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 The size and lifetime of evaporating sneeze droplets in the indoor 
environment were studied experimentally and theoretically. The effect 
of indoor temperature T∞ and indoor humidity RH∞ were investigated 
on evaporating droplets with initial diameters of 4.9, 8.1, 17.2, and 
29.7 μm. The size distribution and mean size of droplets were obtained 
by laser particle sizer. The experimental data showed that the 
possibility of aerosolized droplets increased from 25.5 to 36.1 % by 
increasing T∞ from 18 to 30 °C and decreased from 36.1 to 13.6 % by 
increasing RH∞ from 30 to 60 %. A one-dimensional droplet 
evaporation model was used to estimate the droplet’s lifetime. A 
critical RH∞ of 40 % was found; above them, the droplet lifetime 
exponentially increases. The effect of the initial diameter of droplets 
was higher than RH∞ and also the impact of RH∞ was higher than T∞ 

on the lifetime of aerosolized droplet nuclei. A significant effect of 
environmental conditions on the droplet lifetime was found over the 
range of 26 °C ≤ T∞ ≤ 30 °C and RH∞ ≤ 40 %, while its effect 
decreases in the range of 18 °C ≤ T∞ ≤ 22 °C and RH∞ > 40 %, where 
a minimal shrinkage of droplets take place because of the droplets 
hygroscopic growth. The results of this study do not imply that the 
COVID-19 virus will be deactivated at the end of the droplet lifetime, 
but it represents that controlling the indoor environment is important 
for virus-carrying drops. 
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1. Introduction 
The COVID-19 disease, caused by the SARS-
CoV-2 virus, has been detrimental to a billion 

people around the globe [1]. The COVID-19 
pandemic has provided an excellent demand 
for a better understanding of the spread of the 
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virus in indoor environments. The SARS-
CoV-2 virus can be transmitted by direct 
contact by exhaling virus-laden droplets or 
aerosols ejected from the expiratory activities 
of an infected person during coughing, 
sneezing, and even talking with a healthy 
person [2-4]. Face touching is a secondary 
transmission route of the SARS-CoV-2 virus 
[5], and another route is direct inhalation of 
virus-laden droplets or aerosolized droplet 
nuclei [6]. The World Health Organization 
(WHO) has reviewed available data to update 
guidelines for identifying the transmission 
routes and preventing SARS-CoV-2 virus 
transmission [7]. To reduce the SARS-CoV-2 
virus, social distancing guidelines have been 
put in confined spaces that require people to 
remain physically distant from each other at a 
distance of about two meters. 
   Based on the classification presented by the 
WHO, the respiratory droplets smaller than 5 
μm and larger than 100 μm are known as 
aerosolized droplet nuclei, and large droplets, 
respectively. Saliva droplets in the diameter 
range of 5-100 μm are known as medium 
droplets. Liu et al. [8] identified that aerosols 
containing the SARS-CoV-2 virus are 
categorized in two diameter ranges of 0.25-
1.0 μm and > 2.5 μm. Saliva droplets larger 
than 100 μm tend to settle quickly on the 
ground because of gravity at distances less 
than one meter. In contrast, the droplets 
smaller than 50 μm evaporate into aerosolized 
droplet nuclei at intervals of more than 1.5 m 
[9]. It is approved that the saliva droplets lose 
~ 20-38 % of their initial size due to the 
presence of nonvolatile compounds [10]. 
   Earlier studies have confirmed that the 
viruses persist in the aerosolized droplet 
nuclei with an ultimate diameter limit of        
~ 0.1-0.14 μm, upon complete evaporation 
[11-13]. Li et al. [11] reported that the droplet 

lifetime, introduced as a parameter that 
respiratory droplets are no long being 
airborne they settle to the floor or deposit on 
walls, depends on the initial diameter of 
exhaled droplets. They reported that the 
lifetime of pure water droplets with 50 μm in 
diameter was ~ 4.5 s, while in the case of 
droplets with 100 μm in diameter is ~ 8.5 s. 
The results showed that the lifetime of 
droplets increases by decreasing their 
diameter and increasing the content of 
nonvolatile compounds. Li et al. [11] also 
found that the lifetime of droplets with the 
salt mass fraction of 6.5 % at 30 °C and RH∞ 
of 84 % was 12.5 s.  The aerosolized droplet 
nuclei can stay in the air for long times and 
transfer the virus over long distances. The 
virus survival in the indoor environment is 
dependent on the indoor temperature T∞, and 
indoor relative humidity RH∞ [14]. van 
Doremalen et al. [15] found that the SARS-
CoV-2 remained viable in aerosols 
throughout three hours. Bououiba [16] 
showed that the interaction of virus-laden 
droplets with flow turbulence plays a vital 
role in the spread of the virus. Balachandar et 
al. [7] showed that the large sneeze droplets 
could break up into smaller droplets with a 
higher lifetime than the initial droplets. 
   At high T∞, and low RH∞, a droplet could 
evaporate and shrink, which affects its 
trajectory and airborne transmission. The 
initial size and size distribution of expiratory 
droplets can influence the dynamic trajectory 
of droplets. Therefore, accurate measurements 
of droplets play a key role in studying the 
airborne transmission of virus-laden droplets 
and infection control planning [17]. There are 
different techniques to analyze the size 
distribution of droplet in the literature [18-
21]. Duguid [18] found that the size 
distribution of cough and sneeze droplets 
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ranged between 1 to 2000 μm and 95 % were 
between 2 and 100 μm using the solid 
impaction technique. Edwards et al. [19] used 
an optical particle counter to determine the 
size of droplets exhaled from breathing 
activity in a size range of 0.15 to 0.19 μm. 
Chao et al. [20] found that the geometric 
mean diameter of cough and sneeze droplets 
ranged between 13.5 μm for coughing and 
16.0 for sneezing in 11 healthy subjects using 
interferometric Mie imaging technique. Han 
et al. [21] reported that the geometric mean 
diameter of sneeze droplets was 360.1 μm for 
unimodal distribution (one peak) and 74.4 μm 
for bimodal distribution (two peaks) with 
geometric standard deviations of 1.5 and 1.7, 
respectively. The evaporation effects 
significantly influence the size distribution of 
droplets that are exhaled into the indoor 
environment to reach the final equilibrium 
diameter of droplets. In addition to 
experimental studies on evaporation of 
aerosolized droplets, the theoretical models 
are well formulated in the literature [22-26]. 
The effect of non-volatile components such as 
pathogens and salt and reaction kinetics on 
the evaporation rate and lifetime of droplets 
can be effective in the case of saliva droplets, 
while in the case of sneeze droplets, it can be 
assumed that the liquid composition is near to 
pure water. Liu et al. [27] found that the 
effect of non-volatile components is very 
small (less than 3 %) in the case of sneeze 
droplets. 
   The evaporation model of droplets is 
coupled with the mass transfer between the 
droplets and gas phases, which led to an 
increase in the complexity of transport 
phenomena of sneeze droplets. Although 
several studies on the effect of environmental 
conditions on the transport phenomena of 
sneeze droplets were performed in the 

