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ABSTRACT 

 
Recent studies argue that inhalation of respiratory droplets in indoor environments is one of 

the significant routes of COVID-19 infection. In many cases, patients are isolated in hospitals and 
quarantine centers to minimize the spread. However, the rooms allocated to these patients are 
accessed by health care and sanitization workers a couple of times in a day. Since the expiratory 
activities release airborne droplets with certain viral load, there is a greater need to study the 
survival of these droplets in the room of a patient to control the exposure to the accessing people. 
A bi-compartment and bi-component numerical model is developed to study the survival of these 
droplets in a room, taking into consideration the deposition rates of the droplets and the 
ventilation rates in the room. The vital aspects related to the survival of the droplets, such as the 
effect of the severity of the infection, types of releases, size-dependent deposition and role of 
ventilation are discussed. 
 
Keywords: COVID-19, Expiratory release, Severity of infection, Size-dependent deposition, Survival 
of droplets 
 

1 INTRODUCTION 
 

Even after nearly eight months since the first detection, (WHO, 2020a, b) corona virus disease 
(COVID-19) pandemic has been wreaking havoc to the healthcare sector and economy across the 
world. The pandemic has brought together researchers across multiple disciplines to understand 
various aspects, from the modes of transmission to finding possible cures and vaccines to the 
dreaded virus. Even with stringent measures, including a complete shutdown, the number of 
cases has been increasing at an alarming rate. Although most of the countries are in an intensive 
pursuit to bring out an effective vaccine or an antidote, using proven protective equipment, social 
distancing and quarantine are the main effective precautions followed. 

It has been documented that transmission of the disease from one person to another can 
happen through infectious airborne droplets released from the affected person (Morawska and 
Cao, 2020). These droplets are released into the air when an infected person coughs or sneezes, 
while fine droplets can be released even through human speech with a correlation found with 
the loudness of the voice (Asadi et al., 2019). Even with our sustained efforts to understand the 
situation better, there are still many unknowns even in the modes of transmission. Transmission 
through expiratory droplets in an indoor environment has been touted as a significant source for  
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the transmission of the viruses. 
The experimental measurements (Duguid, 1946; Loudon and Roberts, 1967; Papineni and 

Rosenthal, 1997; Morawska et al., 2009; Johnson et al., 2011; Lindsley et al., 2012) showed that 
these aerosol droplets have a diameter greater than 0.1 µm. The droplet shrinking due to 
evaporation of volatile content and their trajectories following expiratory releases are investigated 
(Xie et al., 2007; Liu et al., 2017) and found that significant part of the droplets precipitates to 
the ground within 1–2 m range, when released in the environment. Depending on the conditions, 
a minor fraction could still be airborne and currently, the viral loads in the droplets are also not 
very well understood. However, it is quite obvious that the concentration of droplets significantly 
reduces due to the dilution effect apart from other processes such as deposition, coagulation etc. 
The lifetime of the virus on various surfaces is also an important factor in determining the spread 
of the disease and a few studies have been done on understanding the half-life of this virus on 
various surfaces (van Doremalen et al., 2020). In contrast, in an indoor environment, the droplet 
concentration in the air may vary drastically, as the reduction rate is controlled by many factors 
such as room geometry, air exchange, ventilation rate, evaporation, coagulation rate and surface 
deposition. Over the last few decades, there have been several studies on understanding the 
effects of the factors in altering the concentration of indoor air pollutants either using uniformly 
mixed or computational fluid dynamics models (Chen and Zhao, 2011; Buonanno et al., 2020; 
Feng et al., 2020). Currently, there are no studies available that describe the threshold value of 
infectious aerosol concentration that can cause effective transmission, and it is also likely that it 
might vary from person to person depending on their immunity. 

Since the affected patients are isolated and kept in special rooms of hospitals and quarantine 
centers, studying the number concentration of infectious droplets in those facilities is very 
important to avoid unwanted exposure to the other people. A recent study done in two hospitals 
in Wuhan reported that the concentration of SARS-CoV-2 RNA in aerosols were found to be quite 
low in isolation wards and rooms which were well ventilated (Liu et al., 2020b). However, the 
concentration was found to be high in the toilet areas of the patients where the ventilation rate 
was quite low. More than half of the coworkers in one floor in a Korean call-center were tested 
positive, clearly showing the potential for transmission in indoor environments (Park et al., 2020). 
Other outbreaks in indoor scenarios such as in-flight transmission (Bae et al., 2020; Chen et al., 
2020; Freedman and Wilder-Smith, 2020), dining at airconditioned restaurant (Lu et al., 2020), 
singing in confined places (Bahl et al., 2020; Miller et al., 2020) etc., raising a great concern 
worldwide (Morawska and Milton, 2020; World Health Organization, 2020c). 

