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ABSTRACT

In majority of pandemics in human history, respiratory bio-aerosol is the most common route of transmission of diseases. These tiny drop-
lets ejected through mouth and nose from an infected person during exhalation process like coughing, sneezing, speaking, and breathing con-
sist of pathogens and a complex mixture of volatile and nonvolatile substances. A cloud of droplets ejected in such an event gets transmitted
in the air, causing a series of coupled thermo-physical processes. Contemplating an individual airborne droplet in the cloud, boundary layers
and wakes develop due to relative motion between the droplet and the ambient air. The complex phenomenon of the droplet’s dynamics,
such as shear-driven internal circulation of the liquid phase and Stefan flow due to vaporization or condensation, comes into effect. In this
study, we present a mathematical description of the coupled subprocesses, including droplet aerodynamics, heat, and mass transfer, which
were identified and subsequently solved. The presented two-dimensional model gives a complete analysis encompassing the gas phase cou-
pled with the liquid phase responsible for the airborne droplet kinetics in the ambient environment. The transient inhomogeneity of temper-
ature and concentration distribution in the liquid phase caused due to the convective and diffusive transports are captured in the 2D model.
The evaporation time and distance traveled by droplets prior to nuclei or aerosol formation are computed for major geographical locations
around the globe for nominal-windy conditions. The model presented can be used for determining the evaporation timescale of any viral or
bacterial laden respiratory droplets across any geographical location.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0064635

I. INTRODUCTION

In the context of awareness and understanding the spread of the
deadly SARS-CoV-2 virus, which is responsible for the COVID-19
pandemic, many research studies1–4 have shown that airborne droplet
is the main route of disease transmission. Other viruses and bacteria-
like influenza virus,5 Mycobacterium tuberculosis,6 and Pseudomonas
aeruginosa7 also transmit through respiratory aerosol causing the
spread of disease. Studies have also proven that aerosols are involved
in the spread of SARS, MERS, H1N1, and many other diseases.8–10

Wells11,12 was the pioneer to provide one of the first mechanistic
description of the disease transmission route through respiratory
droplets. The pathogens are transmitted from infected to healthy per-
son through droplet cloud, produced by the respiratory actions during

cough, sneeze, speech, etc. This cloud consists of droplets of varying
size13 where larger droplets settle on ground due to gravity,4 while
smaller droplets or aerosols can travel larger distances causing elon-
gated exposure. Recent works on COVID-19 have shown that respira-
tory events such as cough and sneeze are predominantly made of
aerosol particles contained inside a multiphase turbulent gas (a puff)
cloud that entrains ambient air.4,14,15

Aerosols are unstable accumulation of liquid or solid particles of
different sizes that constantly varies with external velocity field, gravi-
tational settling, temperature, and mass transfer with the surrounding
gas medium. The particles in a bio-aerosol are generally 0.3–100 lm
in diameter, and its ability to remain in the air and travel larger
distances is of primary concern.16 Moreover, Gorbunov17 suggested
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that aerosols can ensemble in regularly used public spaces mainly hos-
pitals, public transports, and supermarkets, facilitating direct human-
to-human respiratory bio-aerosol transmission. Enhanced transmis-
sion rate in confined spaces is also discussed by several research-
ers.18–20 To minimize the transmission, the world scientific and
medical community suggests the use of face masks and social distanc-
ing of 2m.21–23 However, this social distancing norm of 2m does not
hold for aerosol transmission,17 depending on various atmospheric
conditions.

One of the crucial factors in the transport phenomena of these
respiratory droplets in the air is the evaporation of the respiratory
droplets, which is dependent on the ambient temperature and rela-
tive humidity. As presented in review by Pica and Bouvier,24 patho-
gen infection spread and transmission can highly depend on factors
such as relative humidity, ambient temperature, and surrounding air-
flow. However, the composition of respiratory fluid is highly com-
plex, containing organic compounds, salts, proteins, surfactants, and
pathogens (virus or bacteria).25 Therefore, the evaporation dynamics
of these complex fluid droplets in the air are complicated. These
complex fluid droplets behave significantly different from pure water
droplets4 as the nonvolatile components present in the fluid affect
evaporation dynamics.26 As shown by Vejerano et al.,26 respiratory
droplet primarily contains �1% (w/w) NaCl dissolved in water (sol-
vent). Moreover, it is also noted that the pathogens (virion) do not
affect the evaporation or precipitation dynamics as shown in experi-
mental data14 and thus neglected in modeling the global transport
processes.

Furthermore, during any respiratory event, the droplets are
exhaled in the ambient, consisting of a large volume of air, which ini-
tially act as a turbulent jet but gradually transforms into a buoyant
puff.27 As the droplets within the cloud transmit through jet and
puff, the current model incorporates the evolution of these respira-
tory jet and puff in the mathematical description for realistic
approach.

Because of the complexities described above, in this paper, we
have numerically simulated a two-dimensional model based on an
isolated droplet from the cloud, assuming one-way coupling
between the droplet and surrounding air. In this case, the droplet–
droplet interaction or effects of surrounding droplets are neglected
as the liquid phase volume (droplets) is too small to affect the gas
phase (air) for respiratory events. More popular approach with the
homogeneous 0D (zero) model4 assumes that the droplet is
homogenous, and as such, no liquid phase transport is considered.
As an important modification to the homogeneous model, we have
solved a detailed transport model for liquid phase inside the drop-
let and investigated a spatiotemporal solute–solvent level heat and
mass transfer, which affects the evaporation rate and further nucle-
ation of the droplet. The current model provides a reasonably
agreeable results validated with experimental and the homoge-
neous model data.4 Similar to the homogeneous model, here, the
temporal or spatial evolution of flow in gas phase is not solved in
detail, as it requires a large scale either direct numerical transport
(DNS) or large-eddy simulations (LES) to capture the turbulent
characteristics.28–33 Although such perspective could provide a
greater insight, they need more computational resources and simu-
lations for varying ambient conditions, which are difficult to
achieve. These DNS and LES studies, on the other hand, do not

solve the liquid phase transport due to prohibitive computational
costs. Thus, findings of our study with detailed liquid phase trans-
port complement the previous approaches. We will show that
varying atmospheric temperature and relative humidity based on
the geographical location, the two-dimensional model successfully
predicts the corresponding evaporation time until nucleation and
distance traveled by the aerosol in nominal-windy conditions
globally. However, the axial distance increases by multiple folds
having a constant evaporation time when average wind velocity
is considered.

