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Airborne Virus Transmission Via Respiratory Droplets: Effects of Droplet 

Evaporation and Sedimentation 

Majid Rezaeia,1 and Roland R. Netza,2 

aFachbereich Physik, Freie Universität Berlin, 14195 Berlin, Germany 

 

Abstract: Airborne transmission is considered as an important route for the spread of 

infectious diseases, such as SARS-CoV-2, and is primarily determined by the droplet 

sedimentation time, i.e., the time droplets spend in air before reaching the ground. 

Evaporation increases the sedimentation time by reducing the droplet mass. In fact, 

small droplets can, depending on their solute content, almost completely evaporate 

during their descent to the ground and remain airborne as so-called droplet nuclei for a 

long time. Considering that viruses possibly remain infectious in aerosols for hours, 

droplet nuclei formation can substantially increase the infectious viral air load. 

Accordingly, the physical-chemical factors that control droplet evaporation and 

sedimentation times and play important roles in determining the infection risk from 

airborne respiratory droplets are reviewed in this article.  

Keywords: Airborne virus transmission, droplet evaporation, droplet sedimentation, droplet 

nuclei, Wells model. 

 

1. Introduction 

Airborne transmission of virus-containing saliva droplets produced by speaking, coughing, or 

sneezing is one of the well-known [1, 2] mechanisms that play a crucial role in the spread of 

numerous infectious diseases, such as influenza [3, 4] and SARS-CoV-2 [5-8]. When a saliva 

droplet evaporates to a so-called droplet nucleus, which is a small particle with much reduced 

water content [9], it can remain suspended in air for a long time. According to current WHO 

guidelines, the term droplet nucleus refers to droplets with radii smaller than 2.5 𝜇𝑚 [10]. 

However, such a sharp cut-off lineation does not account for the continuous crossover between 

droplet and droplet nucleus behavior [11]. The term aerosol in fact encompasses all kinds of 

droplets and particles over a wide radius range from a few nanometers to hundreds of 

micrometers. Considering recent experiments reporting that viruses can remain infectious in 

aerosols for hours [12-14], it follows that formation of droplet nuclei can significantly increase 

the infectious viral air load [15, 16]. Accordingly, a fundamental question regarding the 

infection risk from airborne virus-containing droplets is whether they dry out to a droplet 

nucleus before falling to the ground. A seminal answer to this question was provided by the 

classical Wells model [1], which suggested that the fate of an evaporating droplet is mainly 

dependent on its initial size. The results provided by this model, which were partly confirmed 

in later studies [16-18], indicated that droplets with radii smaller than 50 𝜇𝑚 completely 

evaporate before falling to the ground, whereas larger droplets settle faster than they evaporate. 
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Recent measurements [17] revealed that droplets with radii smaller than 25 𝜇𝑚 evaporate in 

the region of cough airflow and, thus, stay longer at the initial height at which they were 

expelled, which leads to a higher probability of infection. The Wells model assumes that the 

environmental air is well-mixed [19] or, in other words, that droplets are isolated and have no 

interaction with inhomogeneous velocity, temperature, and humidity fields due to other 

droplets [20]. Recent investigations [20-24], however, revealed that turbulent eddies in the 

exhailed humid puff can trap small clusters of respiratory droplets and thereby decrease their 

evaporation rate substantially due to the locally moist and warm atmosphere within the gas 

cloud. This causes a slow-down of evaporation as compared to the classical Wells model and 

decreases the probability of droplet nuclei formation. On the other hand, wind currents and 

airflows around a falling droplet are found to decrease the droplet evaporation time [25] and 

thereby increase its sedimentation time and travel distance [26, 27].  

Although the Wells model neglects some important physical-chemical aspects of evaporation 

and sedimentation, the importance of the initial size for the time droplets stay suspended in air 

is generally agreed upon by scientists. So far, many experimental studies have been carried out 

to measure the size distribution of droplets produced by various respiration-based activities, 

such as sneezing, coughing, speaking, and breathing, all showing that such droplets vary widely 

in size. However, the size distribution of the expelled droplets is found almost independent of 

how violent the respiratory activity is [28]. In a seminal work, Duguid [29] measured the size 

of respiratory droplets using microscopy measurement of droplet stain-marks found on slides. 

Although the droplet radii calculated in that work were reported to widely range from 0.5 to 

1000 𝜇𝑚, 95% of the droplets were found to have radii between 1 and 50 𝜇𝑚, which is the 

range where droplets are prone to form droplet nuclei. Later studies [11, 30-34] revealed the 

existence of a noticeable number of much smaller droplets with radii in the submicron range 

among the droplets produced by coughing and speaking. Also, multimodal droplet size 

distributions have been reported in a few studies [35, 36]. Despite all these studies, major 

uncertainties on the respiratory droplet-size distribution persist, partly due to the complexities 

of the physical mechanisms at play during droplet formation and complexities of the 

measurement process. It has been experimentally shown that breakup of the fluid into droplets 

continues to occur outside of the respiratory tract and involves complex fluid-fragmentation 

processes [23]. The rate of droplet emission during human speaking has been found to be 

significantly dependent on the violence of the respiratory activity [37, 38] and the voice 

loudness [39]. For example, experiments reveal higher emission rates of aerosol droplets for 

singing in comparison to speaking [40], although children and adolescents emit fewer aerosols 

during singing than what has been estimated for adults [41]. Recent observations from highly 

sensitive laser light scattering [42, 43] have revealed that loud speaking can emit thousands of 

oral droplets per second, which is orders of magnitude larger than reports in earlier works [22, 

39]. This clearly demonstrates that the measured droplet-radius distribution significantly 

depends on the experimental conditions, the size-sensitivity of the measurement technique 

used, and the time droplets spend in air before measurement. 