In this work, we are presenting a comprehensive investigation on the evolution of the droplet 
size distribution and its concentration from expiratory activities in a ventilated room, by using a 
bi-component, bi-compartment indoor air model, taking into account the effects of coagulation, 
deposition and the ventilation rates. In reality, modeling of aerosol dynamics in a ventilated room 
with the microphysical processes such as coagulation, deposition and resuspension following 
their release in the form of a turbulent jet is a complex problem for multicomponent aerosols. 
Hence simple indoor models are being considered which assume uniform mixing in the indoor 
environment with single aerosol component to avoid complexity. In the present study, a bi-
compartment model that account for spatial variation in gross manner and bi-component system 
to address the interaction of expiratory droplets with background aerosols is considered to study 
the virusol concentrations in a room. 

 

2 MODEL DEVELOPMENT 
 
2.1 Problem Formulation 

The expiratory events release finite volume puffs containing aerosol droplets. These puffs are 
then transported and dispersed inside the room by internal mixing and ventilation. In the single-
compartment indoor model, it is assumed that the indoor pollutants/aerosols are uniformly 
distributed inside the whole room volume instantaneously, irrespective of the mixing and 
ventilation rates (Abt et al., 2000; Mosley et al., 2001; Thornburg et al., 2001; Riley et al., 2002; 
Asmi et al., 2004; Jamriska et al., 2003; Smolík et al., 2005; Anand et al., 2016). However, the 
airborne droplets may not attain a well-mixed concentration profile in the room volume under certain 

https://doi.org/10.4209/aaqr.200547
https://aaqr.org/


ORIGINAL RESEARCH 
Special Issue on COVID-19 Aerosol Drivers, Impacts and Mitigation (XIII) https://doi.org/10.4209/aaqr.200547 

Aerosol and Air Quality Research | https://aaqr.org 3 of 16 Volume 21 | Issue 5 | 200547 

ambient conditions such as concentrated emission from sources, low mixing and ventilation rates. 
The well-mixed air profile assumption for low mixing rate cases also leads to the underestimation 
of exposure to a healthy person in the proximity of the patient and overestimation of exposure 
at a far distance from the patient. Hence, it is appropriate to use multi-compartment (multiple-
zone) indoor air model that captures the spatial variation of indoor aerosol concentration at low 
ventilation rates (Nazaroff and Cass, 1986, 1989; Shimada et al., 1996; Borchiellini and Fürbringer, 
1999; Feustel, 1999; Schneider et al., 1999; Miller and Nazaroff, 2001; Haas et al., 2002; Gadgil 
et al., 2003; Lai, 2004; Hussein et al., 2005). The multi-compartment indoor air model divides the 
indoor space into several interactive compartments, such that the spatial variation of the particle 
concentration can be estimated. 

In the present study, the volume of the room is divided into two compartments such that, the 
volume near the patient where elevated concentration levels are expected is defined as Near 
Field (NF) and the remaining volume of the room is defined as Far Field (FF) as shown in Fig. 1. 
The NF and FF volumes interact with each other through the exchange of aerosol droplets at a 
rate defined by their concentration differences and ventilation rate (Zhang et al., 2009; Cherrie 
et al., 2011; Jayjock et al., 2011; Koivisto et al., 2015; Jensen et al., 2018; Ribalta et al., 2019; 
Cherrie et al., 2020). The bi-compartmental approach in the present study considers only two 
discrete concentrations at NF and FF, and hence, it may not be able to capture the continuous 
spatial variation of particulate concentration in the entire volume. The rate of change of aerosol 
droplets in a given volume (NF or FF) can be written as, 

 

k k k k k k

Evaporation Ventilation Exchange Deposition Coagulation

dN dN dN dN dN dN
S

dt dt dt dt dt dt
= + + + + +  (1) 

 
where, Nk is the number concentration of the droplets of size k in either NF or FF (# m–3) and S is 
the source emission rate (# m–3s–1). The individual terms in RHS of Eq. (1) are explained in the 
following sections. 
 