II. TWO-DIMENSIONAL MODELING OF RESPIRATORY
DROPLET

As mentioned in the introduction, during any respiratory epi-
sode such as breathing, sneezing, or coughing, bio-aerosols are
ejected in clouds which initially for a short duration evolve as turbu-
lent jet and then transform to a puff as discussed in.4 These respira-
tory droplets can either remain in the air or settle on a surface as
fomites. Evaporation of these bio-aerosols dispersed with the cough-
cloud is complicated due to the heat and mass transfer of the solvent
and nonvolatile salts (predominantly NaCl) present in our saliva
(Fig. 1). These conditions strongly influence the evaporation dynam-
ics of a droplet. The two-dimensional model gives an absolute analy-
sis encompassing the gas phase coupled with the liquid phase
responsible for complex evaporation phenomenon of the airborne
droplet kinetics in the ambient environment. The modeling frame-
work as advocated by Abramzon and Sirignano34 has been adopted
here. They introduced a new approximate model of vaporization of a
moving fuel droplet extending the classical droplet vaporization model
including important effects as variable physical properties and non-
unitary Lewis number in the gas phase, influence of the Stefan flow
(blowing) on heat and mass transfer, and the effect of the transient liq-
uid heating inside the internally circulating droplet. The schematic of
the lifetime of an isolated exhaled droplet in the ambient atmosphere is
given in Fig. 1.

The model involves three-part analysis considering the motion of
the droplet in the ambient, gas phase around the droplet and liquid
phase of the droplet. The motion of the droplet is solved to determine
the velocity of the droplet and its trajectory. The droplet trail in the
ambient air is a function of ambient temperatures and relative humid-
ity that the droplets experience. Here, we assumed the cough jet veloci-
ties to be dominant in the axial direction; therefore, the radial velocity
component of the cough jet is neglected.

The mean axial location and velocity together with mean radial
spread of the droplet gas phase divided into transient turbulent jet and
puff can be expressed,4,15,27,35,36 respectively, as

xj tð Þ ¼
12
K

� �1
2

Uj;0Rj;0ð Þ1=2t1=2;

Uj tð Þ ¼
6Uj;0Rj;0

Kxj tð Þ
;

Rj tð Þ ¼ Rj;0 þ
xj tð Þ � xj;0

5

(1)

and
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xpf tð Þ ¼ 3m
a

Rpf tð Þ;

Upf tð Þ ¼ Upf ;0
3mRpf ;0

4aUpf ;0t

� �3=4

;

Rpf tð Þ ¼ Rpf ;0
4aUpf ;0t

3mRpf ;0

� �1=4

(2)

where subscripts j and pf mean jet and puff, respectively. R0 and U0

are the initial radius and axial velocities at a distance x0. For a fleeting
turbulent jet, K is a characteristic constant based on,37 which is esti-
mated to be 0.457. Since jet cloud initiates from the mouth itself so at
t¼ 0, the radius of the jet event is approximated to be similar to
human mouth radius, 14mm. However, the ejection velocity of the jet
cloud Uj,0 depends on the type of respiratory event. Taking examples
of various respiratory event, Uj,0 for sneezing is on the order of 40m/s;
for coughing, it is approximately 10m/s, while for speaking and sing-
ing, it is about 2–3m/s. Thereafter, to scale the turbulent puff, the
characteristic constants considered are a� 2.25 and m ¼ (xp,0a)/
(3Rp,0)� 4.35

However, the current paper is restricted to only cough events
(Uj,0 ¼ 10 m/s), but can easily be adapted for other respiratory events.
A significant factor for the jet event must be noted that for a single
cough event, the ejection of jet lasts only for approximately 1 s.36

Beyond this time, the turbulent jet undergoes transition to the turbu-
lent puff together constituting the gas phase described as

Ug ¼
Uj tð Þ t � 1 s

Upf tð Þ t > 1 s

(

Rg ¼
Rj tð Þ t � 1 s

Rpf tð Þ t > 1 s:

( (3)

A. Gas phase

The momentum equations responsible for the droplet motion
and the droplet evaporation rate are defined as

dXp

dt
¼ Up

dUp

dt
¼ 3CD

8rs

qg

qL

� �
Ug � Upj j Ug � Upð Þ

dZp

dt
¼ Vp

dVp

dt
¼ � 3CD

8rs

qv

qL

� �
V2
p þ

qL � qvð Þ
qL

g

9>>>>>>>>>>>>=
>>>>>>>>>>>>;

; (4)

FIG. 1. A Schematic of evaporation dynamics of pathogen laden respiratory droplets. (The crystal image is reproduced with the permission from Basu et al., “Insights on drying
and precipitation dynamics of respiratory droplets from the perspective of COVID-19,” Phys. Fluids 32, 123317 (2020). Copyright 2020 AIP publishing.
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drs
dt
¼ � _m

4pqLr2s
; (5)

where Xp is the horizontal displacement of the exhaled droplet and Up is
its instantaneous velocity.Vp and Zp are the droplet velocity and displace-
ment in the traverse direction, respectively. Here,Ug and qg are the drop-
let gas phase velocity and density of the gas phase; rs is instantaneous
radius of the droplet; qL is liquid phase densities, lg is gas phase dynamic
viscosity, and CD is the drag co-efficient, which can be taken as 24/Rep for
the gas phase Reynolds number, Rep ¼ 2qv Ug � Upj jrs=lg < 30; which
is mostly less than 0.1 for respiratory droplets. The model assumes that
the respiratory jet and the droplets within that are exhaled in equivalent
velocity. Therefore, to refrain from the singularity in calculating CD, the
initial droplet velocity is considered as 99% of the jet velocity. The varia-
tion in humidity and temperature within the droplet cloud is not regarded
in the current approach, while it can be found in Ref. 15.