literature, but the mutual impact of T∞ and 
RH∞ is less understood. The objective of the 
current study is to examine the size and 
lifetime of evaporating sneeze droplets in the 
indoor environment. The impact of T∞ in the 
range of 18-32 °C and RH∞ in the range of 30-
60 % was studied experimentally and 
theoretically on evaporating droplets with 
initial diameters of 4.9, 8.1, 17.2, and 29.7 
μm. T∞ were selected based on ASHRAE 
(2017) regulations for indoor spaces [28], 
while RH∞ values were selected based on the 
U.S. standard building design regulations 
(RH∞ < 65 % as per ASHRAE 2013b 
(ANSI/ASHRAE 2013) [29]. The size 
distribution and mean size of droplets were 
obtained by laser particle sizer. A one-
dimensional droplet evaporation model was 
applied to estimate the droplet’s lifetime. The 
theoretical model invokes assumptions of an 
ideal gas mixture, spherical symmetry, 
constant binary diffusion, no re-condensation 
on droplet surface, and constant physical 
properties of droplets. The results of this 
study can help to update the health guidelines 
to control virus-carrying droplets in different 
indoor environments. 

2. Experimental section 
2.1. Human participants 
Ten boys and girls students within the age 
range of 22-23 years old were selected to 
analyze the droplet size distribution while 
sneezing. Table 1 shows the characteristics of 
the 20 healthy human participants in the 
sneeze experiments during 30 working days 
in the fluid mechanics laboratory of Hamedan 
University of Technology. Before 
experiments, all participants represented the 
negative PCR test result. All participants 
completed the written consent and ethics 
statement. In addition, all participants 
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underwent fever thermographic tests at the 
beginning and end of the experiments. The 
body-mass index (BMI) of male participants 
was in the range of 23.1-26.0, while in the 
case of female participants, it was in the range 
of 22.3-24.8. The use of pepper stimulants 
helped the participants to sneeze more easily. 
All tests were performed in the morning and 
two hours after breakfast to minimize the 
effect of the food on the density and viscosity 
of the sneeze droplets. Experiments were 
performed on one person individually in one 
day to avoid transmitting the possible virus 

from person to person. Participants were not 
allowed to drink water or other drinks before 
the tests. To avoid possible transmission of 
the virus from person to person, all 
experiments were carried out on one person 
individually in one day. At the end of the 
experiments, equipment and the floor were 
disinfected with an alcoholic solution. In 
addition, the air conditioning system was 
activated to eliminate possible airborne virus 
agent. More details on the experimental 
procedure are available elsewhere [30]. 

 

Table 1 
The characteristics of the 20 healthy human participants. 
Case No. Age (years) Sex (M/F) Height (H) (m) Weight (W) (kg) Body-mass index 

(BMI=W/H2) 
1 22 M 1.68 65.3 23.1 
2 22 M 1.69 67.2 23.6 
3 22 M 1.70 69.5 24.0 
4 22 M 1.71 71.8 24.6 
5 22 M 1.72 74.2 25.1 
6 23 M 1.73 74.1 24.8 
7 23 M 1.73 74.8 25.0 
8 23 M 1.73 76.1 25.4 
9 23 M 1.72 74.9 25.3 
10 23 M 1.70 75.2 26.0 
11 22 F 1.63 59.4 22.3 
12 22 F 1.64 60.4 22.5 
13 22 F 1.65 60.9 22.4 
14 22 F 1.65 62.3 22.9 
15 22 F 1.66 63.8 23.1 
16 22 F 1.65 65.1 23.9 
17 23 F 1.66 66.4 24.0 
18 23 F 1.66 67.3 24.4 
19 23 F 1.65 67.0 24.6 
20 23 F 1.66 68.4 24.8 

 
2.2. Droplet size distribution analysis 
A laser particle sizer system (Malvern 
Instruments Ltd, UK) was applied to analyze 
the droplet size distribution while sneezing in 
different indoor environments in the range of 