2.2 Evaporation 

The expiratory droplets consist mainly of water, NaCl, KCl, organic matter such as glycoprotein, 
and potential pathogens, where the volume percentage of insoluble solid materials is ~1.8–3% 
(Duguid, 1946; Liu et al., 2017). At a typical indoor room temperature of 25°C, the equilibrium 
diameter of the droplet becomes 25–40% of the initial droplet diameter due to evaporation process 
(Liu et al., 2017). The evaporation rate and equilibrium diameter depend on the temperature, 
humidity, and solid residues in the droplets. Evaporation is a rapid process and is not explicitly 
modeled in this study. Hence, we consider that the dry droplet nuclei diameter reduces to 32% 
(an average value) of the original diameter of the wet droplet owing to evaporation. 

 

 
Fig. 1. Schematic representation of a room. 
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2.3 Ventilation 
The background aerosol from the outdoor environment enters the FF volume of the room 

through ventilation. The rate of change of number concentration of particles in the FF volume 
(NFF,k) due to ventilation can be written as: 
 

.
,

FF k
v FF k

Ventilation

dN
N

dt
λ= −  (2) 

 
where, λv is the ventilation rate (h–1). In a naturally ventilated room, the ventilation rate may vary 
from ~10–3 h–1 for a poorly ventilated room to ~5 h–1 for highly ventilated (Anand et al., 2016). 
 
2.4 Air-exchange 

The rate of change of number concentration of the aerosol droplets due to air-exchange 
between the NF and FF compartments are estimated as (Hussein et al., 2005; Hussein and Kulmala, 
2010; Jayjock et al., 2011; Koivisto et al., 2015; Jensen et al., 2018; Ribalta et al., 2019): 
 

( ).
, , , ,

1NF k
FF NF FF k NF FF NF k

NFExchange

dN
Q N Q N

dt V
= −  (3) 

 

( ).
, , , ,

1FF k
NF FF NF k FF NF FF k

FFExchange

dN
Q N Q N

dt V
= −  (4) 

 
where, QNF,FF and QFF,NF are the flow rates (m3 s–1) from NF to FF and from FF to NF, respectively. 
VNF and VFF are the volumes (m3) of the NF and FF compartments.  

Under natural convection, the air entering the NF will be equal to air leaving the NF, else NF 
will be pressurized or evacuated of air. Hence, flow rates QNF,FF and QFF,NF can be written as (Zhang 
et al., 2009; Hussein and Kulmala, 2010; Cherrie et al., 2011; Jayjock et al., 2011; Jensen et al., 
2018; Ribalta et al., 2019; Cherrie et al., 2020): 
 
QNF,FF = QFF,NF (5a) 
 

Since there are no other paths of air exchange processes existing between the NF and FF except 
the natural ventilation, the flow rates QNF,FF and QFF,NF can be simplified as (Hussein and Kulmala, 
2010; Jensen et al., 2018): 
 
QNF,FF = QFF,NF = λv VRoom (5b) 
 
where, VRoom is the volume (m3) of the whole room. 
 
2.5 Deposition 

The rate of change of number concentration due to deposition in NF and FF can be written as: 
 

.
, ,

NF k
NF k NF k

Deposition

dN
N

dt
λ= −  (6) 

 

.
, .

FF k
FF k FF k

Deposition

dN
N

dt
λ= −  (7) 

 
where, λNF,k and λFF,k are the deposition rates of droplets of size k in NF and FF, respectively. The 
deposition rates on the indoor surfaces as a result of Brownian diffusion, eddy diffusion and 
gravitational settling are obtained using Lai and Nazaroff model (2000). In a room, the droplets 
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can deposit on all 6 surfaces (four walls, ceiling and floor), and the resulting deposition rate in FF 
can be written as 
 

6

, , , ,
1

1
FF k j FF d j k

jFF

A v
V

λ
=

= ∑  (8) 

 
where, Aj,FF is the area (m2) of surface j in the FF and vd,j,k is deposition velocity (m s–1) of the 
droplet of size k on surface j. Similarly, the deposition rate in NF can be written as, 
 

, , ,
1

NF k ground NF d k
NF

A v
V

λ =  (9) 

 
where, Aground,NF is area (m2) of the ground surface in NF and vd,k is deposition velocity (m s–1) of 
the droplet of size k on the ground surface. The deposition rate as a function of the particle 
diameter for the numerical calculations is calculated using Lai and Nazaroff model (2000), and 
results for a given friction velocity (u* = 1 cm s–1) (Anand et al., 2016) are shown in Fig. 2. 
 
