣Vi+1/2

Vi−1/2
=Viρd

Ni

Vi+1 −Vi
Gv,i −Viρd

Ni−1

Vi −Vi−1
Gv,i−1, (2.50)
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Fig. 2.5 The closures for the drift term: (a) evaporation (Gv < 0); (b) condensation (Gv > 0).

and if i = M,

VMρd(Gvnv)
∣∣∣VM+1/2

VM−1/2
=−VMρd

NM−1

VM −VM−1
Gv,M−1. (2.51)

It can be noted that the total number of droplets is conserved. When evaporation
happens, no droplet will disappear but just accumulate in the first interval for the
smallest droplets. Similarly, during condensation, no droplet will appear and just
accumulate in the last interval for the largest droplets.

To solve Eq. (2.45), the velocity and the volume change rate of the ith interval,
Ud,i and Gv,i are required, which can be obtained by coupling the SM with the MFM.
When assuming that the droplets of different sizes move with the same velocity, all
the droplets can be naturally regarded as one dispersed phase. Since there is only
one disperse phase, the disperse phase velocity Ud and the interphase mass transfer
rate ṁd can be obtained by solving the TFM. Then, Ud,i = Ud for all intervals, and



28 Methodology

ṁd is converted to Gv,i using a surface-weighted method as:

Gv,i =− ṁdAi

ρd ∑
M
j=1 N jA j

, (2.52)

where Ai = 6Vi/di is the representative surface area of the ith interval.

Meanwhile, to capture the changes in the droplet dynamics caused by their size
changes, the PBE should provide the TFM with the local value of the Sauter mean
diameter as:

dd =
1

∑
M
i=1

fi
di

. (2.53)

The Sauter mean diameter is used to represent the DSD and is used as the effective
size of the disperse phase to evaluate the drag force and the rates of mass and heat
transfer as in Section 2.2.2.

At each iteration during a time step of the simulation, the PBE is solved first to
update dd , with which the TFM is solved to update Ud and Gv,i. The iterations stop
when a convergence criterion or iteration number is reached.

The SM can also be used to trace the evolution of droplets of different sizes
moving with different velocities. By introducing the concept of velocity group [176],
the SM becomes the multiple size group (MUSIG) method.

As shown in Figure 2.4, in the MUSIG method, the M intervals are further
divided into L velocity groups. Each velocity group has its own velocity. As a
result, droplets of different velocity groups have different sizes and may move with
different velocities. It should be noted the MUSIG method implies that the droplets
are monokinetic, namely, at one location, droplets of the same velocity group (or
belonging to the same size ranges) only have one velocity. This is reasonable because
it is a dilute system.

The lth velocity group V Gl contains Ll successive intervals (l = 1,2, . . . ,L),
namely,

V Gl =
{

ILpre,l+1, ILpre,l+2, . . . , ILpre,l+Ll

}
, (2.54)

where Lpre,l = ∑
l−1
j=0 L j with L0 = 0 is the total number of intervals of the previous

l −1 velocity groups. Similar to Eq. (2.45), the PBE Eq. 2.40 for Ii ∈V Gl can be
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written as:

∂

∂ t

(
αd,lρd fi

)
+∇ · (αd,lρdUd,l fi)+Viρd(Gv,lnv)

∣∣∣Vi+1/2

Vi−1/2
= 0, (2.55)

where αd,l is the volume fraction for all droplets belonging to V Gl; the definition for
the fraction of Ii is changed to fi = αd,i/αd,l , so that we have αd,l fi = NiVi; Ud,l is
the velocity of V Gl; and Gv,l is the volume change rate of V Gl .

To solve Eq. (2.55), the MUSIG method is coupled with the MFM. Each velocity
group is regarded as a dispersed phase. Therefore, the MFM for one continuous
phase and L disperse phases will be solved to obtain Ud,l and Gv,l . Meanwhile, the
DSD of each velocity group will be used to calculate the Sauter mean diameter as
the effective size for the dispersed phase of the MFM. Finally, the solving procedure
is the same as the previous case: PBE is solved first for dispersed phase diameters
and followed by solving MFM for velocities and volume change rates.

In this dissertation, OpenFOAM v8 [162] is adopted for the sectional method,
where the MFM and the MUSIG method have been implemented. However, the
evaporation model was not combined with the MUSIG method in OpenFOAM v8.
Therefore, necessary modifications, passing the mass transfer rate ṁd obtained by
Eq. (2.18) to calculate the volume change rate Gv,i as in Eq. (2.52), were made
to the codes to implement the coupling. The modified solver will be denoted as
"SM-solver" in the following sections.

2.4.2 QMOM for PBE: size-independent droplets velocity

The PBE can also be solved by the quadrature method of moments (QMOM). In this
case, the evolution of integral properties of the DSD, i.e., moments, is evaluated. The
diameter-based DSD, nd(t,x,d), rather than nv(t,x,V ) is adopted here to capture
accurately the lowest order moments with respect to size and to avoid the too small
value of higher order moments.

In QMOM, nd(t,x,d) can be approximated using N quadrature nodes (Figure
2.6) as:

nd(t,x,d)≈
N

∑
p=1

wp(t,x)δ (d −dp(t,x)), (2.56)
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Fig. 2.6 The quadrature method of moments.

where wp(t,x) and dp(t,x) are the weight and abscissa of the node p, and δ denotes
the Dirac delta function.

The kth order moment of the DSD, Mk, can be calculated as:

Mk =
∫ +∞

0
dknd(d)dd ≈

N

∑
p=1

wpdk
p. (2.57)

The above equation implies that the N unknown weights and the N unknown
abscissas can be determined by solving the set of nonlinear equations for the first 2N
moments as: 

M0 = w1 +w2 + · · ·+wN ,

M1 = w1d1 +w2d2 + · · ·+wNdN ,

...

M2N−1 = w1d2N−1
1 +w2d2N−1

2 + · · ·+wNd2N−1
N .

(2.58)

The above set of nonlinear equations can be solved using the Wheeler algorithm
[177] or its adaptive version [178]. The 2N moments can be obtained by solving
their transport equations derived from the PBE Eq. (2.40).

In the simplest case, the droplets of different sizes are assumed to share the
same velocity field Ud, i.e., U = Ud(t,x) is independent of the internal coordinate d.
Then, multiplying Eq. (2.40) with dk, and integrating it with respect to d yields the
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transport equation for Mk as:

∂Mk

∂ t
+∇ · (UdMk)+

∫ +∞

0
dk ∂

∂d
(Gdnd)dd = 0, (2.59)

where Gd = dd/dt is the diameter change rate.

The third term in the LHS of Eq. (2.59) is the drift term and is treated following
the idea of Yuan et al. [179], namely, using a time-splitting method to solve the
moment transport equations and modeling the drift term by updating the abscissas.
The abscissas are updated as follows:

dp(t +∆t) = dp(t)−Gd,p∆t, (2.60)

where Gd,p is the diameter change rate for pth quadrature node; and ∆t is the time
step.

Additionally, the respiratory droplets generally consist of the volatile water, and
the non-volatile biological materials, such as the virus. In this dissertation, to trace
the dispersion of the non-volatile materials, the respiratory droplets are not allowed to
fully evaporate but left droplet nuclei. This is implemented by specifying a minimum
droplet size dmin for the quadrature node abscissa dp. If dp(t +∆t) < dmin, then
let dp(t +∆t) = dmin. This treatment of the quadrature node abscissas avoids the
disappearance of droplets due to full evaporation and the droplets, owning size of
dmin, remain traceable. In the following simulations, dmin is set as 1 µm because
most of the droplet nuclei distribute in a range of 1 µm to 2 µm [26, 30]. Meanwhile,
dmin = 1 µm is representative. As mentioned in Chapter 1, droplets ranging from
0.7 µm to 3.5 µm, having similar behaviors, tend to completely follow the airflow
[82–86, 80]. Moreover, to be consistent with the evaporation model of Section 2.2.2,
the volumetric mass transfer coefficient kc is set as 0 when dp(t +∆t)≤ dmin.

To solve Eq. (2.59), Ud and Gd are required. Similar to the method used in the
SM, the droplets of different sizes, owning the same velocity, can be regarded as the
dispersed phase of the TFM. Then, the TFM provides Eq.2.59 with the disperse phase
velocity as Ud and the interphase mass transfer rate ṁd to calculated the diameter
change rate for the pth node, Gd,p, as (detailed derivation can be found in Appendix
A):

Gd,p =
2

ρdπdpM1
ṁd. (2.61)
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Meanwhile, the PBE provides the TFM with the mean disperse phase diameter
(Sauter mean diameter) as:

dd =
M3

M2
, (2.62)

similarly, dd representing the DSD is used in the interphase models of the TFM.

The detailed algorithm can be found in Appendix B. The solver for this algorithm
is developed based on OpenFOAM v2106 [180] and its module OpenQBMM v7
[181], which provides the tools and libraries for multiphase flows and QBMM. This
solver can be used to model the droplets moving with the same velocity on varied
sizes, and it will be denoted as the "mono-solver" in the following sections.

2.4.3 QMOM for PBE: size-dependent droplets velocity

To model the droplets moving with different velocities on varied sizes, the gener-
alized population balance equation (GPBE) for the diameter-velocity joint DSD,
fd(t,x,d,v) is generally required, which, however, is relatively complex to solve. In
this study, to simplify the problem, the monokinetic assumption is employed:

fd(t,x,d,v) = nd(t,x,d)δ (v−U(t,x,d)) , (2.63)

where nd(t,x,d) is the diameter-based DSD and U(t,x,d) is the droplet velocity
conditioned on the droplet size d.

The monokinetic assumption is equivalent to assuming that the droplets with the
same internal coordinate d move with the same velocity. With this assumption, the
GPBE reduces to the PBE in Eq. (2.40) where the velocity is U = U(t,x,d) [182].
Similar to Section 2.4.2, the transport equation of the kth order size moment Mk can
be obtained from Eq. (2.40) as follows:

∂Mk

∂ t
+∇ ·Uk +

∫ +∞

0
dk ∂

∂d
(Gdnd)dd = 0, (2.64)

where Uk =
∫+∞

0 dknd(d)U(d)dd is the kth order velocity moment, which cannot be
further simplified, as U(t,x,d) depends on the internal coordinate d.

To solve for U(t,x,d), the transport equations of velocity moments are introduced
following the idea of Heylmun et al. [149]. The equations can be obtained by first
multiplying Eq. (2.40) by dkU(d) and then integrating it with respect to the internal
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coordinate d:

∂Uk

∂ t
+∇ ·Pk +

∫ +∞

0
dk ∂

∂d
(GdndU)dd −

∫ +∞

0
dkAnddd = 0, (2.65)

where Pk =
∫+∞

0 dknd(d)U(d)⊗U(d)dd; and A(t,x,d) = dU(t,x,d)/dt is the ac-
celeration vector. The relative velocity V(t,x,d) = U(t,x,d)−Ud (t,x) is intro-
duced, where Ud (t,x) is the average velocity of the disperse phase. Then,

Vk =
∫ +∞

0
dknd(d)V(d)dd =Uk −MkUd. (2.66)

Similarly, Pk can be divided into two parts: the relative part Pk,r as:

Pk,r =
∫ +∞

0
dknd(d)V(d)⊗U(d)dd, (2.67)

and the average part Pk,a as:

Pk,a =
∫ +∞

0
dknd(d)Ud ⊗U(d)dd = Ud ⊗Uk. (2.68)

Finally, Eq. (2.64) and Eq. (2.65) can be written as:

∂Mk

∂ t
+∇ ·Vk +∇ · (UdMk)+

∫ +∞

0
dk ∂

∂d
(Gdnd)dd = 0, (2.69)

∂Uk

∂ t
+∇ ·Pk,r +∇ ·Pk,a +

∫ +∞

0
dk ∂

∂d
(GdndU)dd −

∫ +∞

0
dkAnddd = 0. (2.70)

When considering N quadrature nodes, there are N unknown weights wp, N
unknown abscissas dp, and N unknown quadrature node velocity vectors (containing
3N unknown velocity components). Therefore, 2N size moments, namely, Mk where
k = 0,1,2, ...,2N − 1 are required to obtain wp and dp. Additionally, N velocity
moment vectors, namely, Uk where k = 0,1,2, ...,N −1 are required to obtain the
pth quadrature node velocity Up = (Ux,p,Uy,p,Uz,p).

The transport equations of size moments and velocity moments, as in Eq. (2.69)
and Eq. (2.70), are solved by using a time-splitting method, where the drift term
for the droplet size and the velocity acceleration term are modeled by updating the
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diameter and velocity abscissas as in Section 2.4.2 and in the work of Heylmun et al.
[149], respectively.

For the coupling of PBE and TFM, the droplets are moving at different velocities,
therefore, the interfacial models should consider the interactions with each quadrature
node. Take the drag force for example, in this case, the drag force for the disperse
phase in the momentum equations is written as:

FD,d =
N−1

∑
p=0

FD,d,p =
N−1

∑
p=0

(
3
4

CD,pRep
αd,pρcνc

d2
p

(Uc −Up)

)
, (2.71)

where FD,d,p is the drag force acted on the pth node, CD,p and Rep are the drag
coefficient and Reynolds number calculated using the pth node velocity Up, αd,p =

(αdwpd3
p)/M3 is the volume fraction of the pth node. Other interfacial models are

calculated in a similar way, replacing the velocities, volume fractions, and diameters
with those of the pth node and making a summation. Therefore, the PBE should
provide the TFM with αd,p, dp and Up for the calculation of interfacial models, while
the TFM should provide PBE with Ud for the relative velocity and the interfacial
mass transfer rate of the pth node ṁp for Gd,p as (detailed derivation can be found in
Appendix A):

Gd,p =
2

ρdπwpd2
p

ṁp. (2.72)

The detailed algorithm can be found in Appendix C. The solver for this algorithm
is developed based on the tools and libraries of OpenFOAM v2106 and OpenQBMM
v7. This solver can be used to model the droplets moving with different velocities on
varied sizes and will be denoted as "poly-solver" in the following sections.