0.1 to 1000 μm. Figure 1 shows the schematic 
image of the laser particle sizer system. The 
laser beam with a diameter of 0.012 m was 
produced by a helium-neon laser transmitter 
and passed through the measurement zone. 
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Forty-two optical sensors were installed in the 
receive module to analyze the light diffraction 
pattern. A scattering model was used to 
examine the light diffraction pattern. The size 
distribution of the sneeze droplets was 
recorded at every 0.4 ms. Thus, the sampling 
frequency was set as 2.5 kHz to ensure the 
measurements were a real-time data 
acquisition process. The possible biases in the 
estimation of the size of evaporating droplets 
along the longitudinal distance between the 
laser particle sizer and the participant's mouth 
was estimated by repeating experiments at 
different times. T∞ was adjusted at 18, 22, 26, 
and 30 °C, while RH∞ was fixed at 30, 40, 50, 
and 60 %. 
   The number size distribution, which is 
defined as the ratio of the total number of 
droplets in the range of 0.1-1000 μm to the 
total number of all the sneeze droplets with 
any diameter, can be determined by the 

following: 

Pn,i = Ni
N

 = PV,i.  V (1 6 πDi
3)⁄
−1

∑ PV,ii .V (1 6 πD3)⁄ −1 = PV,i Di
−3 

∑ PV,ii  D−3
            (1) 

where N is the total number of droplets, Ni is 
the total number of droplets in diameter class 
i, where i=1, 2, …, n. Pn,i is the droplet 
number fraction of droplets, PV,i is the ratio of 
the volume of all droplets with diameters in 
diameter class i and the total volume of all 
droplets with any diameter, V is the total 
volume of all droplets, and Di is the mean 
diameter of droplets. According to our 
experiments, the mean total number of 
droplets ejected from participant's mouth is 
measured to be 5535 ± 43, which is 
corresponds to 5.535 ± 0.043 #/cm3. The 
results were determined by averaging the data 
obtained from sneezing experiments through 
three repeated sneezes of each of participants. 

 

 

 

 

Figure 1. The schematic image of the laser particle sizer system, [1: Transmitter, 2: laser source, 3: laser 
beam, 4: sneeze droplets, 5: receiver]. 

 
3. Theoretical model 
3.1. Droplet evaporation model 
The evaporation rate of sneeze droplets is 
calculated by the mass transfer and species 
conservation equations of an evaporating 
droplet in the air. 
   Mass conservation equation: 

d(r2ρv)
dr

= 0                                                          (2) 

   Species conservation equation: 

1
r2
d(r2ρv Yw)

dr
= 1

r2
d
dr

(r2ρD dYw 
dr

 )                        (3) 

where v is the radial velocity, D is the binary 
diffusivity coefficient, and Yw is the mole 
fraction of water vapor. The mass flux at the 
droplet surface can be calculated as: 

mṡ = ρsDs
ln  (1+BM)

rs
                                           (4) 

where ρs is the density of the droplets at the 
surface, Ds is the binary diffusivity coefficient 

1 
2 3 

4 5 
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at the surface of the droplet, rs is the radius of 
the droplet, and BM is the Spalding mass 
transfer number [27]: 

BM= (Yw,s – Yw,∞)
(1 − Yw,s)

                                                  (5) 

where, Yw,s and Yw,∞ are, respectively, the 
mole fraction of vapor at the surface of 
droplet, and mole fraction of vapor at the dry 
air, which are calculated through the 
following relations: 

Yw,s= Pvap(Ts, Xw,s) Mw

Pvap(Ts, Xw,s) Mw+�1−Pvap(Ts, Xw,s)� Mda 
      (6) 

 

Yw,∞= (RH∞) Psat(T∞) Mw
(RH∞) Psat(T∞) Mw+(1−(RH∞) Psat(T∞)) Mda 

(7) 

where Xw,s is the mole fraction of water vapor 
and subscript da denotes the dry air. At Ts > 
T∞, it is expected that the droplets are cooled 
relative to its initial temperature. At Ts < T∞, 
the heat is transferred from the air to the 
surface of an evaporating droplet until 
reaching the wet-bulb point. The droplet 
lifetime is obtained through solving the mass 
balance relationship of the droplet [27, 31]: 

   dmf
dt

= −4πrs2 mṡ                                              (8) 

where subscript f denotes the water content 
inside the droplet. The droplet lifetime (t*) is 
calculated by solving equation 8 with the 
initial boundary condition of df (0) = d0, 

t∗ = ρf d02

8 ρw   Dw   (ln(1+BM))
                                     (9) 

where d0 is the initial diameter of droplets, 
and ρf and ρw are the density of the liquid 
water and water, respectively. d0 

corresponding to droplet lifetime t∗, which is 
defined as critical diameter dcrit. Both t∗ and 
dcrit were dependent on the indoor 
environmental conditions (T∞, RH∞). d0 was 

set based on the mean value of droplet size 
distribution obtained from the laser particle 
sizer experiments. At an equilibrium diameter 
deq, the evaporation of the droplet is stopped. 
When Yw,∞ approximates to Yw,s, BM 
approaches zero, and t* (Eq. 9) becomes 
infinity. Liu et al. [27] found that the droplet 
diameter follows the d2 -law: 

d2(t) =  d02 − k′ t                                            (10) 

where d02 is the initial droplet diameter, and k′ 
is the effective evaporation coefficient. 
Considering the dry and humid environments, 
the values of k′ were reported to be 2.5 × 10-7 
and 1.0 × 10-9 m2.s-1, respectively [31]. The 
evaporation rate decreases to zero as the 
droplet approaches its equilibrium diameter 
deq =  d0ψ0

1/3, where ψ0 is the volume 
fraction of non-volatile component in the 
droplet at the time of the ejection, which is 
taken to be 2 % [32]. The coupled equations 
(Eq. 2 and 3) are solved numerically by 
MATLAB codes using forth-order Range-
Kutta method. 