2.6 Coagulation 

The coagulation process is significant if the aerosol number concentration is higher than 
~1010 # m–3 (Hussein et al., 2009a, b; Hussein and Kulmala, 2010; Anand et al., 2016). In the 
present study, the number concentration of expiratory droplets of this order is highly unlikely, 
and hence the self-coagulation is insignificant. The number concentration of background aerosols 
in the indoor environment may reach~1010–1011 # m–3 under certain conditions (Hussein et al., 
2006; Dhaniyala et al., 2011), and hetero-coagulation between aerosol droplets and background 
aerosol is possible. Although self and hetero-coagulation may not affect the population of the 
aerosol droplets noticeably, it captured attention in recent studies (Feng et al., 2020). To address 
this issue, the effect of coagulation is studied using a bi-component aerosol coagulation model 
(Annexure A) (Jacobson et al., 1994) for the case of a single sneeze release, where high number 
concentration of droplets is observed. 

 
2.7 Input Parameters 
2.7.1 Room dimension 

The most common scenario that a healthy person gets exposed to airborne droplets is by either 
entering into a patient room or if the patient visits the room for a brief period of time. Room 
dimension and volume play a vital role in dilution and deposition of the particles in an indoor 

 

 
Fig. 2. Particle size-dependent removal rate in NF (volume = 2m3) and FF (volume = 25m3) of the 
room (volume 27 m3). 
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environment. Typical dimensions of a bedroom or isolation room in a hospital for a single person 
is ~3 m × 3 m × 3 m (l × w × h). Various studies estimate the ballistic range of expiratory droplets 
from cough and sneeze up to 1–2 m (Xie et al., 2007; Bourouiba et al., 2014; Liu et al., 2017). 
Hence, the volume of NF is considered as 2 m3 cuboid with dimensions 2 m × 1 m × 1 m (l × w × 
h); the rest of the room volume (25 m3) is considered as FF volume (Fig. 1). 

 
2.8 Expiratory Releases 

Coughing, Sneezing, Speaking and Exhalation are the prominent routes by which aerosols and 
droplets are expelled, thereby increasing the possibility of spreading infectious diseases. Exhalation 
releases the lowest number of particles compared to others, but it is a continuous and more 
important route to the study of transmission from an asymptomatic patient. Although speaking 
releases fewer droplets compared to sneezing and coughing, the duration could extend from a 
few seconds to minutes, thereby making it a possible source of exposure. Despite numerous 
studies on the cough droplet size distribution (Duguid, 1946; Loudon and Roberts, 1967; Papineni 
and Rosenthal, 1997; Morawska et al., 2009; Lindsley et al., 2010; Johnson et al., 2011; Lindsley 
et al., 2012), there is significant variation in the published data. We consider the classical study 
of Duguid (1946) for cough and sneeze releases (Table 1), and Morawska et al. (2009) for the 
expiratory events such as speaking and breathing (Table 2), as model data in this study. The 
average volume flow rates for breathing and speaking events are considered as 0.49 m3 h–1 and 
1.38 m3 h–1 respectively. 

 
2.9 Virus Carrying Droplets in Expiratory Releases 

In a recent study by Stadnytskyi et al. (2020) it has been shown that the probability of viral 
load ina given droplet increases with its diameter and the actual viral load in the oral fluid, 
indicating that not all the expiratory aerosol droplets carry viral copies. This behavior is explained 
using the Poisson probability theory and experiments (Duguid, 1946; Fernandez et al., 2019; 
Anand and Mayya, 2020). The probability that a droplet of diameter d carrying at least one virus 
(RNA) copy can be written as, Pv = 1 – P0 = 1 – e–μ, where P0 is the probability for droplet (diameter, 
d) not carrying any virus copy, µ is recognized as the “propensity parameter” for the formation 

of virus-laden particles defined as 3

6 vd C
πµ = , Cv be the concentration (RNA copies mL–1) of viral 

copies in the oral fluid of the patient. The virus carrying droplets are termed as ‘virusol droplets’ 
to distinguish it from droplet which is not carrying virus copy (clean droplets). Hence, the total 
volume concentration of the virusol droplets of diameter d can be written as 
 