In addition to the uncertainties associated with the droplet-size distribution, the sedimentation 

and evaporation processes of saliva droplets expelled from the mouth or nose are affected by a 

variety of different physical and chemical effects, which make modelling of airborne virus 
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transmission even more complex. These effects include the evaporation-induced cooling of the 

droplet [28, 44-46], airflows and ventilation effects for large droplets [21, 25, 47], finite 

evaporation-rate effects for small droplets [48, 49], solar irradiation effect [50, 51], and solute-

induced effects, including water vapor-pressure lowering [52, 53], local solute-concentration 

gradients [54-56], crust formation due to solute crystallization [54, 57, 58], liquid−liquid phase 

separation [59-61], and a possible solute-concentration dependence of the viscosity [62, 63] 

and the water-diffusion coefficient [63, 64] inside the droplet. These effects are themselves 

dominated by various parameters, such as the initial size of the droplet, the type and the initial 

volume fraction of solutes, the ambient temperature [47, 50, 65, 66], the relative humidity [47, 

65, 67-71], non-ideal effects due to inter-particle interactions inside the droplet [72, 73], the 

internal morphology of droplets [59, 74, 75], and the initial height at which droplets are released 

into the air. Among these parameters, the relative humidity and the initial solute-volume 

fraction play key roles in determining the size of the droplet nuclei produced at the end of the 

evaporation process. Also, the morphology of the droplet nuclei is mainly controlled by the 

Péclet number [76, 77], defined as the ratio of the particle-diffusion time inside the droplet to 

the droplet evaporation time [78], and the degree of saturation of the liquid solution [76]. The 

experimental results suggest that morphological and physical-chemical changes occurring 

during droplet evaporation may affect the viability of viruses and pathogens contained within 

the droplet [60] and, thus, influence the efficiency of airborne transmission of infectious 

diseases.  

All the above-mentioned findings, contradictions, and complexities regarding the airborne 

transmission of infections highlight the need for coherent investigations of the physical-

chemical fundamentals of aerosol droplet properties to help policymakers develop more 

effective pandemic management models. Among the hygiene measures recently suggested to 

deal with SARS-CoV-2, social distancing and wearing a mouth cover [2, 42, 79] has been 

regarded as most effective means of reducing the person-to-person transmission of viruses, 

especially in indoor environments. Using the recent estimates of the average viral load in 

sputum [80] and the average droplet emission rate while speaking [42, 43], the airborne viral 

air load caused by the constant speaking of a single infected person without a mouth cover is 

more than 104 virions at a given time, which results in a high virion inhalation frequency by an 

unmasked bystander of at least 2.5 per minute in a midsize indoor environment. For initial 

droplet radii larger than 20 μm, this amount is only moderately reduced by air-exchange rates 

in the typical range of up to about 20 per hour. Wearing mouth covers by both the infected 

person and passive bystanders not only significantly decreases this virion inhalation rate [81], 

but it also decreases the travel distance of the droplets by half [82]. However, the use of a mask 

is inadequate alone because many droplets still spread around and away from the cover during 

cough cycles [82] and aerosol droplets can both penetrate and circumnavigate masks [5, 83]. 

In particular, using a face mask that loosely fits the face [84] or covering a tight-fitting mask 

by cloth or medical masks [82] can increase the possibility of leakage around the mask’s edge. 

In addition, non-medical face masks have very low filter efficiency (2–38%) [85, 86] and the 

mask efficiency is found to decrease during time (more than 8% after ten cough cycles [82]) 

and after washing [87]. On other hand, social distancing alone does not provide complete 

protection from aerosols that remain suspended in the air or are carried by air currents [5]. The 
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best recommendation so far is to both wear a medical mask and keep a sufficient social distance 

in indoor environments while keeping the relative humidity between 40% to 60%, which is the 

optimal RH for human health in indoor places [28, 67]. In outdoor environments, the airborne 

infection risk presumably is orders of magnitude less than the indoor risk [88] and, thus, fewer 

protective measures are needed.  

Despite the vast research conducted in several directions after the SARS-CoV-2 pandemic, part 

of which was reviewed above, there are many uncertainties and open questions regarding 

airborne virus transmission and its contribution to the spreading of infectious diseases, which 

requires future research along different lines. This review summarizes various aspects of the 

physical chemistry behind this problem and presents simple equations that model the process 

of evaporation and sedimentation of respiratory aerosol droplets suspended in air. The 

equations provided in this review are derived using the diffusion-limited stagnant-flow 

approximation for a single droplet. This approximation is valid for droplets with initial radii 

between 70 𝑛𝑚 and 60 𝜇𝑚, which includes the droplet size range that produces the largest 

viral air load [48]. The presence of a turbulent flow field around the droplet, which can be 

locally warm and moist and tends to slow down the droplet evaporation [20] is neglected here. 

The results are, therefore, relevant for respiratory aerosol droplets that remain airborne after 

leaving the moist and warm puff of exhaled air, i.e., a few seconds after their release into the 

air. Also, the possibility of droplet coagulation due to inter-droplet collisions [89] is neglected. 