2.5 Numerical solution

The above models are implemented within the frame of OpenFOAM. To deal with
the coupling between the pressure and the velocity for the unsteady simulations,
the PIMPLE algorithm of OpenFOAM is adopted. It is the combination of PISO
(pressure-implicit with splitting of operators) and SIMPLE (semi-implicit method
for pressure-linked equations) [183, 184]. As for the steady simulations, the SIM-
PLE algorithm is adopted. The convergence criteria are specified as 1× 10−4 or
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lower values. For example, the criterion for pressure or velocity is 1× 10−4. For
volume fraction or moment, smaller values, such as 1×10−8, are used to ensure the
convergence.

As for the numerical schemes, the first-order upwind scheme is adopted to
discretize the equations of the EE-PBE approach. This is to avoid the problem of
realizability when using the QMOM to solve the PBE. Using higher-order schemes
to discretize the moment transport equations may result in unreasonable moments
that cannot be inverted to quadrature nodes. Therefore, the first-order upwind scheme
is adopted to discretize equations of moments for numerical stability. Meanwhile,
considering consistency, this scheme is also adopted for equations of other variables.

For the Eulerian approaches not involving PBE, such as the PSPM or the TFM,
second-order schemes are adopted. The limitedLinear scheme of OpenFOAM is
used to discretize the advection terms. It is a second-order total variation diminishing
(TVD) scheme based on Sweby limiter [185]. Furthermore, the second-order central
differencing scheme, named linear in OpenFOAM, is adopted to discretize the
diffusion terms.

2.6 Summary

In this chapter, the different Eulerian approaches are presented:

• in the pseudo-single-phase model (PSPM), the dispersed droplets are modeled
as solute dissolved in the same phase with the air, so this method is only
suitable for the monodispersed small-size droplets that completely follow the
airflow;

• in the multi-fluid model (MFM), the dispersed droplets are considered as
additional continuums interpenetrating with the air phase. The Navier-Stokes
equations containing interphase interaction terms are solved for the continuous
and the dispersed phases, respectively. Therefore, this model can be used for
the monodispersed droplets that may move at a velocity different from the air
velocity;

• in the Eulerian-Eulerian approach and population balance equation (EE-PBE)
coupled approach, the E-E approach provides dispersed phase velocities and
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evaporation rate for the PBE while the PBE provides the E-E approach with
the dispersed phase diameters. Two different PBE solving methods, sectional
method (SM) and quadrature method of moments (QMOM), are presented.
The EE-PBE coupled approaches can be used to trace the transmission and
evaporation of monodispersed or polydispersed droplets.

Codes are developed for the above Eulerian approaches based on the open-source
software OpenFOAM and its module OpenQBMM. The details are listed in Table
2.2.
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Chapter 3

Verification and validation

As discussed in previous sections, polydispersity and evaporation are important
features of respiratory droplets and can significantly affect their space and time
evolution. Therefore, the ability of the developed EE-PBE approach to deal with
these features is assessed systematically in this section, by using test cases of
increasing complexity. The evaporation model is validated first using the reported
temporal evolution of the diameter of a single droplet (Section 3.1) and freely falling
droplets (Section 3.2). Then, the reliability of the EE-PBE approach to simulate the
non-evaporating particle flows is evaluated by using two test cases: one concerning
the evolution of the exhaled breath of respiratory activities (Section 3.3) and the
other concerning the flow field and the particle dispersion in a chamber (Section
3.4). Finally, the EE-PBE approach is applied in the transport of evaporating cough
droplets in a 3D chamber and compared with numerical results in the literature
(Section 3.5).

3.1 Verification of the evaporation model

Evaporation is an important feature of the expelled respiratory droplets. After
evaporation, the droplets lose their weight and may present behaviors different from
those with their original sizes. This is particularly significant for small droplets.
They quickly evaporate into nuclei, suspend in the air, and may cause infection in
a larger range. However, many factors affect the evaporation process, such as the
composition and velocity of the droplets, and the relative humidity and temperature
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of the environment. An accurate droplet evaporation model is essential to numerical
studies on the transmission of respiratory droplets. Therefore, the evaporation model
is first validated using the experimental data in the literature.

In their experimental study, Chaudhuri et al. [186] adopted an ultrasonic levitator
to study the evaporation of pure water droplets with an initial diameter equal to
346 µm and 647 µm, and saltwater droplets with an initial diameter equal to 339 µm
and 593 µm. The d2-law [187] was observed for the pure water droplets, while the
evaporation of the saltwater droplets showed a deviation from the d2-law because
the presence of the salt made the evaporation slower. Basu et al. [188] investigated
the evaporation of droplets having different compositions using an acoustic levitator.
Droplets consisting of pure water, saltwater, saltwater with nanoparticles, and human
saliva were studied, respectively. They found that the evaporation rate of pure water
is the highest and that of human saliva is the lowest. Stiti et al. [189] studied the
evaporation of saliva droplets. In addition to the d2-law, they also found the formation
of a solid skin due to crystallization. Lieber et al. [190] adopted the acoustic levitator
to investigate the evaporation of pure water droplets and saliva droplets. They
found that the initial evaporation rate of both droplets was nearly identical and,
consequently, the first stage of the evaporation process of saliva droplets can be
represented by the evaporation of pure water. These experimental studies reveal the
temporal evolution of the droplet sizes during evaporation and build a foundation for
the development and validation of the evaporation model.

In this study, the evaporation of respiratory droplets is represented by that of pure
water droplets according to the conclusion of Lieber et al. [190]. Their experiment
is adopted to validate the evaporation model.

3.1.1 Case description and numerical method

In the experiment of Lieber et al. [190], a single droplet was injected into the process
chamber, levitated in the air by an acoustic levitator, and evaporated at constant
temperature and relative humidity. The evaporation process of the droplet was
recorded by using microscopic imaging. Additionally, special measures were taken
to minimize the influence of the experimental setup, such as using a high resonance
frequency of 100 kHz to reduce the effect of acoustic streaming.
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Since the experiment recorded the evaporation of a single droplet, the evaporation
model of the MFM for a cloud of droplets in Section 2.2.2 must be rewritten for
a single droplet. This can be obtained by setting Ni in Eq. (2.42) equal to 1 m−3,
which means that there is only one droplet in the unit volume. Then, substituting the
obtained volume fraction for one droplet into Eq. (2.19), the mass transfer coefficient
for a single droplet, kd, can be written as:

kd = πddShDc. (3.1)

Similarly, the heat transfer coefficients in the continuous phase side (Eq. (2.27)) for
a single droplet can be written as:

hc = πddNuκc, (3.2)

and that in the dispersed phase side (Eq. (2.29)) can be written as:

hd = 10πddκd. (3.3)

With the above coefficients, the mass and energy balance equation for a single
stationary droplet can be written as:

dmd

dt
= ṁd = ρckd(Yf −YH2O), (3.4)

dmdEd

dt
= Qfd − ṁdEfd = hd(Tf −Td)− ṁdEfd, (3.5)

where md is the mass of the droplet; and Ed is the internal energy of the droplet.

The simplified evaporation model is a system of two ordinary differential equa-
tions (ODEs). This is solved by using a developed Python code, where Tf is iteratively
solved first as in Section 2.2.2, and then Eq. (3.4) and Eq. (3.5) are solved.

For the verification, an ambient temperature (Tg) of 296.15 K and a relative
humidity of 50% were adopted and kept constant during the simulation, as the
experimental setups [190]. The initial temperature of the droplet (Td) was also
296.15 K and the initial diameter (d0) was 215 µm. The thermal properties of the
droplet and the surrounding air can be found in Appendix D.
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3.1.2 Results and discussion

Figure 3.1 shows the temporal evolution of the normalized surface of the water
droplet. A good agreement between the predicted and experimental results can
be observed. Some deviations, no larger than 10% from the measurement, appear
after the droplet loses 50% surface (d2/d2

0 < 0.5), which might be caused by the
acoustic streaming [189] or the instability [190] induced by the acoustic field. An
approximately linear evolution of the normalized surface d2/d2

0 , known as the
classical d2-law, is observed. This is because when the forced and natural convection
is small, the surface of an evaporating droplet decreases linearly at a rate depending
on ambient properties [191]. Therefore, we can conclude that the evaporation model
and the thermal physical property models are reliable for predicting the diameter
changes of a pure water droplet.

Fig. 3.1 Temporal evolution of the normalized surface of a water droplet.

3.2 Validation of the evaporation model of the PBE

After the validation of the evaporation model for a single stationary droplet, its ability
to trace the size changes of a cloud of evaporating droplets within the frame of the
E-E approach and PBE coupled approach should be assessed. Therefore, the two
PBE-solving methods, SM and QMOM, are validated with the data in the literature.

In the classic work of Wells [18], the d2-law was adopted to predict the lifetime of
the evaporating pure water droplets. The relationship between droplet diameters and
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falling time as well as evaporation time was presented. Redrow et al. [192] used the
numerical method to investigate the evaporation of pure water droplets of different
sizes and under different relative humidities. They found that the evaporation was
very fast, usually less than 0.5 s, for droplets smaller than 10 µm. The relative
humidity played an important role in the droplet evaporation, namely, higher relative
humidity results in slower evaporation rate. Wei and Li [193] investigated the droplet
evaporation through the Lagrangian approach. The effect of droplet size, relative
humidity, and relative velocity were studied. Results similar to those of Redrow
et al. [192] were found. They also found that higher relative velocity between the
droplets and the environment enhances evaporation. The work of Redrow et al.
[192] and Wei and Li [193], covering a diameter range from 1 µm to 100 µm and
showing good consistency, are widely used by researchers to validate their models
[52, 99, 194–197].

Therefore, these two works are adopted in this study. To reproduce the results
reported in the literature, the setups of Li et al. [52] are adopted, where the droplets
are freely falling and evaporating in quiescent air.

3.2.1 Case description and numerical method

As shown in Figure 3.2, a two-dimensional (2D) chamber (length×height = 4 m×
3 m) is adopted as geometry. The droplets are initially located in the red square
region, whose size is 0.2 m× 0.2 m and center is at x = 2 m and z = 2 m. The
droplets are released with zero initial velocity. The initial droplet volume fraction is
αd = 1×10−6. This value is large enough so that the continuum assumption still
holds for the EE-PBE approach meanwhile it is small enough to match the setups in
the reference papers. The evaporation of droplets of two sizes, 10 µm and 100 µm,
under two relative humidities of 0% and 60% are simulated, respectively. The initial
droplet temperature Td is 310.15 K and the environment temperature Tc is 298.15 K
as in Redraw et al. [192].

For the simulation, the SM-solver and the QMOM mono-solver are used and
compared. A uniform grid with 30000 square cells (200×150) is adopted here. Both
phases are regarded as laminar due to their low velocities. The thermal physical
property models are set as in Appendix D. For the SM-solver, 21 representative
volumes are specified to divide the droplet size interval from the initial size to
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the minimum size. For clarity, the 21 representative volumes are converted into
diameters and are shown in Table 3.1. For the QMOM mono-solver, two nodes are
used and four moments equations are thus solved. The initial values for the moments
are reported in Table 3.2.

H
=3

 m

L=4 m

2 
m

2 m

0.
2 

m

Walls

Droplets

x
z

Fig. 3.2 Geometry of the 2D chamber for the case of freely falling droplets.

3.2.2 Results and discussion

In the E-L approach, droplets are tracked individually, so the droplet size changes
with time caused by evaporation can be easily recorded. In the E-E approach, a
cloud of droplets is tracked as a continuum. Therefore, the mean size of the droplets,
calculated by Eq. (2.53) for the SM and by Eq. (2.62) for the QMOM, is used to
represent the size changes caused by evaporation. Though specifying a very low
initial volume fraction for the droplets (αd = 1×10−6), droplets within the cloud
may have different evaporation rates due to the accumulation of water vapor in the
air phase, especially for the droplets located in the center of the cloud. Therefore, the
changes of the minimum mean size, representing the droplets that have the largest
evaporation rate and thus are less affected by the effect of droplet cloud, are recorded
and compared with the results obtained by the E-L approach in the literature.

The droplet sizes predicted by the SM and the QMOM are shown in Figure
3.3. The numerical results of both methods agree well with the literature data. It
can be noted that for the 10 µm droplets, the evaporation rate predicted by the SM
is a little faster than the QMOM, especially when the relative humidity is 60%.
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Table 3.1 Representative volumes and initial size class fractions for the droplets of the two
sizes.

No.
d0 = 100 µm d0 = 10 µm

di (µm) fi (-) di (µm) fi (-)

1 1 0 0.1 0
2 5 0 0.5 0
3 10 0 1.0 0
4 15 0 1.5 0
5 20 0 2.0 0
6 25 0 2.5 0
7 30 0 3.0 0
8 35 0 3.5 0
9 40 0 4.0 0

10 45 0 4.5 0
11 50 0 5.0 0
12 55 0 5.5 0
13 60 0 6.0 0
14 65 0 6.5 0
15 70 0 7.0 0
16 75 0 7.5 0
17 80 0 8.0 0
18 85 0 8.5 0
19 90 0 9.0 0
20 95 0 9.5 0
21 100 1.0 10.0 1.0
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Table 3.2 Initial moments for the droplets of the two sizes.

Variable 1st size 2nd size

d (µm) 10 100
αd (-) 1×10−6 1×10−6

M0 (m−3) 1.909859×109 1.909859×106

M1 (m−2) 1.909859×104 1.909859×102

M2 (m−1) 1.909859×10−1 1.909859×10−2

M3 (-) 1.909859×10−6 1.909859×10−6

This might be caused by the limited number of the size classes used in the SM.
Additionally, the effects of initial size and relative humidity are also presented as:
smaller droplets (10 µm) evaporate faster than larger droplets (100 µm); increasing
the relative humidity will reduce the evaporation rate. Therefore, the EE-PBE
approach can trace the diameter changes of evaporating droplets under different
conditions.

Fig. 3.3 Droplet size time evolution obtained by using SM and QMOM.

3.3 Validation of the EE-PBE approach for respira-
tory activity

The respiratory droplets are carried by and interact with the expelled airflow. There-
fore, an accurate description of the respiratory airflow is essential for the prediction
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of the dispersion and evaporation of the droplets. To assess the reliability of the EE-
PBE approach in the simulations of respiratory activities, the QMOM mono-solver
and the QMOM poly-solver (i.e., the solver considering the effect of size on droplet
velocity) are validated against the experimental data from Wang et al. [173], where
the distance traveled by the front of a sneeze jet was measured.