3
6

, 1 vd C

d v dV V e
π

− 
= − 

 
 (10) 

 
where, Vd (m3 m–3) is the total volume concentration of the expiratory droplets of diameter d. 
The number concentration (# m–3) of virusol droplets of diameter d can also be written as 
 

3
, , 6d v d vN V dπ =  

 
 (11) 

 
In the present study, we have applied this correction to estimate the virusol (virus laden 

droplets) concentration and its size distribution. 

 
Table 1. Lognormal fit of Duguid’s data (Nicas et al., 2005). 

Expiratory event Total number of droplets Size distribution parameters 
Cough 5 × 103 GM† 14 µm and GSD‡ 2.6 
Sneeze 1 × 106 GM 8.1 µm and GSD 2.3 

†GM – geometric mean; ‡GSD – geometric standard deviation. 
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Table 2. Size distribution of expiratory droplets (Morawska et al., 2009). 

Expiratory event Particle size, µm Number concentration, # m–3 
Speaking 0.8 7.5 × 105 

1.8 1.4 × 105 
3.5 1.4 × 105 
5.5 5.9 × 104 

Breathing 0.8 8.4 × 104 
1.8 9 × 103 
3.5 3 × 103 
5.5 2 × 103 

 

 
Fig. 3. Virusol droplet number distributions for different viral loads (a) wet virusol droplets and 
(b) equilibrium (dry) virusol droplets. 

 

2.10 Virusol Size Distribution 
A typical size distribution of sneeze is considered here to demonstrate the evaluation of virusol 

size distribution. Two main input parameters are required to estimate the virusol size distribution, 
viz., droplet size distribution and viral load in the oral fluid (Eq. (10)). The total number of wet 
droplets released in a single sneeze is ~106, and the lognormal fit of this Duguid’s sneeze data 
gives a CMD of 8.1 µm with GSD = 2.3 (Nicas et al., 2005). Depending on the severity of infection, 
mild to moderately infected cases may have viral load less than 106 RNA copies mL–1 and severe 
cases tend to have a viral load greater than 106 RNA copies mL–1 (Liu et al., 2020a). With these 
parameters, the number size distribution of virusol droplets for three different viral loads (108, 
106 and 104RNA copies mL–1) are computed using Eq. (11) and the results are shown in Fig. 3(a). 

Fig. 3(b) displays virusol droplet size distribution of dry droplets after applying the evaporation 
correction to wet virusol droplet size distribution. From these figures (Figs. 3(a) and 3(b)), it is 
clear that, the probability of carrying a virus copy in the aerosol droplets increases with droplet 
size and viral load. In the case of a low viral load of 104 RNA copies mL–1, the probability for a wet 
droplet smaller than 10 µm to carry a virus copy is extremely small, and only ~45 out of 106 
droplets are expected to carry virus copies and hence can be categorized as virusol droplets. When 
the viral load is higher (108 RNA copies mL–1), the probability of viral load in smaller droplets 
increases. In this case, the lower cut-off diameter is around 1 µm and hence total virusol droplet 
number is ~105 (out of 106). After applying evaporation correction, the lower cut-off diameters 
of dry virusol droplets are ~3 µm and 0.3 µm for viral loads of 104 and 108 RNA copies mL–1, 
respectively (Fig. 3(b)). These size distribution data are used in the present numerical simulations. 

 

3 RESULTS AND DISCUSSION 
 
The size distribution of the droplets from each type of expiratory activity is different and hence 
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virusol droplet size distribution is also expected to be different. Breathing and speaking produce 
small-sized particles (diameter range 0.8 µm–5.5 µm) (Morawska et al., 2009) and cough produces 
a wide range of particle sizes and with large particles as big as 2 mm in diameter (Duguid, 1946). 
Sneeze release is the most significant among other expiratory releases, with the highest number 
of droplets with wider size distribution. As discussed earlier, the population of the virusol droplets 
from an expiratory activity in a given room depends on release mode (ex: single, continuous and 
intermittent) as well as the transport, dispersion properties of indoor air (ex: mixing rate, 
ventilation rate) and dimensions of the room. The simulation results of the virusol droplets from 
expiratory releases are discussed in the following section. 