This factor, which tends to decrease the mean sedimentation time by increasing the average 

droplet size [90], seems more relevant for droplets produced during violent respiratory 

activities such as coughing and sneezing, where the flow field is turbulent and the droplet 

concentration is sufficiently high. In the first few seconds after the droplets have been released 

into the air, they disperse over a wide volume, which results in a sharp decrease in the aerosol 

concentration [91] and considerably decreases the possibility of droplet coagulation. Thus, the 

stagnant-flow approximation and the single-droplet analysis used here are valid for aerosol 

droplets that remain suspended in air for more than a few seconds, which is much less than the 

typical sedimentation time of droplets that form droplet nuclei, which play the main role in 

airborne transmission of viruses and are the main subject of this review. Derivations of all 

equations are presented in references [48] and [92]. 

 

2. Results and discussion  

2.1. Droplet Sedimentation without Evaporation 

We briefly discuss the basic equations that describe the sedimentation process of a droplet 

without considering its size variation due to evaporation. A spherical droplet that is falling in 

a viscous medium (such as air) is mainly under the influence of gravitational and Stokesian-

viscous forces that act in opposite directions. By balancing these two forces on a falling droplet 

with radius 𝑅 and mass density 𝜌, the mean sedimentation time, i.e., the time it takes for the 

droplet to reach the ground from an initial height of 𝑧0, follows as 

𝜏𝑠𝑒𝑑 =
9𝜂𝑧0
2𝜌𝑅2𝑔

= 𝜑
𝑧0
𝑅2

 
(1) 
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where 𝜂 is the viscosity of air and 𝑔 is the gravitational acceleration. Considering the values 

for the viscosity of air and water density at 25oC (see table 1), the numerical prefactor in Eq. 1 

turns out to be 𝜑 = 0.85 × 10−8 𝑚. 𝑠. Therefore, a droplet with radius of 𝑅 = 50 𝜇𝑚 (the 

threshold radius given by the Wells model below which evaporation becomes important), 

which is initially placed at a height of 𝑧0 = 1.5 𝑚 (the average height above ground for the 

mouth of a standing human adult), needs 5.1 𝑠 to fall to the ground. It is worth noting that Eq. 

1 neglects the time it takes for the droplet to reach its terminal velocity, which is a justifiable 

assumption according to Ref. [48]. The dotted line in figure 2 shows the sedimentation time 

calculated from Eq. 1 as a function of the droplet radius. 

2.2. Droplet Sedimentation and Evaporation in the Absence of Non-Volatile Solutes 

Water evaporation decreases the radius of a falling droplet and, according to Eq. 1, increases 

the droplet sedimentation time. Therefore, it is important to account for evaporation effects in 

modelling the droplet sedimentation process. The evaporation process can be described by 

solving the coupled diffusion and heat flux equations outside the droplet, the latter of which 

accounts for the temperature reduction at the droplet surface due to the evaporation-induced 

cooling effect. The droplet size plays a key role in the derivation of the relevant equations. 

Another important parameter is the ratio of the water diffusion coefficient in air 𝐷𝑤 to the 

condensation reaction rate constant 𝑘𝑐, which controls the characteristic droplet radius below 

which the droplet evaporation is reaction-rate-limited [48]. Considering the values of 𝐷𝑤 and 

𝑘𝑐 at 25°C (see table 1), this characteristic droplet radius is around 70 𝑛𝑚. Therefore, water 

evaporation from droplets with radii smaller than 70 𝑛𝑚 is limited by the rate at which water 

molecules evaporate from the droplet surface, while for droplet radii larger than 70 𝑛𝑚 the 

limiting factor is the speed at which water molecules diffuse away from the droplet [48]. For 

droplets larger than 60 𝜇𝑚, the flow field around the sedimenting droplet accelerates the 

evaporation process and, at the same time, becomes non-Stokesian due to nonlinear 

hydrodynamics effects, which can be accounted for by using double-boundary-layer theory 

including concentration and flow boundary layers [48, 93]. However, evaporation effects are 

negligible for droplets with radii larger than 60 𝜇𝑚 because they fall rapidly to the ground [1]. 

On the other hand, according to Eq. 1, it takes an extremely long time (more than 3 days) for 

droplets with radii smaller than 70 𝑛𝑚 to reach the ground, even if we neglect evaporation 

effects. Therefore, evaporation effects are most relevant in the radius range 70 𝑛𝑚 < 𝑅 <

60 𝜇𝑚, where the diffusion-limited stagnant-flow approximation is valid. In this range, the 

evaporation time, which is defined as the time needed to shrink the droplet radius to zero, is 

given by [48] 

𝜏𝑒𝑣 =
𝑅0
2

𝜃(1 − 𝑅𝐻)
 

(2) 

 

where 𝑅0 is the initial droplet radius, 𝑅𝐻 is the relative air humidity, and 𝜃 is a numerical 

prefactor given by 

𝜃 = 2𝐷𝑤𝑐𝑔𝑣𝑤 (
1

1 + 𝜀𝐶𝜀𝑇
) 

(3) 
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𝐷𝑤, 𝑐𝑔, and 𝑣𝑤 in Eq. 3 are the water diffusion constant in air, the saturated water-vapor 

concentration, and the water molecular volume in the liquid phase, respectively. The factor 
1