The average temperature is chosen as Tmean ¼ (2 Ts þ T1)/3 as
suggested by Hubbard et al.,38 where Ts and T1 are the droplet surface
temperature and temperature of the gas phase at far-field, respectively.
The solution of Eqs. (4) and (5) is determined by the vaporization rate.
This vaporization rate is obtained from the coupled liquid and vapor
phase analyses, where the solution for vapor phase surrounding the
liquid droplet is assumed to be in a quasi-steady-state condition. Thus,
the expressions for vaporization mass flux are given as (heat and mass
transfer limits)

_m ¼ 2pqvDtrsSh
�log 1þ BMð Þ; (6)

_m ¼ 2pqvag rsNu
�log 1þ BTð Þ; (7)

where _m is the rate of change of droplet water mass due to evapora-
tion, qv is density of water vapor, and Dt is the binary diffusivity of
water vapor in the air, and ag is the thermal diffusivity of surrounding
air. Here, Nu� and Sh� are the corrected Nusselt and Sherwood num-
bers, respectively, according to the relative changes of film thickness
due to surface blowing effect. The Spalding heat and mass transfer
numbers are defined as BM ¼ ðYW;s � YW;1Þ =ð1� YW;sÞ and BT

¼ Cp; lðT1 � TsÞ=ðhfg þ Ql= _mÞ. Here, YW is mass fraction of water
vapor, while subscript s and1 denote location at droplet surface and
at far field, respectively. The subscripts W, A, and N will denote water,
air, and salt, respectively. Cp; l, and hfg are the specific heat and specific
latent heat of vaporization of the droplet liquid, and Ql is the heat
transferred into the liquid. In the case for respiratory droplets,
the evaporation kinetics gets affected as the nonvolatile solutes (1%
w/w NaCl) suppress the vapor pressure at the droplet surface. This is
taken into account by considering an ideal solution obeying the
Raoult’s Law,39 Pvap Ts; vW;s

� � ¼ vW;sPsatðTsÞ, where vW;s is the
mole fraction of evaporating solvent (here water) at droplet surface in
the liquid phase40 and vW;s ¼ 1� vN;s. Following the above consider-
ations, the vapor concentrations at droplet surface and at far field can
be expressed as

YW;s ¼
Pvap Ts; vW;sð ÞMW

Pvap Ts;vW;sð ÞMW þ 1� Pvap Ts;vW;sð ÞÞMA;
� (8)

YW;1 ¼
RHð ÞPsat T1ð ÞMW

RHð ÞPsat T1ð ÞMW þ 1� RHð ÞPsat T1ð ÞÞMA:
� (9)

After determining the mass vaporization rate and the heat transferred
into the droplet interior Ql , the temperature and concentration

distributions inside the vaporizing droplet are solved with the help of
governing equations for conservation of mass and energy.

B. Liquid phase

Now, if we look inside the liquid phase of the drop, moving drop-
lets produces convective motion due to the intensive liquid circulation
caused by the surface friction. Two-dimensional flow is assumed by
considering internal flow structures described by the well-known Hill’s
spherical vortex.41

The flow around the droplet is assumed to be axisymmetric such
as the flow characteristics are independent of h but varies with time.
Using the Hill spherical vortex solution, the radial and angular velocity
field in the spherical coordinate system r; hð Þ inside the moving evap-
orating droplet is given as

Vr ¼ �Us 1� r2

rs2

� �
cos h; (10)

Vh ¼ Us 1� 2
r2

rs2

� �
sin h; (11)

where Us ¼ ð1=32Þ Ug � Upð Þðlg=llÞRepCF is the velocity of the liq-
uid at the liquid–vapor interface and is calculated by the continuity of
the shear stress across the interface; ll is liquid phase dynamic viscos-
ity. Using the correlation given by Renksizbulut and Yuen42 that the
Stefan flow reduces the friction drag coefficient by a factor (1þ BM),
the skin friction coefficient for an evaporating sphere is given by

CF ¼
12:69Rep�2=3

1þ BM
: (12)

The thermal energy equation inside the circulating and evaporating
droplet is obtained by non-dimensionalizing the transient convection–
diffusion equation in polar coordinates:43

r2s
@T
@s
þ 0:5PeLVr rs � bg
� � @T

@g
þ 0:5PeL

Vh rs
g

@T
@h

¼ 1
g2

@

@g
g2
@T
@g

 !
þ 1

g2 sin h
@

@h
sin h

@T
@h

� �
: (13)

Here, rs ¼ rs=r0 is the dimensionless radius of the droplet; g ¼ r=rs is
the dimensionless radial coordinate; Vr ¼ Vr=Us and Vh ¼ Vh=Us

are the dimensionless radial and angular velocities, respectively; T
¼ ðT � T0Þ=T0 is the dimensionless temperature; s ¼ al t=r20 is the
dimensionless time; b ¼ 0:5@rs=@s is the dimensionless parameter
proportional to the surface regression rate of the droplet; and al is
thermal diffusivity of the liquid phase. The initial and boundary condi-
tions are given as

s ¼ 0! T ¼ 0

g ¼ 1;

@T
@h
¼ 0

ðp
0

@T
@g

sin h dh ¼ QL

2prsklT0

8>>>>><
>>>>>:

h ¼ 0; p! @T
@h
¼ 0:

(14)
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Similarly, the conservation of species equation can be written as43