 
3.1 Virusol Effect 

The importance of virus-laden droplets (virusols) compared to normal droplets which do not 
account for the viral contamination, is studied using a particular case of single sneeze that 
releases ~106 number of droplets and viral load of 108 RNA copies mL–1 in a poorly ventilated 
room (λv = 10–3 h-1) of dimensions 3 m × 3 m × 3 m. The temporal variation of concentrations of 
clean and virusol droplets are shown in Fig. 4. The initial difference in the number concentration 
of droplets is due to the difference in the total number of clean and virusol droplets estimated 
using Eqs. (10) and (11). The results show that the maximum concentration in FF (~5 # m–3) is 
very low compared to that of NF (~6 × 104 # m–3), i.e., most of the released virusol droplets are 
contained in the NF, due to very low ventilation (λv = 10–3 h–1). The number concentration of the 
clean/virusol droplets in NF decreases continuously over time due to the effects of deposition 
and ventilation. It can be seen from the Fig. 4 that the rate of decrease of total number 
concentration is different for clean and virusol droplets. Also, there is a large difference in the FF 
concentration of clean and virusol droplets. This is mainly due to the difference in their size 
distribution, which impacts the deposition and survival of airborne droplets, which is confirmed 
from the evolution of their size spectra. Simulation results also show that the virusol droplet 
concentration is two orders of magnitude lesser compared to the clean droplets. 

 
3.2 Ventilation Effect 

Since both ventilation and deposition play significant roles in reducing the survival time of 
airborne virusol droplets, it is important to understand their competitive role in removing the 
virusol droplets. For single sneeze release, the virusol droplets concentrations inside a room are 
simulated for different levels of ventilation, i.e., poorly ventilated room (10–3 h–1), moderately 
ventilated room (0.5 h–1), and well-ventilated room (> 1 h–1). The removal percentage of deposition  

 

 
Fig. 4. Temporal variation of total number concentration of all droplets and virusol droplets in NF 
and FF (Cv = 108 RNA copies mL–1 and λv = 10–3 h–1). 
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Fig. 5. Temporal variation of (a) deposition removal (%), (b) ventilation removal (%) and (c) airborne 
survival (%), of virusol droplets (Cv = 108 RNA copiesmL–1) in the whole room (since ventilation 
removal for λv = 10–3 h–1 is very small, and it is not visible in the plot). 

 
and ventilation processes for different ventilation levels are shown in Figs. 5(a) and 5(b). The 
survival percentage of virusols is presented in Fig. 5(c). For a small ventilation rate, most of the 
virusol droplets are confined to NF, and are deposited in the NF itself. In contrast, for higher 
ventilation rates, the virusol droplets in the NF are transported to the FF due to an increased 
airflow rate. When the ventilation rate is increased from 10–3 h–1 to 5 h–1, the total deposition 
percentage reduces from 99% to 51% (Fig. 5(a)), and the NF deposition percentage reduces to 
22% from 99%. Furthermore, the virusol droplets reaching the FF are diluted due to the larger 
volume and results in a comparatively lower deposition rate and a larger survival fraction. When 
the ventilation rate increases, the survival percentage of virusol droplets increases initially, and 
then it reduces as expected. The initial increase in the survival is due to the reason that slight 
increase in the ventilation rate results in the transport of droplets from NF to FF region, evading 
the deposition in the NF region and hence, more airborne concentration compared to the case 
of the very low ventilation rate (10–3 h–1). The results also show that it takes approximately 45 
and 15 minutes to reduce the initial airborne fraction to 10% for ventilation rates 1 h–1 and 5 h–1, 
respectively. Though higher ventilation rates may cause a significant reduction in the survival 
fractions of the virusol droplets in a room, ensuring high ventilation rates is not a trivial task. This 
study of the effect of ventilation rate is especially useful in estimating the optimum ventilation 
rate required for a better reduction in the survival fraction of airborne virusol droplets.  