1+𝜀𝐶𝜀𝑇
 in Eq. 3 accounts for the evaporation-induced droplet cooling, where 𝜀𝐶 is a coefficient 

that describes the reduction of the water vapor concentration at the droplet surface due to the 

temperature depression and 𝜀𝑇 ≡
𝐷𝑤𝑐𝑔ℎ𝑒𝑣

𝜆𝑎𝑖𝑟
, with ℎ𝑒𝑣 being the molecular evaporation enthalpy 

of water and 𝜆𝑎𝑖𝑟 the heat conductivity of air, controls the dependence of the temperature 

depression at the droplet surface on the relative humidity (see references [48] and [92]). At a 

room temperature of 25oC, the evaporation cooling factor equals  
1

1+𝜀𝐶𝜀𝑇
 ~0.36, demonstrating 

that cooling considerably slows down the evaporation process. The values of 𝐷𝑤, 𝑐𝑔, and 𝑣𝑤 

at 25oC are listed in table 1. Considering these values, the numerical prefactor defined in Eq. 3 

turns out to be 𝜃 = 4.2 × 10−10 𝑚2/𝑠 at 25oC. It is worth mentioning that Eq. 2 is derived for 

a droplet in stagnant air, i.e., the presence of a finite flow field around the droplet is neglected. 

A locally warm and moist environment will tend to delay evaporation [20] and thereby decrease 

the sedimentation time. Since the moist and warm puff of exhaled air will expand and cool off 

over a few seconds while the typical sedimentation times we are concerned with are in the 

range of tens of seconds to a few minutes, the effects of an initially warm and moist 

environment can be neglected. The calculation leading to Eq. 2 employs the adiabatic 

approximation, i.e. the water vapor concentration outside the droplet is taken as the stationary 

solution of the diffusion equation, which is justified since the droplet radius changes rather 

slowly. For a droplet with an initial radius of 𝑅0 = 50 𝜇𝑚 at a relative humidity of 𝑅𝐻 = 0.5, 

a common value for indoor environments, Eq. 2 yields 𝜏𝑒𝑣 = 11.9 𝑠, which is longer than the 

sedimentation time estimated from Eq. 1 for the same parameters, leading to 𝜏𝑠𝑒𝑑 = 5.1 𝑠. As 

stated before, Eq. 1 neglects the effect of water evaporation on the droplet size. Considering 

evaporation, the droplet sedimentation time at a finite relative humidity 𝑅𝐻 < 1 can be written 

in terms of the evaporation time 𝜏𝑒𝑣 as [48] 

𝜏𝑠𝑒𝑑
𝑅𝐻 = 𝜏𝑒𝑣 [1 − (1 −

2𝜑𝑧0

𝜏𝑒𝑣𝑅0
2)

1/2

] (4) 

According to equation 4, the sedimentation time of an evaporating water droplet with initial 

radius of 𝑅0 = 50 𝜇𝑚 and initial height of 𝑧0 = 1.5 𝑚 at a relative humidity of 𝑅𝐻 = 0.5 is 

𝜏𝑠𝑒𝑑
𝑅𝐻 = 7.4 𝑠, which is significantly larger than the value given by Eq. 1 in the absence of 

evaporation 𝜏𝑠𝑒𝑑 = 5.1 𝑠.  

The critical droplet radius below which the droplet completely evaporates before falling to 

ground, i.e., the droplet radius at which 𝜏𝑠𝑒𝑑
𝑅𝐻 = 𝜏𝑒𝑣, can be calculated according to Eq. 4 as 

𝑅0
𝑐𝑟𝑖𝑡 = (2𝜑𝜃𝑧0(1 − 𝑅𝐻))

1/4 (5) 

For 𝑅𝐻 = 0.5 and 𝑧0 = 1.5 𝑚, one obtains 𝑅0
𝑐𝑟𝑖𝑡 = 48.1 𝜇𝑚, which is very close to the 

threshold radius given by the classical Wells model (which however neglected evaporation 

cooling effects). In figure 2, the sedimentation and evaporation times obtained from equations 
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2 and 4 are shown for an initial height of 𝑧0 = 1.5 𝑚 and different relative humidities. 

According to this figure, an increase in the relative humidity increases the evaporation time 

(due to the decreased evaporation rate in humid environments), which causes a slight decrease 

in sedimentation time of small droplets. This figure also shows that the critical droplet radius 

𝑅0
𝑐𝑟𝑖𝑡 below which evaporation effects become important decreases with RH, as follows from 

equation 5.  

2.3. Droplet Sedimentation and Evaporation in the Presence of Non-Volatile Solutes 

Saliva comprises a volume percentage of about 99.5% water, but also contains a variety of 

organic and inorganic substances such as salt, proteins, peptides, mucins, enzymes, etc [94]. 

SARS-CoV-2 patient sputum is reported [80] to additionally include 7 × 106 viral RNAs per 

millilitre on average, with a maximum of 2.35 × 109 copies per millilitre. Accordingly, a saliva 

droplet with a radius of 32.5 𝜇𝑚 is expected to carry exactly one virion on average and up to 

~338 virions considering the upper bound of the virion concentration in sputum. Of course, 

the viral load in sputum is crucially dependent on the time elapsed since the onset of symptoms. 

To provide more precise estimates, further experiments are required to directly measure the 

viral load in aerosol droplets. According to previous reports for diverse viruses, the vast 

majority of infectious aerosols presumably include only one to a few virions [95].  

The presence of non-volatile components (including virions) within an evaporating saliva 

droplet causes a reduction in the water vapor concentration at the droplet surface [52, 53], 

which decreases the water evaporation rate and produces a lower limit for the water 

concentration and, consequently, the droplet radius that can be reached by evaporation. 