LeLr2s
@Y N

@s
þ 0:5PeLLeLVr rs � LeLbg
� �@Y N

@g
þ 0:5PeLLeL

Vh rs
g

@Y N

@h

¼ 1
g2
@

@g
g2
@Y N

@g

 !
þ 1

g2 sinh
@

@h
sinh

@Y N

@h

� �
(15)

Here, Y N ¼ ðYN � YN;0Þ=YN;0 is the normalized mass fraction of the
solute. The corresponding initial and boundary conditions are

s ¼ 0! Y N ¼ 0

g ¼ 1;

@Y N

@h
¼ 0

ðp
0

@Y N

@g
sin h dh ¼ _m

2pqLrsDv;zaYN;0

8>>>>><
>>>>>:
h ¼ 0; p! @Y N

@h
¼ 0;

(16)

Kl is the thermal conductivity of the liquid phase and Dv;za is the mass
diffusivity of NaCl in water. PeL and LeL are the Peclet number calcu-
lated based on liquid properties and Lewis number of the liquid phase,
respectively. It is to be noted we assumed that temperature and con-
centration along with droplet surface are uniform; thus, the
Marangoni stress terms are not considered in our equation. At the
onset of the respiratory event (t¼ 0), the gas phase velocity of the bio-
aerosol cloud is assumed to be 10m/s and a radius of the cloud as
14mm, which is the mean human mouth opening.

The numerical simulation has been carried out by solving Eqs.
(4)–(16), both for external vapor and internal liquid regions. However,
the internal liquid phase solution requires the boundary conditions
(14) and (16), obtained by solving the vapor phase. Accordingly, Eq.
(4) is solved by numerical integration method using forward marching
scheme. The mass flux _m calculated from Eq. (6) generates the solu-
tion of Eq. (5); hence, the instantaneous droplet radius can be com-
puted by a forward marching scheme. This mass flux is subsequently
used as the boundary condition for the conservation of species equa-
tion. Following the completion of the mass transfer part of the vapor
phase, heat transfer in the vapor phase is formulated implicitly.43 The
calculated surface heat flux QL is employed in the boundary condition
for the energy equation of the liquid phase, similar to the mass transfer
solution. A detailed stepwise algorithm of the numerical procedure 34

is given in the supplementary material with diagram representing the
dependence of each equation as Fig. S1.

After obtaining the boundary conditions from the vapor phase,
the thermal energy Eq. (13) and species Eq. (15) along with the bound-
ary conditions (14) and (16) in the liquid phase are computed numeri-
cally by fully implicit iterative finite difference scheme called standard
second-order Peaceman–Rachford ADI method,44 which is a double
time step algorithm. The resulting spatiotemporal approximations
considered in this method are of second order, and the finite-
difference grid spacings (Dg, Dh) are uniform. Due to the consider-
ation of an implicit scheme, this method is unconditionally stable,
where Ds ¼ 0.0057, Dg ¼ 0.05, and Dh ¼ 0.157 were taken for the
entire simulation process. Moreover, it is investigated that, if we fur-
ther decrease Ds, no significant change in the numerical results is
exhibited.

III. RESULTS AND DISCUSSION

Due to the jet and consecutive puff profile of the droplet cloud, it
affects both droplet velocity and vapor phase velocity. As discussed
earlier, the injection of droplet velocity is very close to the injection of
respiratory jet, the droplet velocity Up¼ 0.99Ug, and subsequently, the
difference becomes smaller due to drag. This provides a similar profile
of the droplet velocity and vapor phase velocity with time given in
Figs. 2(a) and 2(b). The kink in both the figures at t¼ 1 s arises from
the transition of gas phase solution from the jet to the puff behavior as
shown in Eq. (3). Both the velocities in the puff phase slowly approach
to zero until the final evaporation time before nucleation of the drop-
lets is reached at 28 �C ambient temperature and 48% relative humid-
ity. Figure 2(c) depicts the droplet velocity (D0¼ 100 lm) along with
the axial direction xp of the droplet moving in the air. This gives us the
idea that a droplet with initial diameter 100lm can travel upto 3.5m
in non-windy scenario at the above-mentioned ambient temperature
and humidity conditions. The trajectory of a single droplet with three
different initial diameters moving in the air is generated in Fig. 2(d).
The starting point of the droplet is made at a radial location equivalent
to the height of the mouth in an average human at 1.65m. The bigger
droplet (D0 ¼ 100lm) axially travel upto certain distance due to the
jet flow and gradually fall in the ground due to gravity. However,
smaller droplets (D0 ¼ 50 and 20lm) evaporate in the air and never
settles on the ground. These droplets after nucleation may travel lon-
ger distances enhancing the spread of disease. Furthermore, under
windy conditions, such as in locations of average wind speed of 2m/s,
the axial spread of the droplets (D0 ¼ 100 lm) increases 20 times than
in a non-windy condition, maintaining identical evaporation time.
This refutes the standard social distancing norm of 2m or 6 feet as
bio-aerosol can spread up to several meters depending on the size of
aerosol and wind speed of the location. Moreover, in this study, the
Weber number� 1, considering the surface tension of water (very
low salt concentration). Thus, breakup or deformation of the droplet
is neglected. Apart from the locations close to the mouth, the number
density of the droplets in exhaled volume is rather small. Hence, the
entire system can be considered to be dilute. As the surrounding jet-
puff of the air expands in diameter and the droplets disperse, the prob-
ability of collision and subsequent coalescence should be rare.

For validation of the numerical model, few oriented experiments
were conducted using an isolated levitated droplet evaporation of 1%
w/w NaCl solutions to replicate the actual respiratory droplets in
286 0.2 �C ambient temperature and 486 0.002% relative humidity.4

Figure 3(a) exhibits a comparison between experimental outcome, the
0D model,4 and the current 2D model for initial droplet diameter as
593 lm. The model shows reasonably good agreement with experi-
mental results and 0D model with inconsequential deviations. The
current model is terminated immediately with the trigger of precipita-
tion as solute concentration at the surface reaches the critical value
YN;S ¼ 0:393:45 Moreover, the validation of the results is also done
using varying grid sizes as shown in supplementary material Fig. S2.