3.3.1 Case description and numerical method

In the experiment of Wang et al. [173], the jet was expelled from the mouth, a
circular opening, of a dummy head to mimic a sneeze. The diameter of the mouth
was 2 cm. A gamma function was adopted as the time-varying inlet velocity for a
sneeze lasting for 0.6 seconds. The jet was seeded with non-evaporating droplets
(ρd = 1000 kgm−3) and a high-speed camera was used to visualize the flow field
and track the jet front. The sizes of the droplets ranged from 1 µm to 3 µm, having
an average size of 2 µm. The volume fraction of the droplets was set to 4.55×10−6.
The temperature of the environment, jet, and droplets are identical and constant,
equal to 295 K. The relative humidities of the environment and jet are also identical
and constant, equal to 50%.

For the simulation, the geometry of the 3D chamber discussed in detail in Section
3.5 is adopted. Both the mono-solver and the poly-solver are used to solve the TFM
and PBE to trace the evolution of the sneeze jet front with advancing time. The RNG
k− ε model is used for the continuous phase while the laminar flow assumption
is used for the dispersed phase. During the simulation, the evaporation model is
disabled to mimic the non-evaporating droplets used in the experiment. The thermal
physical properties in Appendix D are used. The boundary conditions and initial
fields are given as in the experiment, namely, specifying a time-varying velocity
condition at the inlet, open to air at the right boundary, and no-slip conditions at
other boundaries. For the setup of QMOM, two nodes are adopted, so four moment
transport equations are solved. At the inlet, the moments of the DSD are calculated
by using the volume fraction and the DSD from the experiment (see Table 3.3).

The traveling distance of the sneeze jet front L is extracted by setting a threshold
for the dispersed phase volume fraction, αd, and by selecting the maximum distance
from the mouth where the breath is released at each time step. The threshold value is
prescribed as αd = 1×10−10. It is large enough to ensure the continuum assumption
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Table 3.3 Moments at the inlet for the case of sneeze jet front.

Variable Value

αd (-) 4.55×10−6

M0 (m−3) 1.277276×1012

M1 (m−2) 2.360087×106

M2 (m−1) 4.472296
M3 (-) 8.689860×10−6

of the EE-PBE approach. Meanwhile, it is small enough so that the movement of
the sneeze jet front can be detected accurately. Therefore, particles are regarded as
actually existing in the cells where αd ≥ 1×10−10, and the maximum x-coordinate
of those cells is the traveling distance at each time step.

3.3.2 Results and discussion

The predicted and measured temporal evolution of the sneeze jet front are shown in
Figure 3.4. It can be seen that the numerical results of both solvers are very close
and are in good agreement with the experimental result. This indicates that the poly-
solver is reliable for the flows where the droplet size distributes in a narrow range,
such as in droplet nuclei dispersion. In addition, the evolution of exhaled breath can
be divided into two stages: the jet stage and the puff stage. In the early jet stage, the
sneeze continues, constantly providing momentum to the exhaled jet and resulting in
the self-similar behavior of L ∝ t1/2. In the late puff stage, the sneeze stops, leading
to the constant momentum of the exhaled jet and the self-similar behavior of L ∝ t1/4.
The different behaviors of the jet and puff stage are expected to affect the droplets’
dispersion and evaporation [96], making it important to capture such features. It
can be seen that the two scaling laws and their transition are accurately captured by
both numerical and experimental results. Therefore, the developed mono-solver and
poly-solver for the EE-PBE approach are validated against the experimental data of
the sneeze and are capable of accurately predicting the two-stage evolution of the
exhaled breath.
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Fig. 3.4 Temporal evolution of the sneeze jet front.

3.4 Validation of the EE-PBE approach for particle
transport

The previous analysis confirms the ability of the QMOM poly-solver to describe
droplet transport during respiratory activities. However, in a closed environment,
such as a chamber, the behavior of the dispersion changes because of the role played
by other phenomena, such as droplet settling, flow confinement, or recirculation.
Therefore, the reliability of the EE-PBE approach to predict the space and time
evolution of the aerosols in three-dimensional (3D) chambers is also assessed by
comparing its results with the experimental data of Chen et al. [137].

3.4.1 Case description and numerical method

In the experiment of Chen et al. [137], non-evaporating particles (10 µm) and airflow
are injected into a 3D chamber from the inlet on the left side and leave the chamber
from the outlet on the right side. The gas phase velocity profiles and the normalized
concentration at specific locations in the center plane were measured.

The geometry is shown in Figure 3.5. The size of the chamber is: length×
width× height = x× y× z = 0.8 m× 0.4 m× 0.4 m. To match the experimental
setups, the inlet and outlet are extended 0.2 m out of the chamber. They are of the
same size, 0.04 m×0.04 m, and their centers are located at x =−0.2 m, y = 0 m,
z = 0.36 m and x = 1.00 m, y = 0 m, z = 0.04 m, respectively. Only half of the
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3D chamber is selected as the computing domain due to symmetry. A multi-block
structured grid with 67520 cube cells is built in this study. The grids of similar
scale have been proven to be reliable under the experimental conditions [106, 137].
For boundary conditions, the inlet velocity is 0.225 ms−1. The dispersed phase
volume fraction at the inlet is αd = 5×10−8, to match the experiment. The system is
isothermal at 293.15 K. The boundaries except the symmetric plane and inlet/outlet
regions, are set as no-slip walls. The particle density is 1400 kgm−3 as in the
experiment.

L=0.8 m

H
=0

.4
 m

x
y

z

Center planeInlet

Outlet

Fig. 3.5 Geometry of a ventilated 3D chamber model.

The QMOM poly-solver is adopted again to solve the TFM and PBE to trace the
particles. The setup is similar to Section 3.3: RNG k− ε model for the continuous
phase and laminar for the dispersed phase, evaporation model disabled, and two
nodes for the QMOM. The moments at the inlet are also evaluated using αd and
droplet size distribution (8 µm to 13 µm) of the experiment and are listed in Table
3.4.

Table 3.4 Moments at the inlet for the case of aerosol transmission.

Variable Value

αd (-) 5×10−8

M0 (m−3) 9.587645×107

M1 (m−2) 9.561545×102

M2 (m−1) 9.548915×10−3

M3 (-) 9.549295×10−8
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3.4.2 Results and discussion

The transient simulation is performed for a time long enough to reach the steady
state as in the experiment. Then, the profile of x direction continuous phase velocity
(Ux) and the dispersed phase volume fraction αd at x = 0.2 m, 0.4 m and 0.6 m in
the center plane (y = 0 m) are extracted. The normalized concentration is calculated
as C̄ = M0/M0,inlet. The comparison of predicted and measured Ux and C̄ are shown
in Figure 3.6. Good agreements are observed.

Because of the inlet jet flow, Ux is high in the upper region of the chamber
(z = 0.2 m to z = 0.4 m). Figure 3.7a gives the magnitude and direction of the air
velocity, which is similar to the flow pattern found by Chen et al. [137]. The jet is
injected from the left upper inlet, impinges on the right wall, turns downwards, and
finally moves out of the room from the right lower outlet. This leads to low-speed
recirculation regions appearing in the lower part of the room. In these regions, the
air flows to the left, resulting in the relatively uniform small negative Ux in the lower
region (z = 0 m to z = 0.2 m) as in Figure 3.6a. Moreover, as the jet advances from
x = 0.2 m to x = 0.6 m, it interacts with the surrounding still air. The maximum
of Ux decreases and the velocity of surrounding air increases, showing a typical jet
evolution.

Figure 3.7b and Figure 3.7c present the particle velocity of the two quadrature
nodes, Uparticles,i. It can be noted that the difference between the two velocities is
small. This is because particle size distribution is narrow and the diameters of the
two quadrature nodes are 9.4 µm and 10.2 µm, respectively. They are close and thus
the two quadrature nodes present similar behaviors. Consequently, for the particles
having a narrow size distribution, it is reasonable to assume they move with the same
velocity.

Figure 3.7d and Figure 3.7e show the slip velocity between air and quadrature
nodes calculated by Uslip,i = Uair−Uparticles,i. Because of the small particle sizes, the
magnitude of slip velocities is small, namely, the particles tend to follow the airflow.
Meanwhile, the slip velocities point upwards, indicating that the particles have a
falling trend. The falling trend is more significant for the particles represented by the
second quadrature node. They have a larger diameter, therefore, the magnitude of
Uslip,2 is slightly larger than Uslip,1. This falling trend of 10 µm particles was also
found by Pei et al. [146].
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(a)

(b)

Fig. 3.6 The comparison of predicted and measured profiles at x = 0.2, 0.4 and 0.6 m in the
center plane (y = 0 m): (a) the x direction continuous phase velocity Ux, (b) the normalized
concentration C̄.

Figure 3.7f shows the distribution of normalized concentration. It can be seen that
the C̄ is high within the jet. In the lower part, the aerosols, carried by the recirculated
air, are uniformly dispersed with a relatively low normalized concentration of 0.3.
Additionally, it should be noted that C̄ is extremely high on the lower wall, indicating
that the particles are accumulating there. This is caused by the boundary conditions:
the no-slip boundary condition for continuous and dispersed phase velocity and the
zero gradient boundary condition for volume fractions and moments. The particles
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cannot leave the computing domain and thus accumulate there. Although this effect
could be removed by specifying a particle depositing boundary condition as in
the work of Chen et al. [137], we did not implement it because the inaccuracy is
restricted to a very thin layer close to the lower wall and does not affect the remaining
portion of the profile.

(a) (b)

(c) (d)

(e) (f)

Fig. 3.7 The predicted velocity magnitude and direction and concentration in the center plane
(y = 0 m): (a) air velocity; (b) particle velocity of the first quadrature node; (c) particle
velocity of the second quadrature node; (d) slip velocity between air and the first quadrature
node; (e) slip velocity between air and second quadrature node; (f) normalized concentration.
The arrows in Figure (a) to (e) have identical lengths and only present the directions of
velocities. The magnitudes of velocities are represented by the contours.
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In conclusion, the predicted results agree well with the measured data indicating
that the EE-PBE approach can be used to trace both flow and concentration fields of
aerosols in the 3D chamber and the developed codes are reliable.

3.5 Transmission of cough droplets in a room

3.5.1 Case description and numerical method

Eventually, the EE-PBE approach is applied in the transmission and evaporation
of cough droplets in a 3D chamber and compared with the numerical results using
the E-L approach reported by Li et al. [52]. The geometry, identical to that in Li
et al. [52], is shown in Figure 3.8, the size of which is length×width× height =
x× y× z = 4.0 m×2.0 m×3.0 m. The mouth (inlet) is modeled by a circle, whose
diameter is 2 cm. Its center is located at x = 0 m, y = 0 m, z = 2.0 m. The right
boundary (or outlet) is open to the atmosphere. The bottom wall is also set as an
outlet in order to avoid the accumulation of droplets in the near-wall cells, which
might affect the stability of the poly-solver. Additionally, only half of the chamber
is built as the computing domain in order to reproduce the settings used by Li et al.
[52]. Therefore, the front boundary is set as a symmetric plane. All other boundaries
are no-slip walls.

x
y

z

2 
m H

=3
 m

D=0.02 m
Inlet

Fig. 3.8 Geometry of the 3D chamber.

A multi-block structured grid is built for the computing domain. The grid
is refined in the near-wall regions and the inlet region. The grid convergence is
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examined using three grids having 364640 (coarse), 831220 (middle), and 1912700
(fine) cube cells, respectively. It is found that the middle grid of 831220 cells shows
good consistency with the fine grid and thus is adopted in this study. The details can
be found in Appendix E.1

To compare with Li et al. [52], the same boundary conditions are used in this
study. The ambient temperature is 298.15 K and the relative humidity is 50%.
The cough jet temperature is 310.15 K and the relative humidity is 100%. The
temperature of cough droplets is also 310.15 K. To mimic a single cough, a time-
varying inlet velocity obtained from the experiment of Gupta et al. [46] is specified
for the continuous phase. The cough lasts for 0.5 s with a maximum velocity of
13.4 ms−1 at 0.08 s, as shown in Figure 3.9a. The droplets are injected into the
chamber with the same instantaneous velocity as the continuous phase. The droplet
size distribution obtained from the experimental data of Chao et al. [28] is given at
the inlet. As shown in Figure 3.9b, the droplet sizes range from 3 µm to 750 µm, and
it can be noted that a huge number of small droplets only have a very low volume
fraction while the large droplets are contrary. The dispersed phase volume fraction
αd at the inlet is 2.323× 10−4, which is equivalent to a total injected amount of
100 mg.

(a) (b)

Fig. 3.9 The cough jet and droplets inlet boundary conditions: (a) the velocity of a single
cough [46], (b) the number and volume fraction of the cough droplets [28].

For the transient simulation of the cough droplets, the SM-solver and the QMOM
poly-solver are adopted to trace the droplets moving with different velocities on vari-
ous sizes. The RNG k− ε model is used for the continuous phase while the laminar
one for the dispersed phase. The thermal physical property models in Appendix D are



3.5 Transmission of cough droplets in a room 55

Table 3.5 Size groups of the dispersed phase for small and large droplets.

Small droplets (< 100 µm) Large droplets (> 100 µm)

No. d (µm) fi (-) No. d (µm) fi (-)

1 1.0 0 11 112.5 3.18×10−3

2 3.0 5.76×10−5 12 137.5 5.47×10−3

3 6.0 6.33×10−3 13 175.0 3.10×10−2

4 12.0 1.88×10−2 14 225.0 3.75×10−2

5 20.0 2.86×10−2 15 375.0 1.46×10−1

6 28.0 2.93×10−2 16 750.0 7.77×10−1

7 36.0 5.97×10−2 17 1500.0 0
8 45.0 9.71×10−2

9 62.5 2.60×10−1

10 87.5 5.00×10−1

adopted. A minimum diameter of 1 µm is specified for the evaporation model. After
evaporation into the minimum diameter, the droplets will stop further evaporation,
and they will only be dispersed by the airflow, leading to an accumulation of droplets
in an indoor environment.