Neglecting the possibility of crust formation due to phase separation at the droplet surface when 

the solute solubility limit is reached [92], the droplet radius at the end of the evaporation 

process can be expressed as [48, 92] 

𝑅𝑒𝑣 = 𝑅0(
Φ0

1 −
𝑅𝐻
𝛾

)

1/3

 

 

(6) 

where Φ0 is the initial volume fraction of solutes and 𝛾 is the water activity coefficient that 

accounts for non-ideal effects caused by water-solute and solute-solute interactions. According 

to Eq. 6, the evaporation-equilibrium radius of a droplet for ideal solution conditions (𝛾 = 1) 

with an initial solute volume fraction of Φ0 = 0.01 at 𝑅𝐻 = 0.5 is 𝑅𝑒𝑣 ≅ 0.27𝑅0 while the 

same droplet in completely dry air with 𝑅𝐻 = 0 dries out to the minimal possible radius of 

𝑅𝑒𝑣 = Φ0
1/3
𝑅0 ≅ 0.215𝑅0.  

Assuming that water diffusion inside the droplet is sufficiently rapid, so that the water 

concentration remains homogeneous during the evaporation process, the time it takes for the 

droplet radius to shrink from its initial value 𝑅0 to 𝑅 can be approximated as [48] 
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𝑡(𝑅) =
𝑅0
2

𝜃 (1 −
𝑅𝐻
𝛾 )

[1 −
𝑅2

𝑅0
2 −

2𝑅𝑒𝑣
2

3𝑅0
2 ln (

𝑅0(𝑅 − 𝑅𝑒𝑣)

𝑅(𝑅0 − 𝑅𝑒𝑣)
)] 

 
 

(7) 

Again, effects of the initially moist and warm gas cloud that surrounds the droplets released 

during respiratory activities will extend the droplet evaporation time and are neglected here. 

Also, the solute-concentration dependence of evaporation cooling is neglected in the derivation 

of Eq. 7. As detailed in reference [90], solute effects on the evaporation cooling can be 

accounted for by replacing 𝜃, which describes evaporation cooling of a pure water droplet (see 

Eq. 3), by 𝜃𝑠𝑜𝑙 = 2𝐷𝑤𝑐𝑔𝑣𝑤 (
1

1+𝜀𝐶𝜀𝑇(1−Φ)
), where Φ is the momentary volume fraction of 

solutes that increases over time. Replacing 𝜃 by 𝜃𝑠𝑜𝑙 in the calculations leading to Eq. 7, 

however, gives rise to a differential equation that is not analytically solvable and thus has to be 

solved numerically, as will be discussed next. 

The logarithmic term in Eq. 7 reflects the osmotic slowing down of evaporation due to the 

solute-induced water vapor-pressure reduction. According to figure 3, this term only becomes 

relevant for droplet radii close to the final equilibrium radius 𝑅𝑒𝑣, where the droplet has lost 

most of its water content and enters the solute-dominated evaporation regime. Independent of 

its initial size, a droplet is found to enter the solute-dominated regime when its radius becomes 

smaller than 1.54𝑅𝑒𝑣 [48]. In this regime, solute effects cause a diverging evaporation time, as 

demonstrated in Fig. 3. These effects are, however, negligible in the case of droplets with low 

initial solute volume fraction (see Fig. 3 and inset). In such case, non-ideal effects due to solute-

water and solute-solute interactions are small and, thus, the liquid solution can be considered 

ideal. Accordingly, one can neglect the logarithmic term and after that set 𝛾 = 1 and 𝑅 = 𝑅𝑒𝑣 

in Eq. 7 to obtain an approximate expression for the evaporation time in the presence of solutes 

𝜏𝑒𝑣
𝑠𝑜𝑙 in terms of the evaporation time of a pure water droplet 𝜏𝑒𝑣 

𝜏𝑒𝑣
𝑠𝑜𝑙 = 𝜏𝑒𝑣 (1 −

𝑅𝑒𝑣
2

𝑅0
2 ) 

 

(8) 

Equation 8 accounts for the decreased droplet evaporation time due to the solute-induced 

increased size of the droplet nucleus produced at the end of the evaporation process. This factor 

affects the sedimentation time of droplets that are small enough to reach their equilibrium size 

before falling to the ground. In such case, the sedimentation time can be split into two stages: 

In the first stage, the droplet radius shrinks to its equilibrium value 𝑅𝑒𝑣 due to water 

evaporation, and in the second stage, the droplet stays sedimenting in air for an extended time 

while its radius remains constant. For larger droplets that hit the ground before they reach their 

final equilibrium size, Eq. 4 describes the sedimentation time very accurately. Accordingly, the 

total sedimentation time of a solute-containing droplet follows from equations 1, 4, and 8 as  
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𝜏𝑠𝑒𝑑
𝑠𝑜𝑙 =

{
  
 

  
 𝜏𝑒𝑣

𝑠𝑜𝑙 + 𝜑
𝑧0 − ∆𝑧

𝑅𝑒𝑣2
=
𝜑𝑧0
𝑅𝑒𝑣2

−
𝜏𝑒𝑣
2
(
𝑅0
𝑅𝑒𝑣

−
𝑅𝑒𝑣
𝑅0
)
2

         ∆𝑧 < 𝑧0 
 
 

𝜏𝑒𝑣 [1 − (1 −
2𝜑𝑧0

𝜏𝑒𝑣𝑅0
2)

1/2

]                                            ∆𝑧 > 𝑧0

 

 

 

(9) 

 

with ∆𝑧 =
𝑅0
2𝜏𝑒𝑣

2𝜑
(1 −

𝑅𝑒𝑣
4

𝑅0
4 ) being the distance by which the droplet falls during its evaporation 

time.  