3.2. Boundary conditions and assumptions 
The main boundary conditions used in the 
mathematical model are: 

r = rs           ρsvs = ρsvs Yw + (−ρD)(d Yw
dr

)s    (11) 

 
r → ∞            Yw = Yw,∞                                    (12) 

   The main assumptions used in the 
mathematical model are: 

1. Carrier gas (indoor air) is treated as an 
ideal gas. 

2. One-dimensional transport in r-direction 
(spherical symmetry) is considered in the 
model by assuming the quasi-steady state 
condition. 
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3. No re-condensation is considered on the 
droplet surface, while the binary diffusion of 
water vapor from the droplet surface to indoor 
air is considered in the equation. 

4. The binary diffusivity coefficient, D, at the 
droplet surface and ρvr2 term are assumed to 
be constant in Equation 3. 

5. Only 5 % of the mass fraction of sneeze 

droplets is assumed to contain of non-volatile 
compounds based on the literature [20]. 

6. Constant thermodynamic properties of the 
sneeze droplets (i.e. density, mole fraction) 
are assumed in the mathematical model. 
Table 2 shows the thermodynamic and 
transport property values used in the droplet 
lifetime computations. 

 

Table 2 
The thermodynamic and transport property values used in the droplet lifetime 
computations. 

T∞ (°C) ρf (kg/m3) ρw (kg/m3) Pw,sat (atm) Dv (m2/s) 
18 9.979 × 102 1.729 × 10-2 1.947 × 10-2 2.418 × 10-2 

22 9.979 × 102 1.729 × 10-2 2.680 × 10-2 2.418 × 10-2 

26 9.979 × 102 1.729 × 10-2 3.413 × 10-2 2.418 × 10-2 

30 9.979 × 102 1.729 × 10-2 4.146 × 10-2 2.418 × 10-2 
 
4. Results and discussion 
Figure 2 shows the size distribution of 
droplets at (a) T∞ of 18, 22, 26, and 30 °C and 
RH∞ = 30 % and (b) RH∞ of 30, 40, 50, and 
60 % and T∞ = 18 °C. The results were 
obtained by laser particle sizer system at 0.5 s 
after sneezing. The mean diameter of the 
droplets varied from 29.7 to 4.9 μm according 
to change in the T∞ (Figure 2a) and RH∞ 
(Figure 2b). The possibility of aerosolized 
droplet nuclei was increased by increasing T∞ 
and decreasing RH∞. The mean diameter of 
the droplets decreased from 8.1 ± 0.5 to 4.9 ± 
0.4 μm by increasing the T∞ from 18 to 30 °C 
at RH∞ = 30 % (Figure 2a), while its value 
increased from 17.2 ± 0.8 to 29.7 ± 1.0 μm by 
increasing the RH∞ from 30 to 60 % at T∞ = 
18 °C (Figure 2b). These results indicate the 
effect of RH∞ on the size distribution and 
mean diameter of droplets was higher than the 
T∞. The continuous changes in the 
aerodynamic diameter of the droplets are an 
important reason for the inaccuracy of the 
results, especially at high RH∞, which was 

mentioned in the literature [20, 26. 27]. 
   The number of aerosolized droplet nuclei 
increased from 25.5 to 36.1 % by increasing 
T∞ from 18 to 30 °C at RH∞ = 30 %, while the 
number of aerosols decreased from 36.1 to 
13.6 % by increasing the RH∞ from 30 to     
60 % at T∞ = 30 °C. In addition, the number 
of medium droplets increased from 41.4 to 
50.6 % by increasing T∞ from 18 to 30 °C at 
RH∞ = 30 % (Figure 2a), while the number of 
large droplets decreased by increasing T∞. 
The effect of RH∞ on the diameter and 
number of large droplets was negligible 
(Figure 2b). The data analysis shows an 
increase of RH∞ from 30 to 60 % result in a 
slight increase (~ 8 %) in the number of large 
droplets. Morawska et al. [32] found that the 
hygroscopic growth of the droplets was most 
influenced by RH∞. In contrast, the 
evaporation rate was most influenced by T∞. 
Therefore, the impact of RH∞ on the reduction 
of the number and diameter of aerosolized 
droplet nuclei and medium droplets was 
considerably higher than the effect of T∞. The 
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effect of T∞ on the decrease in the number 
and diameter of large droplets was 
significantly higher than the effect of RH∞. 

These results indicate the persistence of the 
virus agent in the air can substantially affect 
the infection agent's controlling strategy. 

 

 
 

 
Figure 2. The size distribution of droplets at (a) T∞ of 18, 22, 26, and 30 °C at RH∞ = 30 % and (b) RH∞ of 

30, 40, 50, and 60 % and T∞ = 18 °C [the results were obtained at 0.5 s after sneezing]. 