For the SM-solver, 17 pivotal volumes are used to cover the experimental DSD
in the work of Chao et al. [28]. To model the multiple velocities of the droplets, a
two-class MUSIG is adopted. As mentioned in Chapter 1, 100 µm is the crucial size
[33], which differentiates the behavior of the droplets of different sizes. Therefore,
the droplets are divided into two dispersed phases as shown in Table 3.5, where the
pivotal volumes are converted into pivotal diameters for clarity. The first dispersed
phase contains the small droplets (<100 µm), including 10 pivotal volumes (from
No. 1 to 10), whose volume fraction at the inlet is 5.7× 10−7. The second one
contains the large droplets (> 100 µm), including 7 pivotal volumes (from No. 11 to
17), whose volume fraction at the inlet is 2.3173×10−4. The velocities of the two
dispersed phases can be obtained by solving the three-fluid E-E model.

For the QMOM poly-solver, two nodes are adopted to trace the behavior of
droplets. The moments are calculated by using the DSD in Figure 3.9b and scaled
to match αd at the inlet. The details are reported in Table 3.6. At the inlet, the two
abscissas or node diameters are 21.6 µm and 550.7 µm, respectively. One is indeed
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Table 3.6 Moments at the inlet for the case of cough droplets.

Variable Value

αd (-) 2.323×10−4

M0 (m−3) 6.411369×107

M1 (m−2) 2.792789×103

M2 (m−1) 8.334057×10−1

M3 (-) 4.436603×10−4

smaller than 100 µm while the other is larger than 100 µm. Therefore, both small
and large droplets can be represented by the quadrature nodes.

3.5.2 Results and discussion

Figure 3.10 and Figure 3.11 show the results obtained by using the SM. Figure
3.10a shows the predicted volume fraction of the dispersed phase for small droplets
αd,S. The small droplets mainly suspend in the air and travel a relatively short
distance. This is because the small droplets, owning small momentum response
time (or inertia), tend to be carried by the airflow. In addition, it can be noted that
even the small droplets show a falling trend, especially at t = 0.5 s. A check of the
volume fraction of the different size classes belonging to small droplets, reported in
Figure 3.11a, shows that the falling trends are mainly caused by 10th and 9th size
classes, which represent the size of 87.5 µm and 62.5 µm, respectively. For smaller
size classes, the falling trends disappear and only a suspending trend is observed for
the 5th size class (20 µm) in Figure 3.11a. This indicates that the size of 100 µm
might be a little large to differentiate the small and large droplets.

The volume fraction of the dispersed phase for large droplets αd,L is shown in
Figure 3.10b. The large droplets show a remarkable falling trend and no suspending
trends are observed because of gravity. By inspecting the volume fraction of different
size classes belonging to large droplets (Figure 3.11b), it can be seen that the droplets
of all the size classes belonging to the large droplets are falling. This again implies
that the crucial size of 100 µm is large enough.

Table 3.7 presents the maximum horizontal traveling distance and vertical ex-
pansion of the small and large droplets. It can be noted that, before settling, the



3.5 Transmission of cough droplets in a room 57

(a)

(b)

(c)

Fig. 3.10 The variables of the dispersed phase obtained by using the SM-solver in the
symmetry plane at different times, from left to right: t = 0.1, 0.3 and 0.5 s: (a) volume
fraction for small droplets αd,S, (b) volume fraction for large droplets αd,L, (c) mean dispersed
phase diameter dd.

large droplets travel about 42% to 52% longer than the small ones. This is because
the large droplets have a larger momentum response time (or inertia), less affected
by the originally still indoor air, traveling a longer distance with their high initial
velocity. However, after the settlement of the large droplets, the small droplets remain
suspended in the air. Depending on the background airflows, such as those induced
by indoor ventilation systems, the small droplets are possible to be transported to
larger ranges. In particular, affected by the time-varying inlet velocity and gravity,
the large droplet cloud shows a leftward-opening parabola-shaped distribution. The
droplets released at the beginning and the ending of the cough might have the same x-
coordinate (horizontal distance) but different z-coordinates (height). As a result, the
vertical expansion of the large droplets is also larger than that of the small droplets.
A similar pattern was also found in the work of Dbouk et al. [107], where the E-L
approach was used for the cough droplets.
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Table 3.7 Maximum horizontal distance and vertical expansion of the small and large droplets.

Time (s)
Horizontal distance (m) Vertical expansion (m)

Small droplets Large droplets Small droplets Large droplets

0.1 0.63 0.96 0.10 0.22
0.3 1.81 2.57 0.24 0.68
0.5 2.15 3.06 0.46 1.10

The Sauter mean size for the two dispersed phases is shown in Figure 3.10c. The
sizes of the small and large droplets are around 50 µm and 500 µm, respectively.
The size changes caused by evaporation are not significant. The initial Sauter mean
size for the small and large droplet phases are 53.2 µm and 544.5 µm, respectively.
According to the d2-law in Section 3.2, even for the small droplets, the time required
for full evaporation is in order of several seconds. Therefore, at t=0.5 s, both droplets
have not evaporated remarkably.

(a)

(b)

Fig. 3.11 The volume fraction of the size classes obtained using SM-solver in the symmetry
plane at t = 0.5 s: (a) for small droplets: 20 µm (αd,5), 62.5 µm (αd,9) and 87.5 µm (αd,10),
(b) for large droplets: 112.5 µm (αd,11), 137.5 µm (αd,12) and 375 µm (αd,15).

The Figures 3.12 to 3.14 show the results obtained by using the QMOM. Figure
3.12 gives the evolution of the dispersed phase volume fraction, αd. Similar to the
results obtained with the SM-solver and in [52], the suspension of small droplets
and the falling of large droplets are observed. It should be noted that the quadrature
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nodes in QMOM represent the dynamic size distribution rather than the fixed size
classification in the SM. Therefore, the conclusion cannot be drawn only from Figure
3.12, but also with the help of the quadrature node distribution in Figure 3.13. As
mentioned before, the inlet quadrature nodes are 21.6 µm and 550.7 µm, respectively.
Since they can move with different velocities, the small droplets initially represented
by the 1st node will evaporate remarkably, suspend in the air and form a suspending
droplets cloud while the large droplets initially represented by the 2nd node will
evaporate slightly, fall in the air and form a falling droplets cloud. Therefore, the
size distribution moves toward smaller sizes in the suspending cloud and moves
toward larger sizes in the falling cloud. The changing DSD results in the changes of
the quadrature nodes. Finally, the decreasing 2nd node diameters in Figure 3.13b
together with the small 1st node diameter represent the small droplets that are found
to be suspending. Meanwhile, the increasing 1st node diameters in Figure 3.13a
together with the large 2nd node diameter represent the large droplets that are found
to be falling.

Fig. 3.12 The dispersed phase volume fraction αd obtained by the QMOM poly-solver in the
symmetry plane at different times, from left to right and top to bottom: t = 0.1, 0.3, 0.5, 1.0,
1.5 and 2.0 s.

Figure 3.14 shows the 0th order moment M0, representing the droplet number
density. Again, the suspending or falling trends are found. Comparing Figure 3.12
with Figure 3.14, it can be found that the suspending small droplets have a huge
number density but a small volume fraction. For other respiratory activities, like
speaking, fewer droplets are expelled. After evaporation, the volume fraction for the
small droplets might be extremely small, which might result in difficulty in analysis.
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(a)

(b)

Fig. 3.13 The quadrature node diameter obtained by the QMOM poly-solver in the symmetry
plane at different times, from left to right: t = 0.1, 0.3 and 0.5 s: (a) 1st quadrature node dd,1,
(b) 2nd quadrature node dd,2.

Fig. 3.14 The 0th order moment M0 obtained by the QMOM poly-solver in the symmetry
plane at different times, from left to right and top to bottom: t = 0.1, 0.3, 0.5, 1.0, 1.5 and
2.0 s.

Furthermore, the parabola-like pattern of the large droplet cloud in the work of
Dbouk et al. [107] is also observed in Figure 3.12 or Figure 3.14. Compared with
the results obtained using the SM (Figure 3.10b), the parabola-like pattern is less
remarkable due to its shorter lower part. For example, at t = 0.5 s, the horizontal
length of the lower part is around 1.5 m, which is smaller than that of the SM (2.8 m).
This is because the diameter of large droplets in SM is smaller than that in QMOM.
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So, the large droplets in QMOM have larger mass or inertia and thus they are less
affected by the originally still indoor air. Finally, they are not exceeded too much by
the later released droplets, resulting in a less remarkable parabola-like pattern. The
droplet trajectories at 0.5 s and 2.0 s are compared with those in Li et al. [52], where
the maximum droplet traveling distance at 0.5 s and 2.0 s are approximately 2.70 m
and 3.25 m, respectively. In this study, the traveling distances are 2.95 m at 0.5 s and
3.20 m at 2.0 s. Good agreement is observed and, identical to the conclusion of Li
et al. [52], large droplets settle on the ground within 2.0 s. Therefore, the results
obtained by using the EE-PBE approach can be regarded as reliable.

The dispersed phase volume fraction αd and diameter dd obtained by using SM
and QMOM are compared in Figure 3.15. As shown in Figure 3.15a, the vertical
distribution of the droplets, represented by αd and predicted by the two approaches,
is similar. The cough jet is injected at the height of z = 2.0 m. Because of the gravity,
most part of the droplet jet falls. Therefore, the main peak of the αd distribution
is below z = 2.0 m. Additionally, both SM and QMOM show an additional peak
above the main jet, while SM also shows an additional peak below the main jet.
The former is caused by the suspension of the small droplets. As mentioned before,
the suspending trend is more significant in QMOM due to its lower initial 1st node
diameter, and thus its peak is more significant. The latter is caused by the parabola-
like pattern, which is more remarkable in SM than in QMOM. Therefore, such a
peak is not captured by QMOM.

Figure 3.15b shows the distribution of dd along horizontal lines at different
heights. At z = 2.1 m, the height above the inlet, dd predicted by SM and QMOM
is smaller than 100 µm because small droplets are suspended in air and dispersed
to this region. Significant differences can be noted in the results. dd obtained by
SM changes in a narrow range and is distributed in a small region while that by
QMOM is the opposite. This, as discussed previously, is because QMOM tracks
the changing DSD dynamically and captures a more significant suspending trend
of small droplets. Therefore, in QMOM, dd has wider range (1 µm to 100 µm) and
droplets are distributed in larger region (x = 0.1 m to x = 2.9 m). At the height of the
inlet, z = 2.0 m, the sharp decrease of dd near the inlet indicates the falling of large
droplets. Below the inlet, at z = 1.9 m and 1.8 m, dd obtained by the two methods
are very close. It is large and almost keeps constant, indicating that the large droplets
are falling to the ground and barely evaporate. Moreover, the traveling distances
predicted by the two methods are also close. This dd distribution, again, shows the
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different behaviors of small and large droplets under gravity and evaporation, and
presents the ability of the EE-PBE approach to predict the transport of respiratory
droplets.

(a)

(b)

Fig. 3.15 Comparison of the dispersed phase variables obtained using SM and QMOM in the
symmetry plane at t = 0.5 s: (a) vertical distribution of the dispersed phase volume fraction
αd at x = 0.5, 1.0, 1.5 and 2.0 m, (b) horizontal distribution of the dispersed phase diameter
dd at z = 2.1, 2.0, 1.9 and 1.8 m (the curves are only plotted in regions where αd ≥ 1×10−10,
namely, where the droplets exist).

Finally, the advantages and disadvantages of SM and QMOM are discussed here.
The simulations are parallelized on a workstation with an Intel Xeon CPU E5-2630
v4 (2.20 GHz, 10 cores). The average time (averaged on the first 5000 time steps) for
every 1000 time steps of SM-solver and QMOM poly-solver are 4.8 hours and 6.32
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hours, respectively. SM has relatively lower costs than those of QMOM in the case
and setup of this study. This is because, the QMOM poly-solver has more equations
to solve, and QMOM also has additional costs of moments inversion. However, it
should be noted that two nodes are used in the QMOM simulation of this study.
The first four moments are solved and traced, including M2, the total surface area
of droplets, which is of great importance in droplet evaporation according to the d2

law. As for SM, only the total number and total volume are traced (equivalently,
M0 and M3 in QMOM). The results of SM in this study are acceptable and in good
agreement with the literature, but in other cases, more size classes might be required
by SM to make up for the missing total surface area. Obviously, this would increase
the computational costs of SM.

Additionally, to model the different velocities of droplets with different sizes, the
SM (MUSIG method) requires manually dividing the size classes into several groups
and defining each of them as a dispersed phase to obtain their different velocities.
Inappropriate criteria can result in unreasonable results, such as the group of small
droplets showing a falling trend. On the contrary, the QMOM uses the quadrature
nodes obtained from the quadrature method to represent the droplets moving with
different velocities. No explicit interaction is required, which can provide a better
representation of the behavior of the polydispersed droplets.

As for the post-processing, both methods can directly provide variables, like the
droplet volume fraction, for analyses. Furthermore, QMOM can directly provide the
number density M0, which is especially helpful in the simulations having a too-low
volume fraction to analyze.

3.6 Summary

In this chapter, the developed EE-PBE approach for the transmission and evaporation
of polydispersed respiratory droplets is systematically verified and validated with ex-
perimental or numerical data from the literature. This is performed by first assessing
the different aspects of the transmission process, including evaporation, movement
of the respiratory jet (or puff), and particle transmission in ventilated environments.
Finally, all features are collectively considered through the examination of the trans-
mission of polydispersed evaporating cough droplets. The following conclusion can
be drawn.
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The evaporation model and the thermal physical property models are verified and
validated first against the experimental results of a stationary evaporating pure water
droplet. The predicted droplet size time evolution is in good agreement with the
experimental data, laying a solid foundation for the following coupled approaches.

The evaporation model is further validated with the reported diameter changes
of evaporating droplets in the literature. Both SM and QMOM agree well with the
literature, indicating that the EE-PBE approach can be used to trace the evaporation
of the droplets.

Since the respiratory droplets are carried by and interact with the expelled airflow,
the ability of the EE-PBE approach to accurately predict the evolution of the exhaled
jet or puff during respiratory activities is assessed. The poly-solver solving TFM and
PBE is validated using the measured temporal evolution of the sneeze jet front. The
simulation agrees well with the measurement. The transition from the jet stage to
the puff stage is captured. Therefore, the solver can be used in the simulations of
respiratory activities.