Figure 4a shows the evaporation and sedimentation times obtained from equations 8 and 9 as 

a function of the initial droplet radius 𝑅0. This figure is plotted for an initial solute volume 

fraction Φ0 = 0.01, initial height 𝑧0 = 1.5 𝑚, and different relative humidities. The main 

difference between this figure and Fig. 2 (for pure water droplets) is that here, droplets do not 

disappear at the end of the evaporation process but reach a minimal size, as discussed above. 

Therefore, even droplets with initial radii smaller than 𝑅0
𝑐𝑟𝑖𝑡 sediment to the ground in a finite 

time, as demonstrated in Fig 4. For 𝑅𝐻 = 0.99 and Φ0 = 0.01, the droplet already initially has 

its equilibrium size, as follows from Eq. 6, meaning that no evaporation takes place and the 

droplet size remains constant during the sedimentation process. In such case, Eq. 9 recovers 

the result of Eq. 1 (the black dotted line in Fig. 4a), which neglects the evaporation-induced 

variation of the droplet size. Figure 4b shows the results for fixed relative humidity 𝑅𝐻 = 0.5 

and different initial solute volume fractions. This figure indicates that for Φ0 ≤ 0.1, which 

covers the range of solute volume fractions reported for saliva droplets [94], the critical radius 

𝑅0
𝑐𝑟𝑖𝑡 is almost independent of Φ0. For higher values of Φ0, however, 𝑅0

𝑐𝑟𝑖𝑡 slightly decreases 

with increasing Φ0. For 𝑅𝐻 = 0.5 and Φ0 = 0.5 the droplet is initially in the evaporation-

equilibrium state (see Eq. 6) and, thus, Eq. 9 recovers the result of Eq. 1. Figure 4 also indicates 

that the typical sedimentation time of small droplets that dry quickly enough to form droplet 

nuclei (i.e., those for which 𝜏𝑒𝑣
𝑠𝑜𝑙 < 𝜏𝑠𝑒𝑑

𝑠𝑜𝑙 ) is in the range of tens of seconds to a few minutes, 

which is much longer than the time it typically takes for the warm and moist exhaled vapor 

puff around the droplets to disappear. The approximation of a single droplet in stagnant air is, 

therefore, valid for such droplets, as discussed in section 1. 

2.4. Solute-Induced Osmotic Effects 

As stated above, the effect of the solute-induced water vapor-pressure reduction is neglected 

in the derivation of Eq. 8. To account for such effect, one can define the evaporation time as 

the time at which the radius has almost reached its equilibrium value,  𝑅𝑒𝑣/𝑅 = 0.99, because 

according to Eq. 7, the time it takes for the droplet radius to reach its equilibrium value is 

infinity. Using this definition, the evaporation time of a solute-containing droplet can be 

estimated from Eq. 7 as  

𝜏′𝑒𝑣
𝑠𝑜𝑙 = 𝜏𝑒𝑣 (1 +

2𝑅𝑒𝑣
2

3𝑅0
2 (3.105 + ln (1 −

𝑅𝑒𝑣
𝑅0
))) 

 
 

(10) 
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Broken and dotted lines in Fig. 5a show the evaporation times calculated with (Eq. 10) and 

without (Eq. 8) considering the solute-induced water vapor-pressure reduction, respectively. 

This figure clearly shows that solute effects significantly increase the droplet evaporation time, 

especially in the case of droplets with high initial solute volume fraction. Such an increase in 

the evaporation time tends to decrease the critical radius 𝑅0
𝑐𝑟𝑖𝑡 below which a droplet 

completely evaporates before reaching the ground, compared to what is shown in Fig. 4. Figure 

5a also indicates that an increase in the initial solute volume fraction causes a non-monotonic 

variation of the evaporation time, which cannot be captured when the water vapor-pressure 

reduction effect is neglected. 

2.5. Effect of Internal Concentration and Diffusivity Profiles and the Solute-Concentration 

Dependence of Evaporation Cooling 

Although equation 7 provides a rather accurate approximation for the evaporation time in the 

presence of non-volatile solutes, this equation neglects a few important details of the 

evaporation process, such as the reduced evaporation cooling in the presence of solutes and the 

solute-concentration dependence of the water diffusivity within the liquid droplet. Most 

importantly, equation 7 is derived using the assumption of a homogeneous solute concentration 

inside the droplet, while fast water evaporation will increase the solute concentration at the 

droplet surface and thus create a water concentration gradient in the droplet. To account for 

these effects, one needs to solve the diffusion and heat-conduction equations both inside and 

outside the droplet with the boundary condition set by water and solute mass conservation. 

Although the resulting equations are not analytically solvable, the evaporation time can be 

accurately approximated using numerical methods described in reference [92] as 

𝜏"𝑒𝑣
𝑠𝑜𝑙 =

1.03𝑅0
2

𝜃′ (1 −
𝑅𝐻
𝛾 )

[1 +
5𝑅𝑒𝑣

2

6𝑅0
2 (3.105 + ln (1 −

𝑅𝑒𝑣
𝑅0
))] 

 

(11) 

where 𝜃′ =
2𝛾𝐷𝑤𝑐𝑔𝑣𝑤

1+𝛾𝜀𝐶𝜀𝑇(1−Φ0)
 is a numerical prefactor that has units of a diffusion constant. It is 

worth noting that Eq. 11 is obtained by fitting a heuristic function to the  numerical data. Solid 

lines in Fig. 5a show the evaporation times obtained from Eq. 11, considering the internal 

concentration and diffusivity profiles and the solute-concentration dependence of the 

evaporation cooling effect. This figure clearly shows that the cumulative effect of these 

mechanisms is not significant, especially at low to medium relative humidity conditions, and 

thus equation 10 estimates the evaporation time rather accurately.  