In Figs. 3(b) and 3(e), comparisons between the 0D and 2D
model are presented for two initial diameters (D0¼ 50 and 100 lm).
The ambient T1 ¼ 28 �C and RH1 ¼ 0.48 were maintained, and ini-
tial droplet temperature was Ts,0¼ 30 �C. Due to the minimal contrast
in the initial phase of injection velocity of the droplets and ambient
gas-phase velocity (Up,0¼ 0.99Uj,0), followed by similar profile
[Figs. 2(a) and 2(b)], induces a momentary Hills vortex and hence, we
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expect less inhomogeneity inside the droplet. Thus, the D=D0 plot
with time for both initial diameters in the 2D model agrees with the
0D homogeneous model. The 2D model predicts a slightly higher wet
bulb temperature compared to 0D model. Furthermore, transport of
heat and mass from the surface of the droplet to the center indeed
takes finite time (an aspect which is ignored in homogeneous model).
Nevertheless, the comparison illustrates the fact that the 0D model4

demonstrates reasonably good predictive capability. However, under a
different circumstance (with large thermal and velocity difference)
such as high-speed ambience or droplet injection in plasma jet, the rel-
ative velocity is enhanced. Such high relative velocity and temperature
differences will lead to significant errors in the 0D homogeneous
model in which the current 2D model can handle efficiently.

As expected, for Ts,0>T1, the droplet undergoes rapid cooling
and eventually reach a steady state limit (wet bulb) as the evaporation
progresses. As shown in Figs. 3(d) and 3(e) in both droplet sizes, both
models predict a wet bulb temperature around 21 �C (2D model pre-
dicts slightly higher temperature), a limit which ensures Ts,0<T1.
Consequently, after attaining the wet-bulb limit, we have positive heat
transfer from the ambient to the droplet surface, which is used

completely for evaporating the droplet. For a respiratory droplet with
the dissolved nonvolatile salts, the evaporation is dependent on the sol-
vent (water here) mole fraction at the droplet surface. Due to evapora-
tive mass loss during evaporation, the solvent concentration is reduced
at the droplet surface, while the mole fraction of the solute increases.
Once the mole fraction of the solute reaches the critical supersatura-
tion limit, precipitation begins.

Tables I and II, in Ref. 46, represent the ambient temperature
and relative humidity of different cities for winter and summer/mon-
soon, respectively. A–F represents outdoor conditions of regions like
Berlin, Delhi, Kolkata, London, Nairobi, and New York, respectively.

The evolution of normalized diameter D=D0 and surface temper-
ature with time t for different initial diameter D0 and seasons are rep-
resented in Fig. 4 for the cities given in Tables I and II. It is observed
that in cities having higher relative humidity, the droplet takes larger
time to evaporate. Due to the larger relative humidity, the vapor pres-
sure reduces and reaches a point of equilibrium between the evapora-
tion of water mass from the droplet surface and condensation of water
mass from the vapor layer back to the droplet. This delays the evapora-
tion process for which high humidity cities could not evaporate

FIG. 2. (a) Velocity of droplet (D0 ¼ 100lm) with respect to time including an inset figure from time 0–1.5 s and (b) velocity of the droplet cloud (jet and puff) with respect to
time including an inset figure from time 0 to 1.5 s, (c) velocity of droplet along with axial distance traveled by the droplet during the period of evaporation, and (d) trajectory of
the droplet. Initial T1 and RH1 is 28 �C and 48%, respectively.
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beyond D
D0
� 0:4. The right-side panel of Fig. 4 shows the evolution of

surface temperature of the droplet exhaled initially at 30 �C. The sur-
face temperature rapidly drops to the analogous wet-bulb temperature
allowing the heat from the ambient to enter the droplet leading to
evaporation. The left and right columns in Fig. 5 show the evolution of

temperature and concentration contours, respectively, for an evaporat-
ing surrogate respiratory droplet at an ambient condition of T1
¼ 28 �C and RH1 ¼ 0.48. The initial droplet diameter and tempera-
ture were D0¼ 100 lm and Ts,0¼ 30 �C. The initial solute concentra-
tion YN;0 ¼ 0:01. The primary goal of the 2D model is to understand

FIG. 3. (a) Comparison of experiments and simulations of normalized droplet diameter as a function of time for salt–water solution droplet with 48%RH, D0 ¼ 593 lm and
35%RH, D0 ¼ 339 lm. Comparison of 0D and 2D modeling of normalized (b) and (d) droplet diameter and (c) and (e) droplet surface temperature as a function of time surro-
gate respiratory droplets solution droplet including an inset figure from time 0 to 0.05 s. Initial droplet diameter: (b) and (c) 50 mm and (d) and (e) 100mm. The ambient was
T1 ¼ 28 �C, RH1 ¼ 48%, and initial droplet temperature was Ts,0 ¼ 30 �C. The stages of tI to tVI are correlated with the stages of Fig. 5.
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the temperature and solute concentration distribution within the drop-
let and ascertain the degree of inhomogeneity of the scalars inside the
liquid phase. As the solvent vaporizes from the droplet surface, the sol-
ute mass fraction near the surface of the droplet is maximum. Messing
et al.47 proposed that precipitation could occur in various conditions
depending on the saturation concentration and temperature.
However, in this study, we have considered a homogeneous nucleation
phenomenon that assumes a uniform and instantaneous precipitation
of salt in the zones that achieved critical supersaturation concentration
YN;S ¼ 0:393:44 Figure 3(e) illustrates the droplet temperature plot
with time that depicts the initial transient phase up to 100ms where
rapid cooling of a droplet takes place due to evaporation, while heat is
supplied from the center of the droplet (tI � tII). In this region, the
temperature contours follow the flow streamlines line to some extent,
thereby exhibiting some convection effects due to relative velocity
between droplet and jet/puff. However, as the temperature reaches the
wet bulb (tIII � tVI), both temperature and concentration contours
become concentric exhibiting minimal convection. This is because, at
later stages, as the droplet velocity reaches the velocity of the puff
cloud, diffusive transport is most dominant. The homogeneous tem-
perature distribution inside the liquid phase is shown in Fig. 5. The
temperature distribution contours are plotted for each time step
(tI � tVI) denoted in Fig. 3(e) to illustrate this effect. However, the
concentration distributions exhibit concentric lines at slightly later
stages due to low mass diffusivity compared to thermal diffusivity.
However, in the case of spray combustions in liquid-fueled engines
and in plasma jets, the convective effects become significant. Such phe-
nomena cause distortion of the spherical symmetry of the temperature
distribution inside the droplet.48–55 It is also observed that the salt con-
centration enhances near the droplet surface due to evaporation. As
the droplet moves in the air, its size reduces and the surface NaCl con-
centration reaches the critical supersaturation limit %YN;S ¼ 39:3%.