The reliability of the EE-PBE approach is further tested by comparing the pre-
dicted results of the poly-solver with the experimental results for aerosol transmission
in a ventilated room model. It is found that both velocity profiles and concentration
distributions agree well with the experimental results. The droplets, having a narrow
size distribution, can be assumed to move with the same velocity. The approach is
reliable for aerosol transmission simulations.

Finally, the EE-PBE approach is applied in the transmission and evaporation
of polydispersed evaporating cough droplets in a 3D chamber. The SM-solver and
poly-solver are adopted and compared. The suspending trends of small droplets and
the falling trends of large droplets are presented by both approaches. The droplets
are found to be able to travel a distance longer than 2 m, which is valuable for the
guidelines of social distancing. Additionally, the advantages and disadvantages of
the two methods are discussed. Both methods can directly provide variables for
analyses, such as volume fraction or mean size. Compared with SM, which requires
that the user subdivides the population of droplets into classes for the calculation of
size and velocity, no manual intervention is required for QMOM, which thus is free
of unreasonable results caused by inappropriate criteria.



Chapter 4

Respiratory droplet transmission
under ventilation systems

The ventilation systems, changing indoor ambient conditions and resulting in di-
verse indoor airflow patterns, can significantly affect the transmission of respiratory
droplets. Therefore, they are widely used to dilute or remove respiratory droplets
and to control indoor infection. The Eulerian approaches provide computationally
efficient and reliable tools to predict the fate of respiratory droplets under indoor
ventilation systems. In this chapter, the ability of different Eulerian approaches to
deal with different kinds of droplets is assessed using the experimental results in the
literature: in Section 4.1, the PSPM is used to trace the transmission of small-size
droplets (or aerosols) in an office equipped with displacement ventilation (DV),
stratum ventilation (SV), and mixing ventilation (MV); in Section 4.2, the TFM is
used to trace the transmission of non-evaporating particles in an office under DV
and MV; in Section 4.3, the EE-PBE approach is applied in the transmission of
evaporating droplets in an isolation ward with MV.

4.1 The pseudo-single-phase model for tracer gas

The PSPM is first validated with the experiment of Tian et al. [87]. In their exper-
iment, the tracer gas CO2 was adopted as a surrogate of the small-size respiratory
droplets or aerosols to study the performance of DV, SV, and MV in a small office.
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4.1.1 Case description and numerical method

As shown in Figure 4.1, a thermally isolated small office was adopted in the ex-
periment, whose dimensions were length (x) × width (y) × height (z) = 4 m×
3.5 m× 3.5 m. The inlets of DV (1.56 m× 0.355 m), SV (0.19 m× 0.09 m), and
MV (0.19 m× 0.09 m) were located on the front wall (y = 3.5 m). The exhaust
was extended into the office by a square pipe. On the ceiling, there were three
fluorescents, each had a power rate of 72 W. In the office, there was a desk, a closet,
a computer (consisting of a system unit on the floor and a monitor on the desk),
and a manikin. The manikin was represented by a rectangular cuboid. A light bulb
of 100 W was located inside the cuboid to model the thermal effect of a sedentary
human body, and the system unit also had a power rate of 180 W. In the experiment,
different CO2 releasing locations, floor (z = 0 m), desk (z = 0.8 m), and armpit
(z = 1.0 m), were considered, and the profiles of velocity, temperature, and CO2

concentration were measured along the sampling lines under steady states.

(a) (b)

Fig. 4.1 The configuration of the office with DV, SV, and MV: (a) the layout; (b) the locations
of sampling lines and locations of sources. The locations of sampling line 1 to 5 are (x,
y) = (1.7 m, 2.5 m), (2.35 m, 2.5 m), (2.35 m, 2.2 m), (2.35 m, 1.9 m), (2.18 m, 1.25 m),
respectively. The floor source location is (x, y, z) = (2.35 m, 2.20 m, 0.00 m), and the armpit
source is (2.40 m, 0.95 m, 1.00 m).

The computational geometry was built as the experimental configuration. To
reduce the complexity and computational costs, some simplifications were carefully
made. The desk legs, the keyboard, and the cables of the computer were neglected.
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In particular, the ventilation inlet diffusers were also simplified. For example, the
inlet of DV in the experiment was a perforated diffuser with a perforated area ratio of
33.2%, namely, the supplied air can only flow through 33.22% of the DV inlet area.
The reduced flowing area resulted in an increase in inlet velocity. For simplicity, the
detailed geometry of the diffuser was not built but replaced with a simple opening.
To match the perforated area ratio, the method of Zhang et al. [198] was adopted
to specify boundary conditions for the diffuser. It was achieved by specifying the
measured velocity for a number of grid cells of the diffuser boundary. Meanwhile,
the number of grid cells was determined by the perforated area ratio. This method
guaranteed the consistency of supplied air momentum and flow rate and was widely
used to simplify the diffusers [199, 65].

As for the other boundary conditions, they were specified according to the
experimental setups. In this study, six simulations for three ventilation systems
under one inlet flow rate (2.2 air changes per hour, ACH) and two source locations
were performed. The experimental case numbers were: DV-A1, SV-A1, MV-A1,
DV-F1, SV-F1, and MV-F1. Therefore, the velocity was given as mentioned above.
The walls and other surfaces were set as non-slip boundary condition, and a fixed
pressure was prescribed at the exhaust. For the temperature boundary conditions, a
fixed temperature was prescribed at the inlet; fixed power rates were specified for the
fluorescents, the system unit, and the manikin; the walls, the floor, and the ceiling
were set as adiabatic due to the experimental condition of thermal isolation. The
adiabatic boundary condition was also specified for the surfaces not mentioned in
the reference paper. Additionally, the inlet concentration and the source releasing
rate of CO2 were also specified according to experimental data.

The PSPM was adopted for the steady simulations. Since the relative humidity
(RH) was also measured in the experiment, the air was regarded as consisting of
three components, dry air, water vapor, and CO2 in the simulation. Therefore, two
species transport equations for water vapor and CO2 were solved, respectively. The
turbulent diffusivity was calculated using the default turbulent Schmidt number
Sct = 0.7. The molecular diffusivity of CO2 and water vapor were 1.4×10−5 m2s−1

[200, 201]. The thermal physical model depending on temperature and composition
as in Appendix D was used and the turbulence was modeled by using the RNG k− ε

model. The second-order schemes were used to discretize the governing equations.
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The hexahedral grid was built for the simulation and was refined in the regions
near walls and surfaces. The grid convergence was examined using three grids
having 258232 (coarse), 553632 (medium), and 1222930 (fine) cells, respectively. It
was found that the results of the medium grid and the fine grid were very close and
presented good consistency. As a result, the medium grid having 553632 cells was
adopted for the simulations in this study. The details can be found in Appendix E.2.

4.1.2 Results and discussion

Figure 4.2, 4.3 and 4.4 show the predicted and measured profiles of velocity, tem-
perature, and CO2 concentration under DV, SV, and MV, respectively. It can be
seen that the predicted results agree well with the experimental data in most of the
cases. Some discrepancies are found in the profiles of temperature or concentration
at some locations (e.g., Location 5 for DV). They may be caused by the differences
in boundary conditions. As mentioned previously, the reference paper only provides
boundary conditions for several surfaces. For the unmentioned surfaces, the adiabatic
condition was adopted in the simulations, which may be different from the experi-
mental conditions and thus result in discrepancies. Such discrepancies are acceptable.
Furthermore, some flow features that were not captured by the experiment due to
the limited number of measuring points are described by the numerical simulations.
This indicates that the adopted PSPM is reliable in tracing the tracer gas transmission
in indoor environments and is able to provide detailed flow fields.

Additionally, it can be noted that the different ventilation systems, resulting in
different indoor airflow patterns, present different temperature, velocity, and CO2

concentration profiles. In fact, the different ventilation systems are distinguished
by the form in which the fresh air is supplied, including the locations of the inlet
and exhaust, the air passing area, and the air velocity. These differences naturally
result in different indoor airflow patterns, and thus lead to different effectiveness in
removing the respiratory droplets. Figure 4.5 further gives the velocity field of DV,
SV, and MV in the plane of x = 2.2 m, in which the typical indoor airflow patterns of
the three ventilation systems [202] were successfully captured. Detailed discussions
are presented as follows.
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(a)

(b)

(c)

(d)

Fig. 4.2 The predicted and measured results along the sampling lines in the small office under
DV: (a) velocity magnitude; (b) temperature; (c) CO2 concentration with source located at
the armpit (z = 1.0 m); (d) CO2 concentration with source located on the floor (z = 0 m).
Circles: experimental data [87]; solid lines: numerical results of this study.

For the case of DV, the fresh cool air is supplied with a relatively low velocity
from the lower part of the front wall as shown in Figure 4.1a. Therefore, both the
predicted and measured velocities are higher in the lower part as in Figure 4.2a.
Meanwhile, as shown in Figure 4.2b, the temperature at the five sampling lines
is lower near the floor due to the supplied cool air and is higher near the ceiling
due to the thermal effect of the fluorescents. Figure 4.5a presents the magnitude
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and direction of velocity under DV in the plane of x = 2.2 m, which intersects the
manikin and the desk. The supplied cool air has a lower temperature and thus high
density. Therefore, after entering the office, the airflow moves downwards due to
gravity and then moves along the floor. Meanwhile, due to the thermal effect of the
manikin, the air near the manikin surface is heated and its density decreases. The
heated air moves upwards due to buoyancy and presents upward airflow around the
manikin, which is especially significant over the head (or top) of the manikin. Such
upward buoyant airflows tend to transport the tracer gas or aerosols from the floor to
the ceiling.

As a result, when the source is at the armpit as shown in Figure 4.2c, the CO2

concentration increases with the height. When the source is on the floor as shown in
Figure 4.2d, the CO2 concentration presents similar trends. However, at Location
3, 4, and 5 the CO2 concentration near the floor is extremely high. This is because
the source is located at Location 3. At Location 3 and its downstream, Location 4
and 5, the CO2 accumulates in the near wall region, resulting in a high concentration.
Above the near wall region, the CO2 concentration is also increasing with the height.
Therefore, the DV transporting the gaseous pollutant or small-size droplets to the
upper region of the office can reduce the indoor infection risk.

For the case of SV, the fresh cool air is supplied from the middle part of the
front wall as shown in Figure 4.1a. Operating under the same air change rate, its
velocity is higher than DV because of its smaller size. Therefore, as shown in Figure
4.3a, at Location 2, 3, 4, and 5, both predicted and measured velocities present
remarkable velocity peaks at the injection height, which decrease with increasing
traveling distance (from Location 2 to Location 5). At Location 1, far from the SV
inlet, there is no such peak, and the velocity is small and relatively uniform. Figure
4.3b gives the temperature profiles. Similar to the velocity profiles, the numerical
results also present the low-temperature peaks at the injection height due to the
supplied cool air. Such peaks are not found by the experimental results because of
the limited number of measuring points.

Figure 4.5b shows the velocity field under SV. It can be seen that the supplied air
impinges on the manikin. The main part of the airflow moves downwards along the
front surface of the manikin. After reaching the floor, it continues to move along the
floor and then the front wall, finally forming a large recirculation region in front of
the manikin in the lower part of the office. A small part of the flow passes through
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the head of the manikin, impinges on the back wall, and forms a recirculation region
behind the manikin. Additionally, due to the obstruction of the monitor, there is also
a small part of the airflow moving downwards along the monitor. These airflows
determine the distribution of CO2 in the office.

(a)

(b)

(c)

(d)

Fig. 4.3 The predicted and measured results along the sampling lines in the small office under
SV: (a) velocity magnitude; (b) temperature; (c) CO2 concentration with source located at
the armpit (z = 1.0 m); (d) CO2 concentration with source located on the floor (z = 0 m).
Circles: experimental data [87]; solid lines: numerical results of this study.
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(a)

(b)

(c)

(d)

Fig. 4.4 The predicted and measured results along the sampling lines in the small office under
MV: (a) velocity magnitude; (b) temperature; (c) CO2 concentration with source located at
the armpit (z = 1.0 m); (d) CO2 concentration with source located on the floor (z = 0 m).
Circles: experimental data [87]; solid lines: numerical results of this study.

Figure 4.3c gives the CO2 concentration profiles when the source is at the armpit
(z = 1.0 m). It can be seen that at Location 2, there is a low concentration peak
in the height of the SV injection. This is because Location 2 is in front of the SV
inlet. The supplied fresh air, passing through the sampling line, results in the low
CO2 concentration. Below this peak, there is also a smaller high-concentration peak,
which is caused by the recirculation in front of the manikin. From Location 3 to
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5, downstream of Location 2, the CO2 concentration profiles are similar but have
decreasing peak magnitudes due to interaction with the surrounding air. At Location
1, away from the SV inlet, there is no low-concentration peak but only one small
high-concentration peak caused by the recirculation. When the CO2 source is on the
floor (z = 0 m), as shown in Figure 4.3d, similar low concentration peaks are also
observed from Location 2 to 5. However, the CO2 concentration is high in the lower
regions. This is because the CO2 source is located in the recirculation region before
the manikin, which prevents CO2 from being transported to other regions.

The SV, providing fresh air to the breath zone in front of the manikin directly,
can significantly reduce the infection risk. However, its performance might be easily
affected by the location of the people and the layout of the furniture. For example,
a standing person might find it difficult to reach the injected fresh air. Or, using a
larger monitor or installing barriers might block the SV injection and thus affect its
performance. Therefore, when using SV, attention is required for the indoor layout
to obtain better performance.

For the case of MV, the fresh cool air is supplied from the upper part of the front
wall as shown in Figure 4.1a. Similar to SV, its velocity is relatively high. As shown
in Figure 4.4a, at Location 2, 3, 4, and 5, the numerical results present remarkable
velocity peaks at the injection height in the upper part of the office. Correspondingly,
the temperature profiles in Figure 4.4b have low-temperature peaks at the injection
height. Below the injection height, the temperature is almost uniform.

Figure 4.5c shows the velocity field under MV. It can be seen that the injected
airflow gradually moves downwards due to gravity, and results in different recir-
culation regions in the office. Such recirculation regions will fully mix the indoor
air and provide a uniform environment. As a result, below the injection height, in
addition to the temperature, the CO2 concentrations in the two cases of different
source locations are also uniform as shown in Figure 4.4c and Figure 4.4d. This
indicates that the MV can reduce the total amount of aerosols meanwhile it can
promote the uniform dispersion of aerosols. Therefore, MV might not be a suitable
choice to control indoor infection.