Figure 5b shows the evaporation time obtained from numerical solutions of the complete water 

and heat transport equations inside and outside the droplet for fixed relative humidity 𝑅𝐻 =

0.75 and different initial solute volume fractions using the adiabatic approximation, with and 

without considering effects that arise from an inhomogeneous water-concentration profile 

within the droplet. To account for the solute-concentration dependence of the water diffusivity, 

the internal water diffusivity is assumed to follow the heuristic expression D𝑤
𝑠𝑜𝑙(𝑟, 𝑡) =

D𝑤
𝑙 (1 − 𝛽𝑐𝑠(𝑟, 𝑡)), with D𝑤

𝑠𝑜𝑙 and D𝑤
𝑙  being the water diffusion coefficients in the presence and 

in the absence of solutes, respectively, 𝑐𝑠(𝑟, 𝑡) being the time-dependent solute-concentration 
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profile, and 𝛽 being a solute-specific coefficient. This linear equation with 𝛽 = 0.065 𝑀−1 

describes the water diffusivity in NaCl salt solutions rather accurately [63]. The results 

obtained with and without considering the concentration-dependence of the water diffusivity 

are shown in Fig. 5b by open squares and solid circles, respectively, indicating that this effect 

is rather negligible. This figure also shows that neglecting water concentration gradients inside 

the droplet, corresponding to an infinitely fast water diffusivity within the droplet D𝑤
𝑠𝑜𝑙 → ∞, 

slightly underestimates the evaporation time (downward triangles), while neglecting the solute-

concentration dependence of the evaporation cooling effect, which corresponds to using 𝜃𝑠𝑜𝑙 =

 𝜃 in numerical calculations, leads to a slight overestimate of the evaporation time (upward 

triangles). 

3. Conclusion 

The contribution of airborne aerosols to the spread of infectious diseases, such as influenza and 

SARS-CoV-2, is a controversial issue that has been the subject of numerous articles, reports, 

and guidelines. Recent experiments reported that viruses can remain infectious in aerosols for 

a long time [10-12] and thus stress the importance of this issue in the context of effective 

hygiene measures. The basic question is “how long do respiratory droplets remain airborne?”. 

According to experiments [1], the answer to this question is mainly dependent on the droplet 

size: small droplets completely evaporate before they hit the ground and remain airborne as so-

called droplet nuclei for a long time, whereas larger droplets rapidly fall to the ground. 

Accordingly, the physical-chemical effects that control the droplet evaporation process, such 

as evaporation cooling and solute-induced effects, play key roles in determining the droplet 

sedimentation time. Analytical investigations [48] show that evaporation-induced cooling of 

droplets considerably slows down the evaporation process and, thus, decreases the probability 

of droplet nuclei formation. Neglecting this factor in numerical and theoretical models, 

therefore, causes an overestimate of the viral air load. Comparing the results for pure water 

droplets with those for solute-containing droplets, it transpires that the presence of solutes 

reduces the evaporation speed and thereby also the evaporation-cooling of the droplet [84]. In 

fact, the analysis shows that the solute-induced slow-down of the evaporation process is not 

only due to the solute-induced water vapor-pressure reduction, but also due to local water 

concentration gradients inside the droplet that result from the drying process of solute-

containing droplets [92]. On the other hand, the presence of solutes tends to decrease the droplet 

evaporation time by producing a lower limit for the water concentration inside the droplet that 

can be reached by evaporation, although this effect is rather small. Additionally, the presence 

of solutes also affects the water diffusivity in the liquid droplet. The numerical analysis [92], 

however, reveals that this does not significantly affect the droplet evaporation time.  

The factors that affect droplet evaporation are controlled by various parameters, such as the 

initial droplet size, the type and the initial volume fraction of solutes, the ambient temperature, 

the relative humidity, non-ideal effects due to solute interactions inside the droplet, and the 

internal morphology of the droplet. Among these parameters, the relative humidity and the 

initial solute volume fraction are found to play key roles in determining the size of the droplet 

nuclei that form at the end of the evaporation process. According to analytical investigations 

[48], an increase in either the initial solute volume fraction or the relative humidity increases 
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the final equilibrium radius of droplets, which causes a reduction of the mean time droplet 

nuclei can remain airborne. The morphology of droplet nuclei, which is expected to affect the 

viability of contained viruses [60], is mainly dominated by the solubility limit of solutes and 

the ratio of the particle-diffusion time inside the droplet to the droplet evaporation time. Also, 

the critical droplet radius below which droplets are expected to completely evaporate to droplet 

nuclei is found to decrease with an increasing relative humidity while this parameter is almost 

independent of the initial solute volume fraction. 