0

0.005

0.01

0.015

0.02

0.025

0.03

0.1 1 10 100 1000

N
um

be
r f

ra
ct

io
n 

(-
) 

Droplet diameter (μm)

18 oC
22 oC
26 oC
30 oC

0

0.005

0.01

0.015

0.02

0.025

0.03

0.1 1 10 100 1000

N
um

be
r f

ra
ct

io
n 

(-
) 

Droplet diameter (μm)

30%
40%
50%
60%

(b) RH∞ 

(a) 



Bahramian / Iranian Journal of Chemical Engineering, Vol. 19, No. 2, 66-86, (2022) 
 

74  
 

Figure 3 shows the variation of the 
normalized square of droplet diameter 
(deq/d0)2 versus evaporation time at different 
mean diameters, and T∞ of 18 (a), 22 (b), 26 
(c), and 30 °C (d). The mean diameters of 4.9, 
8.1, 17.2, and 29.7 μm were selected in the 
theoretical model based on the mean 
diameters of droplets obtained from 
experiments, while RH∞ as set to 40 %. It can 
be seen that (deq/d0)2 varies linearly with 
evaporation time following the d2-law of 
Spalding. Also, the results showed that the 
(deq/d0)2 significantly decreases by decreasing 
the initial diameter and it also slightly 
decreases by increasing T∞. This result 
indicates that the evaporation time depends 
significantly on the initial droplet diameter. 
The large droplets require a higher time to 
evaporate than the smaller ones due to their 
large volume to surface area ratio. For 
example, a 4.9 μm droplet evaporates in 2.9 s, 
whereas a 29.7 μm droplet evaporates in 11.1 
s at 18 °C (Figure 3a). The diameter of 
aerosolized droplet nuclei are between 23 to 
31 % of the initial droplet diameter, 
depending to d0 and T∞, as indicated by the 
horizontal lines, which were consistent with 
the reported results in the literature [11, 20, 
27]. In a same droplet diameter of 4.9 μm, the 
droplet evaporates in 2.6, 2.2, and 1.9 s at 22 
°C (Figure 3b), 26 °C (Figure 3c), and 30 °C 
(Figure 3d), respectively. In contrast, at the 
same droplet diameter of 29.7 μm the droplet 
evaporates at 10.2, 9.8, and 8.6 s at 22 °C 
(Figure 3b), 26 °C (Figure 3c), and 30 °C 
(Figure 3d), respectively. Therefore, the effect 
of d0 on evaporation time was higher than T∞ 
in the studied conditions. 
   A minimum and maximum effect of T∞ on 
the evaporation time was found at 18 °C 
(Figure 3a) and 30 °C (Figure 3d), which 
indicates the evaporation time significantly 

decreases by increasing T∞. Jafari et al. [33] 
found by increasing T∞, the steady-state 
temperature of the droplet increases and 
droplet reaches faster to wet-bulb 
temperature. The equilibrium diameter of the 
droplet decreases by increasing T∞ from 18 to 
30 °C. At T∞ of 18 and 30 °C, the equilibrium 
droplet lies in the range of 25-31 %, and 23-
25 % of initial droplet diameter, respectively. 
An increase in the initial droplet diameters 
from 4.9 to 29.7 μm led to an increase in the 
ratio of equilibrium droplet diameter to the 
initial droplet diameter of 4.9 to 29.7 μm 
(deq,4.9 μm / deq,29.7 μm), and this trend increase 
by increasing T∞. The rise in T∞ from 18 to 
22, 26, and 30 °C led to an increase in the 
ratio of deq,29.7 μm / deq,4.9 μm, from 22.3, 25.9, 
28.3, and 30.2 %, respectively. This result 
indicates the effect of the initial diameter of 
droplets was higher than T∞ on the 
aerosolized droplet nuclei. 
   Figure 4 shows the variation of normalized 
square of droplet diameter (deq/d0)2 versus 
evaporation time at different initial diameters, 
and RH∞ of 30 (a), 40 (b), 50 (c), and 60 % 
(d). T∞ was set to 22 °C. The results show a 
decrease of the (deq/d0)2 by increasing the 
evaporation time of droplets follows a similar 
trend that seen in the previous findings. It can 
be found that (deq/d0)2 varies almost linearly 
decreases with evaporation time according to 
the d2-law. As the diameter of droplets 
increases by increasing RH∞, thus the droplets 
lifetime significantly increases by increasing 
RH∞. The results also showed that the 
evaporation time and aerosolized droplet 
nuclei depend greatly on initial droplet 
diameter and RH∞. At RH∞ = 30 % (Figure 
4a), a 4.9 μm droplet evaporates in 2.8 s, 
while a droplet with an exact diameter 
evaporates in 7.6 s at RH∞ = 60 % (Figure 
4a). This result indicates an increase of two 
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times in RH∞ led to an increase of 2.7 times in 
the evaporation time of the droplets. In 
addition, the droplet nuclei are between 21 to 
34 % of the initial droplet diameter, which 
indicates the effect of initial diameter of 
droplets on the diameter of equilibrium 
droplet was higher than the RH∞. In a same 
droplet diameter of 4.9 μm, the droplet 
evaporates in 2.9, 3.2, and 3.5 s at 40 (Figure 

4b), 50 (Figure 4c), and 60 % (Figure 4d), 
respectively. In contrast, at a same droplet 
diameter of 29.7 μm the droplet evaporates in 
9.7, 10.2, and 10.5 s at 40 (Figure 4b), 50 
(Figure 4c), and 60 % (Figur 4d), 
respectively. Therefore, the effect of initial 
diameter on evaporation time was higher than 
RH∞. 