Here, % concentration of salt is presented taking the initial concentra-
tion as 1%. Salt accumulation slows down the rate of vaporization sig-
nificantly and crystallization starts from the droplet surface. We
observe similar trends for different ambient conditions.

However, the model can capture the inhomogeneity in tempera-
ture and concentration gradient in bigger droplets as shown in Fig. 6.
For droplet of initial diameter D0¼ 593 lm, the left and right panel
shows the temperature and concentration contours, respectively, at
ambient temperature of 28 �C and relative humidity 48%. The initial
droplet temperature were Ts,0¼ 30 �C with initial solute concentration
of %YN;0 ¼ 1%. Unlike smaller droplets as shown in Fig. 5, tempera-
ture gradient in larger droplets takes longer time of about 6.39 s to
attain homogeneity. During this period, the droplet surface tempera-
ture reduces due to evaporation and finally attains a wet bulb tempera-
ture. This causes rapid cooling of the droplet, while heat is supplied
from the center of the droplet. Moreover, both the temperature and
concentration contours exhibit stronger convection effects due to rela-
tive velocity between the droplet and the ambient (1m/s). This eluci-
dates the significance of the 2D model to capture such convection
effects in larger droplets, which could not be possible in a homoge-
neous model.

Figure 7 reveals the region in which solute concentration YN;S

> 0:393 in a droplet of initial diameter D0 ¼ 100lm. In this region,
the solute concentration becomes higher than the supersaturation con-
centration, which triggers the precipitation formation. The salt precipi-
tate is uniform along the surface of the droplet as homogeneous
nucleation is considered. In a nutshell, low relative velocity and hence
low convective effects ensure homogeneous temperature and concen-
tration distribution within the droplet in the 2D model. This model is
terminated as the solute concentration reaches the supersaturation
concentration. However, to upgrade the pseudokinetic model of crys-
tallization,4 the current 2D model can be expanded to understand the
nucleation phase inside a droplet.

Figure 8 gives the distribution of axial distance xp traveled by the
droplet in the air, over a wide range of ambient temperature and rela-
tive humidity for two different initial droplet diameter (D0¼ 20 and
100lm). For both diameters, interestingly we observe that at high
ambient temperature and low relative humidity, the distance traveled
by the droplet is minimum. This interprets that the time of evapora-
tion s must be smaller in cases such as this.4 However, for low ambient
temperature and high relative humidity, the axial distance xp increases
as the time s, the droplet takes to evaporate is much larger. The con-
tour plots [Figs. 4(a) and 4(c)] are produced for winter season and
[Figs. 4(b) and 4(d)] for summer/monsoon. Different cities across the
globe are denoted on the contour plots (Tables I and II) for both D0.
The axial spread of the droplets just prior to nuclei formation in out-
door conditions is observed to be maximum in Berlin and London
during the winters, followed by New York, Delhi, and finally Nairobi
and Kolkata. However, during summer/monsoon, Kolkata will have
the highest axial spread, followed by London, Berlin, Nairobi, and
finally New York and Delhi. Once droplets form nuclei, they can
remain suspended in the air for hours and can travel much further dis-
tance. In cases of such aerosols, the distance traversed by the droplets
prior to crystallization/nuclei formation becomes insignificant and
largely redundant. However, for diseases where droplets are the princi-
ple mode of transmission rather than aerosols, the contour plots and
associated distances as shown in Fig. 8 are significant. In addition, for

TABLE I. Ambient temperature and relative humidity for different cities in winter.

Cities Ambient temperature (�C) Relative humidity (%)

A 0.5 84
B 13 67
C 19 64
D 5 86
E 19.7 59
F �1 66

TABLE II. Ambient temperature and relative humidity for different cities in summer/
monsoon.

Cities Ambient temperature (�C) Relative humidity (%)

A 21 67
B 33 52
C 30 80
D 21 63
E 18 61
F 24 38
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FIG. 4. Normalized diameter and droplet surface temperature (D0 ¼ 20 lm) of cities given in Tables I and II for winter (a) and (b) and summer/monsoon (c) and (d), and
(D0 ¼ 100 lm) of cities for winter (e) and (f) and summer/monsoon (g) and (h).
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FIG. 5. Temperature and salt mass fraction field inside the droplet at different time steps with D0 ¼ 100 lm at initial conditions of 30 �C droplet surface temperature and 48%
relative humidity. Change in the second place of decimal in %YN represents minimum variation of 1% of initial concentration, which is considered as 1.00%. The stages of tI to
tVI are correlated with the stages of Fig. 3(e).
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short-range spread of diseases through droplets, the above data may
be significantly useful.