In summary, considering the limited experimental conditions provided in the
reference paper, the PSPM gives reasonable predictions of the velocity, temperature,
and CO2 concentration profiles, which present good agreement with the experimental
data. The PSPM is reliable in predicting the transmission of gaseous pollutants or
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aerosols in ventilated indoor environments. Additionally, the DV, SV, and MV result-
ing in different indoor airflow patterns, have different performances in controlling
indoor infection.

(a)

(b)

(c)

Fig. 4.5 The velocity field in the small office under DV, SV, and MV in the plane of x = 2.2 m:
(a) DV; (b) SV; (c) MV.

4.2 The two-fluid model for particles

The TFM was adopted to trace the transmission of particles under indoor ventilation
systems. The experiment of Liu et al. [65] was used, where the velocity, temperature,
and concentration of tracer particles in a large office under DV and MV were
measured.
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4.2.1 Case description and numerical method

As shown in Figure 4.6a, the dimensions of the office were length (x) × width (y)
× height (z) = 7 m× 5.8 m× 3.05 m. The DV inlet was located on the left wall
(x = 0 m), two MV inlets were located on the ceiling, and the exhaust was in a corner
of the ceiling. In the office, there were four manikins (A, B, C, and D), four desks,
four chairs, and four computers (system unit and monitor on the desk). The thermal
effect of the human body was modeled by heating the manikin with a direct electrical
current. The heat production was controlled at around 80 W for each manikin. There
was also one TV on the front wall (y = 5.8 m), one table in the corner, and ten 64 W
fluorescents on the ceiling. The solid droplet residue without further evaporating was
used as tracer particles. Their sizes ranged from 0.3 µm to 2 µm. They were injected
into the office from the emitter in front of the mouth of the manikin A at a velocity
of 1.58 ms−1, and the injection was cycling as 0.8 s on and 1.2 s off. During the
experiment, the profiles of velocity, temperature, and particle concentration were
measured at four vertical sampling lines as shown in Figure 4.6b. Furthermore,
the temperature of some heated surfaces was measured to provide the temperature
boundary conditions for the simulations.

(a) (b)

Fig. 4.6 The configuration of the large office with DV and MV: (a) the layout; (b) the
locations of sampling lines. The locations of sampling line 5 to 8 are (x, y) = (3.5 m, 4.8 m),
(1.0 m, 2.9 m), (3.5 m, 1.0 m), (6.0 m, 2.9 m), respectively.

Compared with the experimental configuration, some simplifications were made
to model the geometry. In addition to the simplifications of keyboards, and cables
of the computers, the manikins and chairs were simplified by using a combination
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of cuboids of similar sizes. The diffuser of DV was simplified as in Section 4.1,
while the geometry of the MV inlet was built as in the experiment. Furthermore,
the round pipes for the ventilation systems were replaced with square pipes. These
simplifications significantly reduce the complexity of the grid and the number of the
cells, and are proved to be reasonable by the results in the later part.

The experimental setups, where the supplied air flow rates were equal to 4 ACH,
were adopted for the simulations. For the case of DV, its diffuser had a perforated
area ratio of 20%, from which the inlet velocity was calculated, and specified using
the method of Zhang et al. [198] as in Section 4.1. For the case of MV, a uniform
inlet velocity for the 4 ACH scenario was specified at the two MV inlets. The
temperatures obtained from experimental measurements were specified for walls
and surfaces. For the fluorescents, the fixed temperature boundary conditions were
used in the simulations which had been adjusted to match the given power rate. For
the particle emitter, a constant velocity of 1.58 ms−1, not varying with time, was
specified as in the E-L approach simulation of Liu et al. [65] and the volume fraction
of the particles was set as 1×10−6.

The TFM was adopted for the transient simulations of particle transmission.
Both air and particles were treated as a continuum and two sets of N-S equations
for the two phases were solved. The diameter of the dispersed phase was set as
0.4 µm because the experiment focused on particles of this size. For the interphase
interactions, only drag force and heat transfer were considered. The former was
evaluated using the model of Schiller and Naumann, while the latter was calculated
using the Ranz-Marshall correlation [203]. The RNG k− ε model was used for the
continuous air phase, and the dispersed particles phase was assumed to be laminar.
A constant thermal physical model was used. The second-order schemes were used
to discretize the governing equations. Furthermore, considering the small sizes of
the particles, the PSPM, solving a particle concentration transport equation, was also
adopted here, and compared with the TFM. The turbulent diffusivity is calculated
using Sct = 0.7 and the molecular diffusivity of CO2 (1.4×10−5 m2s−1) is specified
for the particles. This is reasonable because turbulent diffusion generally overwhelms
molecular diffusion, making the value of molecular diffusivity less influential.

The simulations were performed on hexahedral grids that were refined in the
regions near walls, surfaces, and especially the particle emitter. The grid convergence
was examined using three grids having 964947 (coarse), 1965986 (medium), and
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4571857 (fine) cells, respectively. The medium grid having 1965986 cells was found
to be consistent with the results of the fine grid, so it was adopted for the simulations
in this study. The details can be found in Appendix E.3. Additionally, to further
reduce the computational costs, in the simulations of DV, the geometries of the two
MV inlets were removed.

4.2.2 Results and discussion

Figure 4.7 presents the air velocity, air temperature, and normalized particle concen-
tration profiles under DV obtained from experimental measurements, PSPM, and
TFM. Figure 4.7a gives the air velocity magnitude. It can be seen that the results
obtained using the TFM and the PSPM are close and show good agreement with the
experimental data. Because the DV supplies fresh cool air from the lower part of the
office as shown in Figure 4.6a, velocity is higher near the floor. This is especially
remarkable at location 6 because it is closer to the DV inlet as shown in Figure 4.6b.
Additionally, there are differences, though not significant, between the results of
TFM and PSPM. This is because the TFM takes the effect of particles on airflow
into account, which, though small due to the small size and concentration of the
particles, does make some difference. Figure 4.7b presents the temperature profiles.
the results obtained using the two numerical methods are close and agree well with
the measurement. The cool air enters the office in the lower part, so the temperature
is lower near the floor. In the upper part of the office, the temperature is higher due
to the thermal effect of the heat sources, such as manikins and fluorescents.

The normalized particle concentration, C∗, is shown in Figure 4.7c. It is defined
as C∗ = (C−Cs)/(Ce −Cs), where C, Cs, and Ce are the particle concentration at a
specific location, at the supply, and at the exhaust, respectively. It can be seen that the
concentration profiles predicted by the TFM agree well with the experimental data at
Location 5 and 7, but are lower than experimental data at Location 6 and 8. In fact,
Location 6 is close to the DV inlet, so the particles tend to be transported away from
this region. Location 8 is far from the particle emitter and is obstructed by desks and
barriers so that few particles are transported here. Similar underpredictions were also
found in the numerical results of Liu et al. [65], and they attributed such differences
to the simplifications of the geometry and boundary conditions.
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(a)

(b)

(c)

Fig. 4.7 The predicted and measured results along the sampling lines in the large office under
DV: (a) air velocity magnitude; (b) air temperature; (c) normalized particle concentration.
Circles: experimental data [65]; red solid lines: numerical results of the PSPM; blue dashed
lines: numerical results of the TFM.

Furthermore, it can be noted that the results obtained using the PSPM are close
to those using the TFM at Location 6 and 8 but different at Location 5 and 7. This
is because the two methods solve different equations to trace the transmission of
particles. The PSPM solves Eq. (2.5) to obtain the particle concentration, while the
TFM solves Eq. (2.8) to obtain the particle volume fraction. It is clear that the former
contains a diffusion term and the latter considers the interactions between particles
and air through the velocity in the convection term. In this study, the particle emitting
velocity is along the direction from Location 5 to 7 (y axis) but perpendicular to
the direction from Location 6 to 8 (x axis). Therefore, the particle transport is
mainly influenced by diffusion at Location 6 and 8, whereas it is primarily driven
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by convection at Location 5 and 7. The interphase interaction in the TFM is not
significant due to the small particle size. However, the diffusion term in PSPM seems
strong. It is mainly contributed by the turbulent diffusion. The default Sct = 0.7
results in the magnitude of turbulent diffusivity in most regions being of the order of
1×10−3, which is much larger than the molecular diffusivity. Finally, at Location
6 and 8, governed by diffusion, the additional strong diffusion term of the PSPM
does not result in a significant difference from the TFM. However, at Location 5 and
7, governed by convection, the diffusion term of the PSPM makes its results more
diffusive than those of the TFM, and thus lower than the experimental data.

(a)

(b)

(c)

Fig. 4.8 The predicted and measured results along the sampling lines in the large office under
MV: (a) air velocity magnitude; (b) air temperature; (c) normalized particle concentration.
Circles: experimental data [65]; red solid lines: numerical results of the PSPM; blue dashed
lines: numerical results of the TFM.
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Figure 4.8 presents the air velocity, air temperature, and normalized particle
concentration profiles under MV. It can be seen that the results of the TFM and the
PSPM are close and agree well with the experimental data. This is because the MV
tends to provide a uniform environment through a full mixing as shown in Figure
4.8b and Figure 4.8c. The diffusion term in the PSPM makes little difference in such
a uniform environment, so the PSPM gives results similar to the TFM.

(a) (b)

(c) (d)

Fig. 4.9 The magnitude and direction of air and particles velocity in the large office obtained
using TFM in the plane of x = 2.55 m: (a) air velocity under DV; (b) particles velocity under
DV; (c) air velocity under MV; (d) particles velocity under MV.

Figure 4.9 gives the air and particle velocity obtained using the TFM in the
vertical plane of x = 2.55 m. Comparing Figure 4.9a with Figure 4.9b, or Figure
4.9c with Figure 4.9d, it can be found that the particle velocity is almost identical
to the air velocity. The relative difference between the air velocity and the particle
velocity is defined as DUr = |Uair−Uparticles|/|Uair|. For the case of DV, DUr < 0.1%
in most of the office and DUr < 1.0% in the whole office. Meanwhile, for the case of
MV, DUr < 0.1% in the whole office. These results indicate that the particles tend to
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completely follow the airflow. This feature is confirmed by the values of the Stokes
number, defined as St = τp/τk, where τp = ρpd2

p/(18µc) is the particle time scale,
and τk =

√
νc/εc is the Kolmogorov time scale. In the calculation, the maximum

turbulence dissipation rate εc is used to obtain the maximum Stokes number. For the
considered size, 0.4 µm, the Stokes number is about 1.94×10−4 and 7.32×10−4 for
DV and MV, respectively. According to the work of Balachandar and Eaton [204],
when St < 0.2, it is safe to use the PSPM to predict particle transport.

Furthermore, upward buoyant flows above the manikins and the monitors due
to thermal effect and gravity are observed in the case of DV as in Figure 4.9a. In
the near-floor region, the velocity is also high due to the low inlet location of DV. In
the rest of the office, the velocity is relatively low because there are no heat sources
driving the airflows. However, under MV as shown in Figure 4.9c, in addition to
the buoyant flows similar to DV, the high-speed cool air injected from the ceiling
results in large recirculation regions around the manikins and furniture. Therefore,
the air velocity in the office is higher than that under DV, which finally results in a
full mixing of the indoor air and provides a uniform environment.

Figure 4.10 shows the velocity and normalized concentration distribution in the
horizontal plane of z = 1.12 m (the height of the particle emitter center). Under DV,
as shown in Figure 4.10a, the velocity is high in front of the particle emitter and in
the regions near the heated surfaces, such as manikins and monitors. Additionally,
it can be noted that in the right part of the office, the velocity is relatively high and
points to the left. This is a part of the recirculation caused by the supplied air and
the buoyant flows. The supplied air moves along the floor and turns upwards at
the right wall (x = 7 m), while the buoyant flows move upwards, and then along
the ceiling, finally turning downwards at the right wall. They meet in the middle
part of the right wall and result in the airflows pointing left. Figure 4.10b gives the
normalized concentration C∗ distribution. Under DV, after being injected into the
office, the particles are transported by the buoyant airflows induced by recirculations
to the regions behind the manikin A and C and then dispersed in the office. Due
to the obstruction of the barriers and left pointing flows, the particles are seldom
transported to the right part of the office, and an environment with relatively low
infection risk is provided to the manikin B and D.

Figure 4.10c gives the velocity distribution under MV. It can be seen that the
airflows are more complex than those under DV, consisting of recirculations caused
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by the buoyant flows and the supplied air. These recirculations provide good mixing
of the indoor air, which results in an almost uniform dispersion of particles in the
office as shown in Figure 4.10d. This again confirms that DV may be a better choice
than MV to control indoor infection.

(a) (b)

(c) (d)

Fig. 4.10 The magnitude and direction of air and particle velocity in the large office obtained
using TFM in the plane of z = 1.12 m: (a) air velocity under DV; (b) normalized particle
concentration under DV; (c) air velocity under MV; (d) normalized particle concentration
under MV.

In summary, the TFM can accurately predict the transmission of particles within
a narrow size range in ventilated environments. When the particle sizes are small,
they tend to completely follow the airflows. In this case, the PSPM can also be used
to predict the transmission but special attention should be paid to the diffusion term
to avoid too strong diffusion in nonuniform environments.
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4.3 The EE-PBE approach for evaporating droplets

The EE-PBE approach was adopted to trace the transmission and evaporation of
the respiratory droplets. The experiment of Wang et al. [68] was used, where the
concentration and size distribution of evaporating droplets in a negative pressure
isolation ward equipped with MV were measured.

4.3.1 Case description and numerical method

The dimensions of the ward, as shown in Figure 4.11a, were length (x) × width (y)
× height (z) = 4.22 m×2.66 m×2.8 m. Two MV inlets with a size of (0.135 m×
0.24 m) were located on the ceiling, and the exhaust with a size of (0.27 m×0.27 m)
was in the lower corner of the ward. In the ward, there was one manikin, one bed,
one table, and one equipment belt above the bed. The manikin was heated to keep
a temperature of 34± 1 ◦C. In the simulations, the geometry of the manikin was
simplified by a combination of cuboids of similar sizes. Additionally, there were
two door gaps on the back wall (y = 0 m), from which the leaking flows caused
by pressure difference passed through. The measurements showed that the airflow
flowed into the ward from door gap 1 (with the size of 1.14 m × 0.02 m) at a velocity
of 2 m/s while flowed out of the ward from door gap 2 (with the size of 0.9 m ×
0.02 m) at a velocity of 2.3 m/s.