 

  

  
Figure 3. The variation of the normalized square of droplet diameter (deq /d0)2 versus evaporation time at 

different d0, RH∞ = 40 %, and T∞ of 18 (a), 22 (b), 26 (c), and 30 °C (d). 
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indicates the effect of RH∞ on diameter of 
droplet nuclei was higher than the initial 
diameter. An increase in RH∞ from 30 to 40, 
50, and 60 % led to an increase in the ratio of 

deq,29.7 μm / deq,4.9 μm, from 29.2, 25.9, 13.6, and 
5.8 %, respectively. This finding confirms the 
effect of RH∞ on the final droplet nuclei 
diameter were higher than T∞. 

 

  

  
Figure 4. The variation of normalized square of droplet diameter (d/d0)2 versus evaporation time at 

different d0, T∞ = 22 °C, and RH∞ of 30 (a), 40 (b), 50 (c), and 60 % (d). 
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evaporation of tiny droplets affects the small 
droplets less than a few seconds after 
emission. This result was agreed with 
reported data for sneeze droplets [8, 28, 33]. 
Morawska et al. [32] showed that the sneeze 
droplets in the range of 1 to 10 μm exist for 
up to a few milliseconds to a few ten seconds, 
while droplets more than 100 μm can remain 
in the air up to several minutes. As clearly 
seen, the total mass of the droplets was 

significantly decreased by increasing T∞. 
Obviously, a 29.7 μm droplet requires a 
higher time to evaporate than a 4.9 μm 
droplet. At T∞ = 18 °C, the ratio of ms/m0 

reaches the equilibrium mass of the droplet 
within 5.5 s, while in the case of a 29.7 μm 
droplet occurs within 12.0 s (Figure 5a). The 
results show an increase of T∞ from 18 to, 22, 
26, and 30 °C, led to a decrease of 6.2, 7.8, 
and 9.6 % in the ms/m0 ratio, respectively. 

 

  

  
Figure 5. The time evolution of total mass normalized by initial mass of droplets (ms/m0) at different 

initial diameters and T∞ of 18 (a), 22 (b), 26 (c), and 30 °C (d) and RH∞ = 30 %. 
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At T∞ = 18 °C (Figure 5a), a rise of initial 
diameter from 4.9 to 8.1, 17.2, and 29.7 μm 
led to an increase of 12.8, 18.6, and 30.7 % in 
the ms/m0 ratio, respectively. A similar result 
was found by applying T∞ of 22 °C (Figure 
5b), which indicates the effect of the initial 
diameter was higher than the T∞ on the 
variations of the ms/m0 ratio. At T∞ = 26 °C 
(Figure 5c), the effect of T∞ on the ms/m0 ratio 
and time of equilibrium mass of the droplet is 
minor in the case of 4.9 and 8.1 μm droplets, 
while its effect become more prominent in the 
case of 17.2 and 29.7 μm droplets. At T∞ = 30 
°C (Figure 5d), the effect of T∞ on the ms/m0 

ratio and time of equilibrium mass of the 
droplet is negligible in the case of 4.9 to 17.2 
μm droplets, while in the case of 29.7 μm 
droplets led to a decrease in the ms/m0 ratio, 
which indicates the effect of initial droplet 
diameter on the ms/m0 ratio significantly 
decrease by increase of T∞. In addition, a 
minimum and maximum effect of T∞ on the 
ms/m0 ratio was found at 18 °C (Figure 5a) 
and 30 °C (Figure 5d), which indicates the 
ms/m0 ratio significantly decreases by 
increasing the T∞. 
   Figure 6 shows the time evolution of total 
mass normalized by the initial mass of 
droplets (ms/m0) at different initial diameters 
at RH∞ of 30 (a), 40 (b), 50 (c), and 6 % (d) 
and T∞ = 18 °C. The ratio of ms/m0 decreases 
by increasing of evaporation time, and its 
value increases by increasing RH∞. At RH∞ = 
30 % (Figure 6a), a droplet with 29.7 μm 
diameter require a significantly lower 
evaporation time than the droplet with an 8.1 
μm diameter at RH∞ = 60 % (Figure 6d), 
which indicates the effect of initial droplet 
diameter on the evaporation of droplets was 
higher than RH∞. At RH∞ = 30 %, the ms/m0 

ratio of droplet with a 4.9 μm in diameter 
reaches to equilibrium mass within 2.6 s, 

while in the case of 29.7 μm droplet occurs 
within 10.9 s (Figure 6d). Also, an increase of 
RH∞ from 30 to, 40, 50, and 60 % led to a 
decrease of 10.1, 21.4, and 33.6 % in the 
ms/m0 ratio, respectively. At RH∞ = 30 % 
(Figure 6a), a rise in the initial diameter of 
droplets from 4.9 to 8.1, 17.2, and 29.7 μm, 
led to an increase of 10.2, 15.7, and 20.4 % in 
their ms/m0 ratio, respectively. A trend finding 
was found at RH∞ of 40 % (Figure 6b). At 
RH∞ = 50 % (Figure 6c), the impact of RH∞ 
on the ms/m0 ratio is minor in the case of 4.9 
μm droplets, while an increasing trend in the 
ms/m0 ratio was found in the case of 8.1 to 
29.7 μm droplets. At RH∞ = 60 % (Figure 
6d), the ms/m0 ratio of all droplets influenced 
by RH∞, which confirms the effect of RH∞ on 
the ms/m0 ratio was higher than the initial 
droplet diameter. Thus, a critical RH∞ value 
of 60 % was found, where all sneeze droplets 
affect the environmental conditions. These 
results were consistent with the available data 
in the literature [8, 27, 29, 34]. Liu et al. [27] 
reported that the risk of COVID-19 
transmission was inversely proportional to the 
RH∞. They found that the virus viability was 
reduced at RH∞ by more than 57 % because 
of restrictions on the evaporation rate of 
virus-laden droplets. 
   Figure 7 shows the distribution of dcrit (a) 
and t∗ (b) over a T∞ of 18 to 30 °C and RH∞ 
of 30 to 60 %. Generally, the droplets with   
d0 ≠ dcrit can transmit the virus, while the 
droplets with d0 = dcrit evaporates or settle 
before airborne transmission (Figure 7a). In 
the case of droplets with d0 < dcrit evaporation 
process take place, while droplets with         
d0 > dcrit settle on the ground due to gravity. 
At highest studied T∞ (30 °C) and lowest RH∞ 
(30 %), the droplets shrink due to high 
evaporation rate before they can settle, while 
at lowest T∞ and highest RH∞, the smaller 
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droplets cannot quickly evaporate and remain 
in the air for long times. A small value of dcrit 