To complement our current comprehension of airborne virus transmission, more accurate 

experiments are needed to measure the precise size distribution of droplets produced by 

different respiratory activities, the virus content of saliva droplets at different infection stages, 

and the mean time that viruses remain infectious in droplet nuclei in different environmental 

conditions. Also, a few open questions regarding the evaporation process of aerosol droplets 

should be answered: (I) How do non-ideality effects due to solute-water interactions affect the 

drying process? (II) What is the exact mechanism of water evaporation in the presence of dry 

crusts formed due to crystallization of salts and organic solutes? (III) What happens after the 

formation of gel-like skins that are expected to form on the surface of biopolymer-containing 

droplets? 
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Table 1. List of numerical constants at 25°C [96] 

𝜂 Viscosity of air 1.85 × 10−5 𝑘𝑔/𝑚𝑠 

𝜌 Liquid water density 997 𝑘𝑔/𝑚2 

𝐷𝑤 Water diffusion constant in air 2.5 × 10−5 𝑚2/𝑠  

𝐷𝑤
𝑙  Water diffusion constant in water 2.3 × 10−9 𝑚2/𝑠  

𝑐𝑔 Saturated water vapor concentration 7.69 × 1023 𝑚−3  

𝑣𝑤 Liquid water molecular volume 3 × 10−29 𝑚3  

𝑘𝑐 Condensation reaction rate constant 370 𝑚/𝑠 
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Fig. 1 A main question regarding the airborne transmission of infection is how long human 

respiratory droplets stay floating in air. To answer this question, the evaporation and 

sedimentation processes of saliva droplets have to be characterized. If droplets are small 

enough to completely evaporate to so-called droplet nuclei before they hit the ground, they will 

remain airborne for hours. Larger droplets, however, fall to the ground in a few seconds. 

Sedimentation and evaporation times of droplets are controlled by various physical-chemical 

effects and relevant parameters, which are listed in the diagram.  
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Fig 2 Evaporation and sedimentation times of pure water droplets as a function of the initial 

droplet radius 𝑅0 for an initial height of 𝑧0 = 1.5 𝑚. Results are shown for different relative 

humidities. Solid and broken lines indicate the evaporation times (Eq. 2) and the sedimentation 

times (Eq. 4), respectively. In the limit of 𝑅𝐻 = 1, no evaporation takes place and Eq. 4 yields 

a sedimentation time that equals Eq. 1 (shown by dotted line), which neglects the evaporation-

induced variation of the droplet size. Droplets with initial radii below the critical radius 𝑅0
𝑐𝑟𝑖𝑡 

given by Eq. 5 (which is the initial radius at which the evaporation and sedimentation times are 

equal) completely evaporate before they hit the ground and, thus, their sedimentation time is 

infinity. 
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Fig. 3 Variation of the droplet radius 𝑅 with time 𝑡 in the presence of non-volatile solutes 

according to Eq. 7. The liquid solution is assumed ideal (𝛾 = 1) and data is shown for initial 

droplet radius 𝑅0 = 50 𝜇𝑚, relative humidity 𝑅𝐻 = 0.5, and two different initial solute 

volume fractions of Φ0 = 10
−3 (main figure) and Φ0 = 10

−2 (inset). The y-axis is rescaled by 

𝑅𝑒𝑣, the equilibrium radius of the droplet at the end of the evaporation process (see Eq. 6). 

Solid and dashed lines indicate the results considering and neglecting the effect of the solute-

induced water vapor-pressure reduction (which is reflected by the logarithmic term in Eq. 7), 

respectively. 
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Figure 4 Evaporation and sedimentation times as a function of the initial radius 𝑅0 in the 

presence of non-volatile solutes, for an initial height of 𝑧0 = 1.5 𝑚. Panel (a) shows results for 

a fixed initial solute volume fraction Φ0 = 0.01 and different relative humidities, panel (b) 

shows results for a fixed relative humidity 𝑅𝐻 = 0.5 and different initial solute volume 

fractions. Solid and broken lines indicate the evaporation and sedimentation times, which are 

obtained from equations 8 and 9, respectively. For Φ0 = 0.01 and 𝑅𝐻 = 0.99, and Φ0 = 0.5 

and 𝑅𝐻 = 0.5, no evaporation takes place and equation 9 recovers the result of Eq. 1 (shown 

by dotted lines).  
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Fig. 5 Evaporation time as a function of the initial solute volume fraction Φ0. The liquid 

solution is assumed ideal (𝛾 = 1) and the initial droplet radius is 𝑅0 = 50 𝜇𝑚. Panel (a) shows 

results for different relative humidities. Solid lines indicate results from Eq. 11, which accounts 

for the solute-induced water vapor-pressure reduction, the presence of internal concentration 

and diffusivity profiles, and the solute-concentration dependence of evaporation cooling. 

Dashed lines show the results from Eq. 10, which neglects the presence of internal 

concentration and diffusivity profiles and the solute-concentration dependence of evaporation 

cooling, but accounts for the solute-induced water vapor-pressure reduction. Dotted lines 

indicate the results from Eq. 8, in which the water vapor-pressure reduction is also neglected. 

Panel (b) shows the evaporation times estimated from Eq. 11 (solid line) along with those 

obtained from numerical solutions of the heat-conduction and water-diffusion equations for 

fixed relative humidity 𝑅𝐻 = 0.75. Open squares indicate results that account for the solute-

induced water vapor-pressure reduction, the presence of internal concentration and diffusivity 

profiles, the solute-concentration dependence of evaporation cooling, and the dependence of 

the water diffusivity on the local solute concentration profile. Downward triangles are obtained 

for infinitely rapid water diffusion in the droplet 𝐷𝑤
𝑠𝑜𝑙 → ∞ (i.e., neglecting internal water 

concentration gradients), filled circles are obtained for a constant but finite water diffusivity 

inside the droplet, and upward triangles are obtained for a constant finite water diffusivity 

inside the droplet and additionally neglecting the solute-concentration dependence of the 

evaporation cooling effect by setting  𝜃𝑠𝑜𝑙 = 𝜃 (see Eq. 3) in numerical calculations. 