(a) (b)

Fig. 4.11 The configuration of the negative pressure isolation ward with MV: (a) the layout;
(b) the locations of sampling lines and points. The location of velocity sampling line 1 is
(y, z) = (0.6 m, 1.5 m) while the location of line 2 is (x, z) = (2.8 m, 1.5 m). The locations
of concentration and size distribution sampling points 1 to 4 are (x, y, z) = (2.27 m, 1.96 m,
1.6 m), (2.76 m, 1.25 m, 1.6 m), (1.75 m, 0.6 m, 1.6 m), (1.1 m, 1.96 m, 1.6 m), respectively.



84 Respiratory droplet transmission under ventilation systems

Table 4.1 Moments at the inlet for the case of droplet transmission in the isolation ward.

Variable Value

αd (-) 1×10−6

M0 (m−3) 4.013053×1011

M1 (m−2) 4.936059×105

M2 (m−1) 8.492310×10−1

M3 (-) 1.909859×10−6

In the experiment, artificial saliva was used to generate the evaporating tracer
droplets. The droplets were injected into the ward from the mouth of the manikin.
The measurements showed that the droplet sizes ranged from 0.3 µm to 5 µm. As
shown in Figure 4.11b, the profiles of velocity were measured along two horizontal
sampling lines while the droplet concentration and size distribution were measured
at 4 sampling points.

The boundary conditions were specified according to the experimental setups. A
fixed velocity was given at the two MV inlets to provide an air flow rate of 12 ACH
for the ward. At the two door gaps, the experimentally measured magnitude and
direction of velocity were prescribed. The walls and other surfaces were set as no-slip
boundary condition, and a fixed pressure was given at the exhaust. For temperature
boundary conditions, the value of 299.1 K was specified for the two MV inlets, and
307.1 K was given for the surface of the manikin. The walls and other surfaces were
set as adiabatic. The RH was kept at 60% in the ward. For the droplet emitter, the
following boundary conditions were given to model a breath: velocity of 0.5 ms−1;
temperature of 309.1 K, and RH of 90%. The mass flow rate of the droplets was not
provided in the reference paper. To ensure the continuum assumption, the volume
fraction of droplets at the emitter inlet was set as αd = 1×10−6, which is proved
to be reasonable by the following results. The moments were calculated using the
measured size distribution at the emitter and are given in Table 4.1.

Since the droplet sizes were distributed in a relatively narrow range, the EE-PBE
approach for droplets of varied sizes moving with the same velocity (mono-solver)
was adopted for the transient simulations. Schiller and Naumann drag force model,
Ranz-Marshall heat transfer model, and Frössling mass transfer model were used
for the interphase momentum, heat, and mass exchanges; the RNG k− ε turbulence
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model and laminar behavior were specified for the continuous phase and the dispersed
phase, respectively; the temperature and composition-dependent thermal physical
model of Appendix D was used. For the setup of the PBE, two quadrature nodes
were used, so that four moment transport equations were solved. Additionally, to
model the droplet residues in the experiment, a minimum droplet diameter of 1.0 µm
was specified, below which the evaporation stops. The first-order upwind scheme
was used here to minimize the stability and realizability issues of the QMOM solver.

Hexahedral grids refined in the regions near walls and surfaces were adopted
for the simulations. The grid convergence was examined using three grids having
627326 (coarse), 1143714 (medium), and 2280912 (fine) cells, respectively. It was
found that the results of the medium grid and the fine grid were close showing good
consistency. Therefore, the medium grid having 1143714 cells was adopted for the
simulations in this study. The details can be found in Appendix E.4.

4.3.2 Results and discussion

Figure 4.12 compares the predicted velocity profiles and dimensionless concentration
with the experimental data. Good agreement is observed, indicating that the EE-
PBE coupled approach is reliable in tracing the indoor transmission of evaporating
droplets. Figure 4.12a gives the air velocity profile along the sampling line 1. It can
be seen that there is a velocity peak centered at x = 1.75 m. This is caused by the air
supplied from the ventilation inlet 2, which is just above the sampling line 1 as shown
in Figure 4.11b. Similarly, as shown in Figure 4.12b, a velocity peak appears just
below the ventilation inlet 1 at y = 1.25 m. Figure 4.12c presents the dimensionless
concentration Ci. It is calculated by dividing the local concentration by the average
concentration at the four measurement points (P1 to P4) as Ci = M0,i/(∑

4
i=1 M0,i/4),

(i = 1,2,3,4). Because of the supplied fresh air, the concentration is low in regions
below the ventilation inlets, namely, at point 2 and point 3, whereas the concentration
is higher at point 1 and point 4, which are located near the droplet emitter at the
head of the manikin. In addition, the concentration at point 1 is lower than that
at point 4 which is located further from the ventilation inlet. The concentration
differences present the ability of the adopted ventilation system to remove or dilute
the respiratory droplets.
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(a) (b)

(c)

Fig. 4.12 Comparison between simulation results and experimental data in the ward with MV:
(a) air velocity profile along line 1; (b) air velocity profile along line 2; (c) dimensionless
concentration at the four sampling point. Circles: experimental data [68]; solid lines or
squares: numerical results of this study.

Figure 4.13 shows the contour plots of droplet diameter, velocities, and concen-
tration in the plane of x = 1.685 m, which passes through the middle section of the
manikin. Figure 4.13a presents the Sauter mean diameter of the droplets calculated
as dd = M3/M2. The droplet diameter at the emitter was calculated using the experi-
mental size distribution and was equal to 2.25 µm. As mentioned above, a minimum
diameter of 1 µm is specified to represent the droplet nuclei that are not further
evaporating. It can be seen that the droplet diameter is larger than the minimum
value only in a small region near the mouth, and in the remaining regions, it is equal
to the minimum value. This indicates that the droplets evaporate into nuclei very
quickly. This is reasonable since in our previous work [203], we found that droplets
with a size of 10 µm might fully evaporate within one second, and smaller droplets
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evaporate even faster. This finding is also consistent with the experimental results.
Wang et al. [68] measured the droplet size distribution at the four measurement
points, and almost identical distributions were found at the four different points. This
implies that the droplets evaporate and form nuclei very quickly. Such nuclei are
subsequently transported by the airflows to different regions in the ward.

Figure 4.13b and Figure 4.13c give the air and droplet velocities, which are very
close due to the small sizes of the droplet nuclei. To reproduce the experimental setup,
the human breath is modeled by a droplet-laden flow injected from the mouth of the
manikin with a constant velocity, equal to 0.5 ms−1, pointing upwards. Therefore,
there is an upward flow above the head of the lying manikin. Meanwhile, the fresh
air is supplied from the ventilation inlet 2 downwards, developing and decelerating
in the ward, finally impinging on the floor and resulting in the airflows in the near
floor regions. Additionally, the left part of the supplied air impinges on the bed
and forms an airflow pointing left. This airflow, heated by the legs and trunk of
the manikin, moves along the manikin’s body and finally joins the upward exhaled
air. Furthermore, in the left lower corner, close to the exhaust, the velocity is also
relatively high. Such indoor airflows determine the distribution of the droplets.

Figure 4.13d gives the droplet number concentration normalized using the inlet
value, C∗ = M0/M0,in. Obviously, the concentration is high in the exhaled air
near the manikin mouth and is low in the injected air close to the ventilation inlet.
Additionally, quickly evaporating into the nuclei, and tending to completely follow
the airflow, the droplets are transported by the previously mentioned upward airflows
above the manikin head to the upper part of the ward. This is consistent with the
numerical results of Wang et al. [68]. They adopted the E-L approach to predict
droplet transmission and found that the droplet nuclei mainly concentrated in the
upper part of the ward and deposited mostly on the ceiling. This stratified distribution
is caused by the incomplete mixing of indoor air. The breathing velocity is relatively
low. The fresh air is supplied away from the manikin mouth and pointing downwards.
Therefore, the interference between these two flows is relatively weak and leads to
incomplete mixing.

In summary, the TFM-PBE coupled approach can be used to trace the transmis-
sion of evaporating droplets. The small droplets evaporate into nuclei very quickly
and then follow the airflow.
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(a)

(b) (c)

(d)

Fig. 4.13 The contour plots of droplets diameter, velocities, and normalized concentration
in the ward with MV in the plane of x = 1.685 m: (a) droplet Sauter mean diameter; (b) air
velocity; (c) droplet velocity; (d) normalized concentration of droplets.
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4.4 Summary

In this chapter, the ability of different Eulerian approaches to trace the transmission
of different kinds of droplets in ventilated indoor environments is assessed by com-
paring them with experimental results reported in the literature. The performance of
different ventilation systems to dilute or remove the virus-laden respiratory droplets
is discussed.

The pseudo-single-phase model is adopted to predict the transmission of a tracer
gas that is widely used as a surrogate of small-size respiratory droplets or aerosols
in studies of indoor ventilation systems. The experiment tracing CO2 transmission
in an office under DV, SV, and MV is adopted. The predicted CO2 concentration
profiles agree well with the experimental data, indicating the reliability of PSPM.
The DV transports the tracer gas to the upper part of the office, providing a stratified
environment; the MV disperses the tracer gas uniformly in the office, providing a
uniform environment; and the SV supplies the fresh air to the breath zone directly,
providing good air quality there. Therefore, the SV is recommended to control
indoor infection.

The two-fluid model and the pseudo-single-phase model are used to trace the
transmission of particles ranging from 0.3 µm to 2 µm in an office with DV and MV.
The results of TFM show good agreement with experimental measurement. The
air and particle velocities are almost identical, confirming that the small particles
tend to completely follow the airflows. The results of PSPM are close to TFM,
except that PSPM underpredicts the concentration in the case of DV due to a strong
diffusion. Therefore, PSPM can be used to trace the transmission of small particles
but requires a suitable diffusion coefficient. Additionally, similar to the previous
case, the stratified environment of DV and the uniform environment of MV, are
observed, respectively.

The EE-PBE approach is used to trace the transmission of evaporating droplets in
a negative pressure isolation ward. The predicted velocity and concentration profiles
agree well with the experimental data. The droplets ranging from 0.3 µm to 10 µm
are found to evaporate into nuclei very quickly and accumulate in the upper part of
the ward, which is consistent with experimental results. These results present the
ability of the EE-PBE approach to accurately the temporal evolution of the sizes and
locations of the droplets.



Chapter 5

Conclusions

The COVID-19 pandemic has spread widely around the world and made a huge
difference to all aspects of society. It is found to be able to be transmitted by the
virus-laden respiratory droplets (or aerosols) exhaled by an infected person. People
spend most of their time in indoor environments, such as offices, classrooms, and
hospital wards. The ventilation systems, changing the indoor ambient conditions
and resulting in different indoor airflow patterns, are widely used to dilute or remove
respiratory droplets. Therefore, the knowledge of the transmission of respiratory
droplets in ventilated indoor environments is important to break the transmission
chain and control the infection.

The transmission of respiratory droplets is a complex multiphase system, whose
description must include features such as multiphase flow, polydisperse populations
of droplets, multicomponent mass transfer, heat transfer, and evaporation. Com-
putational fluid dynamics provides an efficient and reliable tool to investigate the
droplet transmission. The dispersed droplets can be treated in a Lagrangian manner
or in an Eulerian manner. The former tracks the movement of a number of droplets
individually. It can easily deal with the polydispersity and evaporation of the droplets
but may require high computational costs. The latter treats the dispersed droplets
as a continuum, either being in the same phase with the air or being an additional
continuous phase interpenetrating with the air phase. Although dealing with the
polydispersity of the population and the evaporation of the droplets is more complex
in an Eulerian framework than in a Lagrangian one, the Eulerian approach gener-
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ally has lower costs, which makes it promising in the numerical study of droplet
transmission in ventilated indoor environments.

In this dissertation, to fully exploit the advantage of the lower costs of the Eulerian
approach, the population balance equation is coupled with the Eulerian-Eulerian
approach to trace the transmission of the polydispersed evaporating respiratory
droplets in indoor environments equipped with ventilation systems. The related
codes are developed based on the open-source software OpenFOAM and its module
OpenQBMM and are verified and validated using the experimental and numerical
data in the literature. Different Eulerian approaches are adopted to investigate the
transmission of different kinds of respiratory droplets under different ventilation
systems. The conclusions are drawn as follows.

In Chapter 2, different Eulerian approaches, including the pseudo-single-phase
model and the Eulerian-Eulerian approach (multi-fluid model), are reported first.
Then, the population balance equation and its coupling with the Eulerian-Eulerian
approach are presented. The algorithms for two PBE solving methods, the sectional
method (SM) and the quadrature method of moments (QMOM), are illustrated.