was obtained at lowest T∞ (18 °C) and highest 
RH∞ (60 %), while a significant value of dcrit 
was obtained at the highest T∞ and lowest 
RH∞ (Figure 7a). The evaporation time of the 
droplets with diameter dcrit, which was 
mentioned as the droplet lifetime t∗ is shown 
in Figure 7b. Despite the different initial 
diameter of droplets, t∗ reach its minimum 
value at highest T∞ and lowest RH∞, while t∗ 

reach its maximum value at lowest T∞ and 
highest RH∞. Balusamy et al. [35] found that 
the longest lifetime of droplets was observed 
with the combination of low T and high RH. 
An increase in the diameter of droplets led to 
reducing the droplets lifetime, where the 
aerosolized droplet nuclei can remain 
suspended in the dry indoor condition for 
longer times than the medium and large 
droplets. 

 

  

  
Figure 6. The time evolution of total mass normalized by the initial mass of droplets (ms/m0) at different 

initial diameters at T∞ of 18 °C, and RH∞ of 30 (a), 40 (b), 50 (c), and 60 % (d). 
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At RH∞ ≥ 50 % and 18 °C ≤ T∞ ≤ 22 °C, 
corresponding to a humid and moderate 
environment, the contour lines for all droplets 
with the same initial diameter was 
straightened, which indicates the effect of 
RH∞ was higher than the initial droplet 
diameter. At RH∞ ≤ 40 % and 26 °C ≤ T∞ ≤ 
30 °C, corresponding to a dry and warm 
environment, the contour lines tend to bend in 
the case of droplets with different initial 
droplets, which represents the lifetime of 
droplet decrease due to the high evaporation 
rate of the droplets. The results indicate the 

small droplets evaporate faster and shrink 
higher in dcrit than the large droplets. Under a 
warm and dry environment, the effect of 
initial droplet diameter in the droplet lifetime 
was higher than RH∞, and also the impact of 
RH∞ was higher than the T∞. Under humid 
and moderate environmental conditions, the 
effect of RH∞ on the droplet lifetime was 
higher than the initial droplet diameter. 
Therefore, it can be concluded that RH∞ 
controlling of a confined space play an 
influential role than T∞ in the survival of virus 
agent in a confined space. 

 

 
Figure 7. The distribution of dcrit (a) and t∗ (b) over a T∞ of 18-30 °C and RH∞ of 30 to 60 % according to 

the standard indoor environment in the confined spaces. 
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lifetime increases with increasing RH∞ and it 
increases with increasing initial droplet 
diameter as indicated in Eq. 10 (t*α d02). The 
results show that an increase in T∞ does not 
necessarily lead to a decrease in the droplet 
lifetime, which confirmed the effect of RH∞ 
on the droplet lifetime was higher than the 
impact of T∞. In some cases, including a 
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droplets at 18 and 22 °C and diameter 29.7 
μm at 26 and 30 °C due to the absence of 
droplets at the mentioned temperatures is not 
stated in this study. At RH∞ ≥ 50 % and 18 °C 
≤ T∞ ≤ 22 °C, the effect of RH∞ was higher 
than T∞, while the effect of T∞ on droplet 
lifetime became more influenced due to the 
high evaporation rate of the droplets over the 
range of 26 °C ≤ T∞ ≤ 30 °C and RH∞ ≤ 40 %. 
Thus, a higher T∞ and lower RH∞ can 
decrease the droplet lifetime. In addition, the 
results show that the initial droplet diameter 
has a significant effect on the droplet lifetime 
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of droplets at RH∞ ≤ 40 % and 26 °C ≤ T∞ ≤ 
30 °C, while its effect decreases over the 
range of 18 °C ≤ T∞ ≤ 22 °C and RH∞ ≥ 50 %, 
where a minimal shrinkage of droplets take 
place because of the hygroscopic growth of 
the droplets. The obtained result was in good 
agreement with the data reported by Katre et 
al. [36], which indicates in a low T∞ and 
humid environment, a droplet cloud takes 
longer to evaporate, and its lifetime decrease 
as humidity decreases and temperature 
increases. They found that the respiratory 
droplet cloud loses over 60 % of its initial 
liquid mass during 5 s [36]. The calculated 
droplet lifetime increased from 2.8 s (at RH∞ 
= 30 %) to 9.2 s (at RH∞ = 60 %) when T∞ 
was set to 30 °C, while it increased from 7.8 s 
(at RH∞ = 30 %) to 10.6 s (at RH∞ = 60 %) 
when T∞ was set to 18 °C. At a constant RH∞ 
of 30 % and T∞ of 18 °C, the calculated 
droplet lifetime decreases from 9.5 s to 7.8 s, 
while it decreases from 8.6 s to 2.8 s at a 
constant RH∞ of 30 % and T∞ of 30 °C. These 
results indicate the effect of RH∞ on the 