 
3.3 Coagulation Effect 

In the present study, a bi-component model, as described in Annexure A, is used to address 
the effect of the hetero-coagulation process between background aerosols (number concentration 
= 1010 # m–3, CMD=100 nm and GSD = 1.6) (Hussein et al., 2006; Dhaniyala et al., 2011) and cough 
expiratory droplets (number concentration ~103–105 # m–3). The effect of self-coagulation is 
insignificant since the total number concentration of expiratory droplets (maximum 106 # m–3 
for sneezing) is very low. To study the effect of heterogenous coagulation, the ventilation rate is  
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Fig. 6. Temporal evolution of (a) number fraction of virusol droplets in NF and FF regions, and 
(b) number size distribution of Type B and AB virusol droplets at different times in NF (Type A is 
pure background particle, Type B is pure virusol droplet and Type AB is a combination of both 
Type A and Type B). 

 
reduced to 10–3 h–1 to suppress the effect of ventilation removal process but surface deposition 
is included. In order to distinguish expiratory droplets from background aerosols in the numerical 
model, background aerosols and expiratory aerosol droplets are termed as component Type A 
and component Type B, respectively. Whereas, the droplet of Type AB is a combination of both 
Type A and Type B droplets. The simulation results for sneeze release show that Type AB virusol 
droplets form ~19% of the total virusol droplets within the first 10 min and it slowly increases to 
~70% at 4 h due to hetero-coagulation between Type A, B and AB (Fig. 6(a)). The percentage of 
Type AB virusol droplets in FF are higher compared to NF because more number of Type B particles 
in NF are converting into Type AB and hence more number of Type AB particles are drifted to FF. 
Thus, the population of Type AB increases more in FF compared to NF. The number-size distribution 
of Type B and AB droplets are not different (Fig. 6(b)). The results show that there is no significant 
change in the total number concentration of virusol droplets and its size distribution. However, 
hetero-coagulation plays role in coagulating virusol droplets with background aerosols. The effect 
of hetero-coagulation and surface deposition together makes significant difference in the size 
distribution of pure virusol droplets (Type B) and background attached virusol droplet (Type AB). 
 
3.4 Scenario of a COVID-19 Patient in a Room 

Though the symptoms of the severity are expected to increase with an increase in the viral 
load, no empirical correlation has been found between them. There is a general consensus that 
a significant fraction (~81%) of the patients are mild to moderate cases, i.e., patients having viral 
load < 106 RNA copies mL–1 (Chua et al., 2020). Fig. 2 shows that the virusol concentration for this 
viral load is low and hence, we consider the viral load corresponding to the severe case (108 RNA 
copies mL–1) in this study. Each of the common expiratory activities of an infected person is 
different in the quantity of droplets released and mode of release, i.e., breathing is periodic (with 
very small time interval), whereas speaking, coughing and sneezing are completely random. To 
simulate the temporal release rate of expiratory droplets into the room, the random occurrences 
of these release activities need to be properly defined. In this study, the release modes of 
expiratory activities are assumed as continuous breathing, speaking in every half an hour for one-
minute time period, coughing once in every five minutes and sneezing once in every hour.  

Combination of these expiratory activities can create various scenarios due to the presence of 
an infected patient with a viral load of 108 RNA copies mL–1 in the room of volume 27 m3 with a 
ventilation rate of 1 h–1. In the present study, we consider four different scenarios such as Scenario 1: 
release by exhalation of breathing only (~0.11 virusol droplets s–1), Scenario 2: breathing and 
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speaking (~9.5 virusol droplets s–1), Scenario 3: breathing, speaking and coughing (1450 virusol 
droplets per event), and Scenario 4: breathing, speaking, coughing and sneezing (1.2 × 105 virusol 
droplets per event). The modeling results of the temporal evolution of virusol droplets from these 
scenarios are shown in Fig. 7. 