In Chapter 3, the developed EE-PBE approach for the transmission and evapo-
ration of polydispersed respiratory droplets is systematically verified and validated
with experimental or numerical data from the literature. This is performed by first
assessing the different aspects of the transmission process using the experimental
and numerical results in the literature, including evaporation, movement of the res-
piratory jet (or puff), and particle transmission in ventilated environments. Good
agreements are found, indicating that the EE-PBE approach is capable of dealing
with the different aspects of droplet transmission. Finally, all features are collectively
considered through the examination of the transmission of polydispersed evaporating
cough droplets in a 3D chamber. The SM-solver and the QMOM poly-solver are
adopted and compared. The suspending trends of small droplets and the falling
trends of large droplets are currently reproduced by both approaches. The droplets
are found to be able to travel a distance longer than 2 m, which is valuable for the
guidelines of social distancing. Additionally, the advantages and disadvantages of the
two methods are discussed. Both methods can directly provide variables, like volume
fraction for analyses. Compared with SM, which needs a preliminary subdivision of
the population of droplets in classes, no user intervention is required for QMOM,
which is free of unreasonable results caused by inappropriate criteria.
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In Chapter 4, the ability of different Eulerian approaches to trace the transmis-
sion of different kinds of droplets in ventilated indoor environments is assessed
by comparing them with experimental results reported in the literature, and the
performances of different ventilation systems are discussed. The PSPM is adopted to
predict the transmission of tracer gas, the surrogate of small-size respiratory droplets
or aerosols, in an office under DV, SV, and MV. The predicted results agree well with
the experimental data, indicating the reliability of the PSPM. The DV transports the
tracer gas to the upper part of the office, providing a stratified environment; the MV
disperses the tracer gas uniformly in the office, providing a uniform environment;
and the SV supplies the fresh air to the breath zone directly, providing good air
quality there. Therefore, the SV is recommended to control indoor infection. The
TFM and PSPM are used to trace the transmission of tracer particles ranging from
0.3 µm to 2 µm in an experimental office with DV and MV. The results of TFM
show good agreement with measurement. The air and particle velocities are almost
identical, confirming that the small particles tend to completely follow the airflows.
The results of PSPM are close to TFM, except that PSPM underpredicts the concen-
tration in the case of DV due to a strong diffusion. Therefore, PSPM can be used to
trace the transmission of small particles but requires a suitable diffusion coefficient.
Additionally, similar to the previous case, the stratified environment of DV and the
uniform environment of MV are observed. Finally, the EE-PBE approach is used to
trace the transmission of evaporating droplets in a negative pressure isolation ward.
The predicted velocity and concentration profiles agree well with the experimental
data. The droplets ranging from 0.3 µm to 10 µm are found to evaporate into nuclei
very quickly and accumulate in the upper part of the ward, which is consistent with
experimental results. These results present the ability of the EE-PBE approach to
accurately the temporal evolution of the sizes and locations of the droplets.

In conclusion, the developed EE-PBE approach is proven to be able to trace
the transmission of polydispersed evaporating respiratory droplets. The different
Eulerian approaches, capable of dealing with different kinds of respiratory droplets,
provide reliable and efficient tools for studies on respiratory droplet transmission in
ventilated indoor environments. In future works, the multi-component composition
of respiratory droplets, affecting evaporation, will be considered to reveal the droplet
transport under real-world conditions. Meanwhile, the droplet residence time will be
analyzed using the mean age theory to evaluate the performance of different indoor
ventilation systems.
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Appendix A

Derivation of the diameter change
rate

For a single droplet, the mass transfer rate ṁ = dm/dt can be related to the diameter
change rate Gd = dd/dt using the following equation:

ṁ =
dm
dt

=
d
dt

(
π

6
ρdd3

)
=

π

2
ρdd2 dd

dt
=

π

2
ρdd2Gd, (A.1)

Therefore, the diameter change rate for the pth quadrature node, Gd,p, can be
calculated as:

Gd,p =
2

πρdd2
p

ṁd,p, (A.2)

where dp is the diameter of the pth quadrature node, ṁd,p is the mass transfer rate
for a single droplet represented by the pth quadrature node and can be obtained from
the TFM.

For the QMOM mono-solver in Section 2.4.2, the Sauter mean diameter dd

representing the DSD is used to calculate the mass transfer rate per unit volume, ṁd,
using Eq. (2.18). Therefore, ṁd represents the overall evaporation of the droplets.
In order to calculate Gd,p, ṁd must be reallocated to the quadrature nodes to obtain
ṁd,p.

According to Eq. (2.18), the mass transfer rate of water per unit volume for the
pth quadrature node, ṁp, can be written as:

ṁp = ρckd,p(Yf,d −YH2O), (A.3)
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where kd,p is the volumetric mass transfer coefficient of the pth quadrature node and
it can be written as:

kd,p =
6αd,pShDc

d2
p

, (A.4)

where αd,p = αdwpd3
p/M3 = πwpd3

p/6 is the volume fraction of the pth quadrature
node, wp is the number concentration (or weight) of the pth quadrature node, and dp

is the diameter (or abscissa) of the pth quadrature node.

Substituting Eq. (A.4) into Eq. (A.3), we have

ṁp = πwpdpρcShDc(Yf,d −YH2O), (A.5)

and
ṁd = ∑

p
ṁp = πM1ρcShDc(Yf,d −YH2O), (A.6)

Therefore,

ṁp =
wpdp

M1
ṁd. (A.7)

For a single droplet represented by the pth quadrature node, the mass transfer rate,
ṁd,p, can be written as:

ṁd,p =
ṁp

wp
=

dp

M1
ṁd, (A.8)

Substituting Eq. (A.8) into Eq. (A.2), we have the diameter change rate, Gd,p:

Gd,p =
2

πρddpM1
ṁd, (A.9)

which is Eq. (2.61) in Section 2.4.2.

For the QMOM poly-solver in Section 2.4.3, the quadrature node diameters, dp,
are used in the calculation of interfacial models. Therefore, ṁp are obtained from
the TFM by Eq. (A.3), and the diameter change rate can be calculated as:

Gd,p =
2

πρdwpd2
p

ṁp, (A.10)

which is Eq. (2.72) in Section 2.4.3.



Appendix B

Algorithm for PBE with a single
velocity

Eq. (2.59) is solved by a time-splitting method as follows:

1. Use the initial M3 and M2 (at time t) to calculate the disperse phase diameter
(Sauter mean diameter) dd as in Eq. (2.62), with which update the interfacial
models. Then, solve the TFM from t to t +∆t to obtain the disperse phase
velocity Ud and the interfacial mass transfer rate ṁ;

2. Use Ud obtained from TFM to integrate the moment equations containing only
the advection part from t to t +∆t:

∂Mk

∂ t
+∇ · (UdMk) = 0, (B.1)

and update the quadrature, wp and dp;

3. Use ṁ obtained from TFM to calculate Gd,p and update the abscissas as:

dp(t +∆t) = dp(t)−
2

ρdπdpM1
ṁ∆t. (B.2)

If dp(t +∆t)< dmin, let dp(t +∆t) = dmin to limit the minimum diameter of
the droplets and kc = 0 to make ṁ be consistent in TFM abd PBE. Finally,
update the moments using the weights and the updated abscissas and return to
step (1) for the next time step.
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Algorithm for PBE with multiple
velocities

Eq. (2.69) and Eq. (2.70) are also solved by a time-splitting method as in the work
of Heylmun et al. [149]:

1. Use Mk and Uk to find wp, dp and Up. And calculate the relative velocity as
Vp = Up −Ud;

2. Solve the relative transport equation to obtain M∗
k and U∗

k as:

∂Mk

∂ t
+∇ ·Vk = 0, (C.1)

∂Uk

∂ t
+∇ ·Pk,r = 0. (C.2)

3. Use M∗
k and U∗

k to update the quadrature node volume fraction and diameter
as αd,p = (αdwpd3

p)/M3 and dd,p = dp. Then, solve the TFM to update the
average disperse phase velocity Ud and the interfacial mass transfer rate of the
pth node ṁp;

4. Correct the flux to make αd consistent with π

6 M3 by solving the following
equation of ψ

6αd/π −M∗
3

∆t
+∇ · (M∗

3Ud)+∇ · (M∗
3∇ψ) = 0, (C.3)
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then, the average velocity is corrected as U∗
d = Ud +∇ψ;

5. Use U∗
d to solve the average transport equation as

∂Mk

∂ t
+∇ · (MkU∗

d) = 0, (C.4)

∂Uk

∂ t
+∇ · (U∗

d ⊗Uk) = 0, (C.5)

and updated wp, dp and Up;

6. Use ṁp obtained from TFM to update the size abscissas dp as

dp(t +∆t) = dp(t)−
2

ρdπwpd2
p

ṁp∆t, (C.6)

If dp(t+∆t)< dmin, then let dp(t+∆t) = dmin and kc = 0. Update the velocity
abscissas Up by solving the following equations:

αd,pρd
∂Up

∂ t
= αd,pρdg+Md,p − ṁpUp, (C.7)

where Md,p is the forces acted on the pth node, such as drag force;

7. After updating Up, re-compute Uk, and the mass averaged Ud as

Ud =
∑

N−1
p=0

(
wpd3

pUp
)

M3
, (C.8)

and return to step (1) with the updated Mk and Uk for the next time step.



Appendix D

Thermal physical properties

The thermal physical properties are of great importance in the simulation of droplet
evaporation. For the present evaporation model, the following thermal physical
variables are important: density, absolute enthalpy, sensible internal energy, heat
capacity, dynamic viscosity, and conductivity. Fortunately, OpenFOAM provides
numerous thermal physical property models that can provide accurate descriptions
of the properties of the substances.

For the disperse phase, the pure water droplets, the constant thermal physical
properties for pure substance are adopted as: the density ρd = 1000 kgm−3, the
heat capacity at constant volume Cv,d = 4195 Jkg−1 K−1, the chemical enthalpy
Hc,d =−1.5879×107 Jkg−1, the dynamic viscosity µd = 8.9266×10−4 kgm−1 s−1

and the Prandtl number Pr = 6.14.

Then, the absolute enthalpy is

Ha,d =Cv,d(Td −T ∗)+Hc,d + p/ρd (D.1)

where T ∗ = 298.15 K is the reference temperature; the sensible internal energy is
Ed =Cv,d(Td −T ∗); and the conductivity is κd =Cp,dµd/Pr.

For the continuous phase, the thermal physical models for a two-component
mixture (water vapor and air) are adopted. For each component, the absolute enthalpy
and sensible internal energy are calculated by polynomials of temperature fitting
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NIST-JANAF thermochemical tables as:

Ha = R
(a4

5
T 5 +

a3

4
T 4 +

a2

3
T 3 +

a1

2
T 2 +a0T +a5

)
, (D.2)

E = Ha −H∗
a − p/ρc, (D.3)

where R is the specific gas constant, ai are the coefficients and listed in Table D.1,
and H∗

a, is the reference enthalpy equal to the absolute enthalpy at T ∗ (298.15 K).
Consequently, Cp and Cv can be obtained as:

Cp = R
(
a4T 4 +a3T 3 +a2T 2 +a1T +a0

)
, (D.4)

Cv =Cp −R. (D.5)

The viscosity and conductivity are specified by Sutherland’s law as:

µ =
As
√

T
1+Ts/T

, (D.6)

κ = µCv(1.32+1.77R/Cv), (D.7)

where As = 1.458×10−6 and Ts = 110.4 for both components.

Finally, the variable φ (i.e., E, H, µ , ...) for the mixture is calculated by the
species mass fraction Yi and variable φi as φ = ∑

2
i Yiφi. Additionally, the molar mass

for air is Wair = 28.96 kgkmol−1, for water vapor is Mwater = 18.02 kgkmol−1 and
for the mixture is M̄ = 1/(∑2

i Yi/Mi). The density of the mixture is calculated by the
perfect gas equation.

Table D.1 Coefficients for thermal properties of water vapor and air.

Specie Water vapor Air

a0 4.19864 3.09589
a1 −2.0364×10−3 1.22835×10−3

a2 6.52040×10−6 −4.14267×10−7

a3 −5.48797×10−9 6.56910×10−11

a4 1.77198×10−12 −3.87021×10−15

a5 −3.02937×104 −9.83191×102
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Grid consistency examination

E.1 Grid for three-dimensional chamber

For the three-dimensional chamber, the grid convergence was examined using three
grids having 364640 (coarse), 831220 (middle), and 1912700 (fine) cube cells,
respectively. At each step, the grid was refined in the three directions with a factor
of approximately 1.3, so the total factor is about 2.3. The case of sneeze jet front
evolution in Section 3.3 was adopted for the grid convergence examination.

The results are shown in Figure E.1. It can be seen that differences in the results
of the three grids were small. However, the result of the coarse grid showed a
step-function-like behavior after t = 0.6 s. For example, the moving distance of
the jet front kept 1.28 m from 0.9 s to 1.0 s and then increased to 1.33 m and kept
constant from 1.05 s to 1.15 s. This was because, after t = 0.6 s, the velocity of
the exhaled jet (or puff) was low. The coarse grid made it difficult to capture the
slow movement. However, the middle grid and the fine grid, showing a continuous
increment, can better capture such a slow movement. Considering the computational
costs and accuracy, the middle grid of 831220 cells was adopted for the simulations
in this study.
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Fig. E.1 The results of grid convergence examination for the three-dimensional chamber.

E.2 The office with DV, SV and MV

For the small office equipped with DV, MV, and SV [87], the grid convergence was
examined using three grids having 258232 (coarse), 553632 (medium), and 1222930
(fine) cube cells, respectively. The setup of MV was adopted as a test case and the
results at the sampling line 4 of Figure 4.1b were shown in Figure E.2. It can be seen
that the results of the medium grid and the fine grid were very close. Considering the
computational costs and accuracy, the medium grid having 553632 cells was adopted
for the simulations in this study.

Fig. E.2 The results of grid convergence examination for the small office under MV (velocity,
temperature and concentration profiles along sampling line 4 of Figure 4.1b). Red solid lines:
coarse grid; green dashed lines: medium grid; blue dash-dotted lines: fine grid.
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E.3 The office with DV and MV

For the office equipped with DV and MV [65], the grid convergence was examined
using three grids having 964947 (coarse), 1965986 (medium), and 4571857 (fine)
cube cells, respectively. The setups of MV were adopted. The results are shown
in Figure E.3. It can be seen that the results of the medium grid and the fine grid
were very close. Considering the computational costs and accuracy, the medium grid
having 1965986 cells was adopted for the simulations in this study.

Fig. E.3 The results of grid convergence examination for the office under MV (velocity,
temperature and concentration profiles along sampling line 6 of Figure 4.6b). Red solid lines:
coarse grid; green dashed lines: medium grid; blue dash-dotted lines: fine grid.

E.4 The negative pressure isolation ward

For the negative pressure isolation ward equipped with MV [68], the grid convergence
was examined using three grids having 627326 (coarse), 1143714 (medium), and
2280912 (fine) cube cells, respectively. The velocity profiles predicted using the
three grids are shown in Figure E.4. It can be seen that the results of the medium grid
and the fine grid along line 1 and line 2 of Figure 4.11b were very close. Considering
the computational costs and accuracy, the medium grid having 1143714 cells was
adopted for the simulations in this study.
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Fig. E.4 The results of grid convergence examination for the negative pressure isolation ward
with MV. Red solid lines: coarse grid; green dashed lines: medium grid; blue dash-dotted
lines: fine grid.
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