IV. CONCLUSION

In this paper, we have presented a two-dimensional modeling
approach that aids to a detailed scientific-based explanation on the
transport and translation process in respiratory bio-aerosol (smaller
droplets). Respiratory pathogens such as coronavirus, influenza virus,
Mycobacterium tuberculosis, and Pseudomonas aeruginosa exhaled
during any respiratory event from an infectious person are carried
within these droplets and get transmitted. Therefore, it becomes

FIG. 6. Temperature and salt mass fraction field inside the droplet at different time steps with D0 ¼ 593 lm at initial conditions of 30 �C droplet surface temperature and 48%
relative humidity. Change in the 2nd place of decimal in %YN represents minimum variation of 1% of initial concentration, which is considered as 1.00%.

FIG. 7. Black Droplet regions with solute concentration YN;S > 0:393 with
D0 ¼ 100lm.
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necessary to understand the evolution of the exhaled droplets charac-
terized by complex interaction of spatiotemporal aerodynamics and
evaporation kinetics. Once a droplet cloud is exhaled in any respira-
tory event, the droplets experience aerodynamical drag, increasing
fluid shear rate and causing internal circulations inside the spheri-
cal droplet. The main motivation of this approach is to understand
detailed flow dynamics in the liquid phase of the droplet while
moving in the ambient air. In cases such as turbulent windy condi-
tions causing high relative velocity and greater temperature differ-
ences, this model is significantly useful. The transient heat and
mass transport equations in liquid phase provide significant knowl-
edge on the internal flow dynamics and concentration gradient.
The presence of nonvolatile solutes in the respiratory fluid gener-
ates this concentration gradient that enhances at the droplet surface
due to evaporation process. The model is simulated until the sur-
face concentration reaches a critical value after which droplet
nucleation starts. Moreover, it is observed that the axial spread for
bio-aerosols with initial diameter less than 50 lm is higher as they
start nucleating in the air and does not settle on the ground. These
aerosol particles can float in the air for longer time (hours) enhanc-
ing the spread of pathogens. The current model is capable of suc-
cessfully predicting the evaporation time and axial spread of the
droplets in any geographical location on the globe until the point of
nuclei formation.

SUPPLEMENTARY MATERIAL

See the supplementary material showing grid independence study
and numerical schemes adopted to solve the equations.

ACKNOWLEDGMENTS

The authors thank Dr. Prasenjit Kabi for the experimental data
and crystal image. S.B. gratefully acknowledges the funding received
from the DRDO Chair Professorship Award. D.C. gratefully
acknowledges Tata Innovation fellowship and Astra Chair fellowship.
We also acknowledge the esteemed reviewers for their valuable
suggestion.

DATA AVAILABILITY

The data that support the findings of this study are available
within the article.

REFERENCES
1World Health Organization, “Modes of transmission of virus causing COVID-
19: Implications for IPC precaution recommendations: Scientific brief, 27
March 2020,” Technical Report No. 335867 (World Health Organization,
2020); available at https://apps.who.int/iris/handle/10665/331601.

2M. Jayaweera, H. Perera, B. Gunawardana, and J. Manatunge, “Transmission
of COVID-19 virus by droplets and aerosols: A critical review on the unre-
solved dichotomy,” Environ. Res. 188, 109819 (2020).

FIG. 8. Contours of calculated axial distance Xp traveled by the droplet before crystallization in (a) winter (b) summer/monsoon as a function of T1 and RH1 for D0 ¼ 20 lm,
(c) winter and (d) summer/monsoon for D0 ¼ 100lm. The black and red dots represent different cities from Tables I and II in winter and summer/monsoon, respectively.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 103302 (2021); doi: 10.1063/5.0064635 33, 103302-12

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/pof/article-pdf/doi/10.1063/5.0064635/16108970/103302_1_online.pdf

https://www.scitation.org/doi/suppl/10.1063/5.0064635
https://apps.who.int/iris/handle/10665/331601
https://doi.org/10.1016/j.envres.2020.109819
https://scitation.org/journal/phf


3M. Zhou and J. Zou, “A dynamical overview of droplets in the transmission of
respiratory infectious diseases,” Phys. Fluids 33, 031301 (2021).

4S. Chaudhuri, S. Basu, P. Kabi, V. R. Unni, and A. Saha, “Modelling the role of
respiratory droplets in COVID 19 type pandemic,” Phys. Fluids 32, 063309
(2020).

5J. Lv, J. Gao, B. Wu, M. Yao, Y. Yang, T. Chai, and N. Li, “Aerosol transmission of
coronavirus and influenza virus of animal origin,” Front. Vet. Sci. 8, 572012 (2021).

6B. Patterson and R. Wood, “Is cough really necessary for TB transmission?,”
Tuberculosis 117, 31–35 (2019).

7L. D. Knibbs, G. R. Johnson, T. J. Kidd, J. Cheney, K. Grimwood, J. A. Kattenbelt,
P. K. O’Rourke, K. A. Ramsay, P. D. Sly, C. E. Wainwright, M. E. Wood,
L. Morawska, and S. C. Bell, “Viability of Pseudomonas aeruginosa in cough aero-
sols generated by persons with cystic fibrosis,” Thorax 69, 740–745 (2014).

8I. T. S. Yu, Y. Li, T. W. Wong, W. Tam, A. T. Chan, J. H. W. Lee, D. Y. C.
Leung, and T. Ho, “Evidence of airborne transmission of the severe acute respi-
ratory syndrome virus,” N. Engl. J. Med. 350, 1731–1739 (2004).

9U. Adhikari, A. Chabrelie, M. Weir, K. Boehnke, E. McKenzie, L. Ikner, M.
Wang, Q. Wang, K. Young, C. N. Haas, J. Rose, and J. Mitchell, “A case study
evaluating the risk of infection from middle eastern respiratory syndrome
coronavirus (MERS-CoV) in a hospital setting through bioaerosols,” Risk
Anal. 39, 2608–2624 (2019).

10H. Zhang, X. Li, R. Ma, X. Li, Y. Zhou, H. Dong, X. Li, Q. Li, M. Zhang, Z. Liu,
B. Wei, M. Cui, H. Wang, J. Gao, H. Yang, P. Hou, Z. Miao, and T. Chai,
“Airborne spread and infection of a novel swine-origin influenza a (H1N1)
virus,” Virol. J. 10, 204 (2013).