The simulation results show that simple breathing (Scenario 1) develops up to ~18 virusol 
droplets m–3 in NF and up to 7 virusol droplets m–3 in FF (Fig. 7(a)). When speaking and breathing 
considered together (Fig. 7(b), Scenario 2), the NF concentration varies in the range of 30–280 
virusol droplets m–3 while the concentration in the FF varies from 18–29 virusol droplets m–3. The 
variation is due to the release of more number of droplets during speaking activity. In the 
Scenario 3, the NF concentration range increases to 170–900 virusol droplets m-3 while in the FF 
it is 90 virusol droplets m–3 (Fig. 7(c)); large variation in the number concentration is due to cough 
event which releases a large number of droplets, but they settle down rapidly in the NF owing to 
their size. When all the expiratory events are combined together as shown in Scenario 4, NF 
concentration increases to ~6 × 104 virusol droplets m–3 mainly due to the sneeze droplets and FF 
concentration varies in the range of 1000–2500 virusol droplets m–3 (Fig. 7(d)). Since the virusol 
droplets of sneeze are smaller than cough droplets, a large number of droplets survive in this 
scenario and relatively a constant value (~103 virusol droplets m–3) is attained in this case at NF as 
well as FF regions. However, it is important to note that these calculations are carried out without 
considering any physical protective equipment worn by the infected patient. By multiplying the 
volume of virusol droplets with the viral load and probability of viral contamination, the viral 
concentration in the room environment can be estimated. The numerical results show that there 
is a constant virusol droplet concentration exists in a room where the expiratory activities of a  

 

 
Fig. 7. Temporal variation of virusol droplets in the room for various scenarios (a. Scenario-1, b. Scenario-2, c. Scenario-3, 
d. Scenario-4). 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.00
2
4
6
8

10
12
14
16
18
20

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0100

101

102

103

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.00

200

400

600

800

1000

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0100

101

102

103

104

105

106

Vi
ru

so
l n

um
be

r c
on

c,
 (#

 m
-3

)

Time (h)

(a)

Breathing

Vi
ru

so
l n

um
be

r c
on

c,
 (#

 m
-3

)

Time (h)

(b)

Breathing and speaking 

Vi
ru

so
l n

um
be

r c
on

c,
 (#

 m
-3

)

Time (h)

(d)

Breathing, speaking and coughing

 NF      FF

Vi
ru

so
l n

um
be

r c
on

c,
 (#

 m
-3

)

Time (h)

(c)

Breathing, speaking, coughing and sneezing

https://doi.org/10.4209/aaqr.200547
https://aaqr.org/


ORIGINAL RESEARCH 
Special Issue on COVID-19 Aerosol Drivers, Impacts and Mitigation (XIII) https://doi.org/10.4209/aaqr.200547 

Aerosol and Air Quality Research | https://aaqr.org 12 of 16 Volume 21 | Issue 5 | 200547 

 
Fig. 8. Temporal variation of virusol droplets in a room due to half an hour visit of a severe 
symptomatic patient. 

 
severe symptomatic patient (108 RNA copies mL–1) takes place. In the case of mild to moderate 
severity cases (< 106 RNA copies mL–1), the virusol concentration will be much lower in the room 
environment. Another interesting scenario, in which a severe symptomatic patient visits a room 
for half an hour period and he only coughs during that period, as described in Scenarios 3 and 4. 
The results are plotted in Fig. 8. The results show that it takes around 2.5 h for the number 
concentration of virusol droplets to become negligible. 

 
4 CONCLUSIONS 

 
A numerical model is developed to study the survival of airborne expiratory droplets released 

in a room by a COVID-19 patient. The model addresses the important aspects such as non-
uniform variation of number concentrations in different compartments, severity of infection, 
size-dependent deposition of particles and effect of ventilation rate. The simulation results showed 
that a significant difference in the concentrations of virusol droplets is observed near- and far-field 
volumes from the patient in the case of short-term intermittent expiratory releases. Furthermore, 
it is observed that the airborne concentration of virusols widely varies from ~6 # m–3 to 103 # m–3 
depending on the expiratory release processes from an infected person with a high viral load of 
108 RNA copies mL–1 in a typical room environment. The study revealed that more submicron-
sized virusol droplet generation increases with the severity of the infection; these submicron-
sized particles have higher survival percentages for an extended period following the release. 
Compared to ventilation removal process, the size-dependent deposition is relatively more 
effective in the removal of virusol droplets. The developed model is easily customizable for rooms 
of given dimension, and the results will help in implementing the protective measures to control 
the spread of the disease. 

 

SUPPLEMENTARY MATERIAL 
 
Supplementary data associated with this article can be found in the online version at 
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