droplet lifetime was higher than the T∞ at low 
RH∞ values, while the effect of T∞ on the 
droplet lifetime was prominent at low values 
of RH∞ and high values of T∞. However, a 
higher T∞ does not necessarily lead to a 
decrease in the droplet lifetime. The 
theoretical results were confirmed by the 
experimental data reported in the literature 
[31-32]. Morawska et al. [32] reported that 
respiratory droplets of the order of 1 μm to 10 
μm exist for a few seconds to a few tens of a 
second. At RH∞ ≤ 40 % and 26 °C ≤ T∞ ≤ 30 
°C, the calculated droplet lifetime decreases 
due to the high evaporation rate. Chen et al. 
[34] showed that the droplet lifetime can 
decrease at high T∞ and low RH∞ values; 
however, the droplet lifetime decreases only 
for RH∞ < 40 %. A maximum droplet 
diameter (29.7 μm) was found at maximum 
RH∞ (60 %) and minimum T∞ (18 °C), while 
a minimum droplet diameter (4.9 μm) was 
found at minimum RH∞ (30 %) and maximum 
T∞ (30 °C). 

 

 
Figure 8. The calculated results of droplet lifetime (t*) in second (s) versus RH∞ (%) at different T∞ for 

different initial droplet diameters (d0). 
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Figure 9 shows the ratio of the droplet 
lifetime with T∞ = 30 °C to the droplet 
lifetime with T∞ = 18 °C (t* (30 °C) / t* (18 °C)), 
which can be obtained from Equation (9). The 
results show that the ratio of t* (30 °C) / t* (18 °C) 
increased linearly over the RH∞ range of 30 to 
40 %, and considerably increased in the range 
of 50 to 60 % through a third-order 
polynomial function. Thus, there is a critical 
RH∞ of 40 %, which is below this value, the 
droplet lifetime is shortened when T∞ is set to 
30 °C and RH∞ is set to 30 %. At RH∞ = 30 
%, the mentioned ratio is 0.78, while its value 
was 1.0, and 3.85 for RH∞ of 40, and 60 %, 
respectively. The existence of uncertainty in 
estimating the droplet lifetime in the present 
study can be attributed to the model 

assumptions and physical properties of 
droplets. The effect of T∞ on the calculated 
droplet lifetime, due to the assumption of 
constant D, will result in an overestimate of 
the results in the level of 2.1-5.6 %. The 
deviation of results can be reduced by 
applying the Chapman-Enskog equation, 
which represents D is proportional to T7/4 
[37]. In addition, the binary diffusion and 
constant property assumptions in the droplet 
phase can be relaxed by the adoption of a 
multi-component system. Chaudhuri et al. 
[22] reported that the assumptions including 
no re-condensation on droplet surface, and 
constant properties of droplet led to an 
uncertainty in the estimation of the droplet 
lifetime. 

 

 
Figure 9. The ratio of the droplet lifetime with T∞ = 30 °C to the droplet lifetime with T∞ = 18 °C (t* (30 °C) 

/ t* (18 °C)). 
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nuclei was increased from 25.5 to 36.1 % 
by increasing T∞ from 18 to 30 °C and 
decreased from 36.1 to 13.6 % by reducing 
RH∞ from 60 to 30 %. The effect of the 
initial diameter of droplets was higher than 
RH∞ and also the impact of RH∞ was 
higher than T∞ on the number of 
aerosolized droplet nuclei, which 
represents the final equilibrium diameter of 
droplets. 
(2) The proposed theoretical model 
showed a significant effect of the initial 
droplet diameter on the droplet lifetime 
over the range of 26 °C ≤ T∞ ≤ 30 °C and 
RH∞ ≤ 40 %, while its effect decreased in 
the range of 18 °C ≤ T∞ ≤ 22 °C and RH∞ 
≥ 50 %, where a minimal shrinkage of 
droplets take place because of hygroscopic 
growth. This finding indicates a dry and 
warm environment is suitable for the 
survival of the virus-containing aerosols to 
remain airborne. 
(3) A critical RH∞ of 40 % was found; 
above them, the droplet lifetime and size 
distribution of droplets affects the RH∞ and 
T∞. At RH∞ > 40 %, the effect of RH∞ on 
the size distribution, and lifetime of 
droplets was higher than the T∞. At RH∞ < 
40 %, the effect of T∞ on the diameter and 
droplet lifetime was higher than the RH∞. 
These results indicate the infection agents 
controlling strategy was dependent on the 
T∞ and RH∞. However, an increase of T∞ 
in the range of 18 to 26 °C and a reduction 
of RH∞ in 30 to 50 % does not necessarily 
lead to a decrease in droplet lifetime. 
(4) It cannot be ignored the effects of the 
non-volatile content of droplets on the 
calculation of droplet lifetime. The 
existence of uncertainty in estimating the 
droplet lifetime in the present study can be 
attributed to the assumptions and physical 

properties of droplets. The results of this 
study do not imply that the COVID-19 
virus will be deactivated at the end of the 
droplet lifetime but represent that 
controlling the indoor environment is 
important on the virus-carrying drops. 
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