11W. Wells, “On air-borne infection: Study II. Droplets and droplet nuclei,” Am.
J. Epidemiol. 20, 611–618 (1934).

12W. F. Wells, “Airborne contagion and air hygiene. An ecological study of drop-
let infections,” JAMA 159, 90 (1955).

13S. Anand and Y. S. Mayya, “Size distribution of virus laden droplets from expi-
ratory ejecta of infected subjects,” Sci. Rep. 10, 21174 (2020).

14S. Basu, P. Kabi, S. Chaudhuri, and A. Saha, “Insights on drying and precipita-
tion dynamics of respiratory droplets from the perspective of COVID-19,”
Phys. Fluids 32, 123317 (2020).

15S. Chaudhuri, S. Basu, and A. Saha, “Analyzing the dominant SARS-CoV-2
transmission routes toward an ab initio disease spread model,” Phys. Fluids 32,
123306 (2020).

16K. A. Prather, C. C. Wang, and R. T. Schooley, “Reducing transmission of
SARS-CoV-2,” Science 368(6498), 1422–1424 (2020).

17B. Gorbunov, “Aerosol particles Laden with COVID-19 travel over 30 m dis-
tance.” Preprints, 2020040546 (2020).

18T. Dbouk and D. Drikakis, “On airborne virus transmission in elevators and
confined spaces,” Phys. Fluids 33, 011905 (2021).

19Z. Zhang, T. Han, K. H. Yoo, J. Capecelatro, A. L. Boehman, and K. Maki,
“Disease transmission through expiratory aerosols on an urban bus,” Phys.
Fluids 33, 015116 (2021).

20L. Wu, X. Liu, F. Yao, and Y. Chen, “Numerical study of virus transmission
through droplets from sneezing in a cafeteria,” Phys. Fluids 33, 023311 (2021).

21S. Sharma, R. Pinto, A. Saha, S. Chaudhuri, and S. Basu, “On secondary atomi-
zation and blockage of surrogate cough droplets in single and multilayer face
masks,” Sci. Adv. 7, eabf0452 (2021).

22T. Dbouk and D. Drikakis, “On respiratory droplets and face masks,” Phys.
Fluids 32, 063303 (2020).

23K. Goniewicz and A. K. Manesh, “Maintaining social distancing during
COVID-19 outbreak,” Soc. Sci. 10, 14 (2021).

24N. Pica and N. M. Bouvier, “Environmental factors affecting the transmission
of respiratory viruses,” Curr. Opin. Virol. 2(1), 90–95 (2012).

25A. Rasheed, S. Sharma, P. Kabi, A. Saha, S. Chaudhuri, and S. Basu,
“Precipitation dynamics of surrogate respiratory sessile droplets leading to pos-
sible fomites,” J. Colloid Interface Sci. 600, 1–13 (2021).

26E. P. Vejerano and L. C. Marr, “Physico-chemical characteristics of evaporating
respiratory fluid droplets,” J. R. Soc. Interface 15(139), 20170939 (2018).

27L. Bourouiba, E. Dehandschoewercker, and J. W. Bush, “Violent expiratory
events: On coughing and sneezing,” J. Fluid Mech. 745, 537 (2014).

28H. Li, F. Y. Leong, G. Xu, Z. Ge, C. W. Kang, and K. H. Lim, “Dispersion of
evaporating cough droplets in tropical outdoor environment,” Phys. Fluids
32(11), 113301 (2020).

29R. Mittal, R. Ni, and J.-H. Seo, “The flow physics of COVID-19,” J. Fluid Mech.
894, F2 (2020).

30T. Dbouk and D. Drikakis, “On coughing and airborne droplet transmission to
humans,” Phys. Fluids 32, 053310 (2020).

31F. Nordsiek, E. Bodenschatz, and G. Bagheri, “Risk assessment for airborne dis-
ease transmission by poly-pathogen aerosols,” PLoS One 16(4), e0248004
(2021).

32K. L. Chong, C. S. Ng, N. Hori, R. Yang, R. Verzicco, and D. Lohse, “Extended
lifetime of respiratory droplets in a turbulent vapor puff and its implications
on airborne disease transmission,” Phys. Rev. Lett. 126, 034502 (2021).

33V. Mathai, A. Das, J. A. Bailey, and K. Breuer, “Airflows inside passenger cars
and implications for airborne disease transmission,” Sci. Adv. 7(1), eabe0166
(2021).

34B. Abramzon and W. A. Sirignano, “Droplet vaporization model for spray
combustion calculations,” Int. J. Hear Mass Transfer 32(9), 1605–1618 (1989).

35B. Cushman-Roisin, Environmental Fluid Mechanics (John Wiley & Sons, Inc.,
2008).

36Z. Han, W. Weng, and Q. Huang, “Characterizations of particle size distribu-
tion of the droplets exhaled by sneeze,” J. R. Soc. Interface 10, 20130560
(2013).

37N. Abani and R. D. Reitz, “Unsteady turbulent round jets and vortex motion,”
Phys. Fluids 19, 125102 (2007).

38G. L. Hubbard, V. E. Denny, and A. F. Mills, “Droplet evaporation: Effects of
transients and variable properties,” Int. J. Heat Mass Transfer 18, 1003–1008
(1975).

39G. J. Van Wylen and R. E. Sonntag, Fundamentals of Classical
Thermodynamics (Wiley, 1986).

40W. A. Sirignano, Fluid Dynamics and Transport of Droplet and Sprays
(Cambridge University Press, 2010).

41H. Lamb, Hydrodynamics (Cambridge University Press, New York, 1993).
42M. Renksizbulut and M. C. Yuen, “Experimental study of droplet evaporation
in a high-temperature air stream,” J. Heat Transfer 105, 384–388 (1983).

43A. Ozturk and B. M. Cetegen, “Modeling of plasma assisted formation of pre-
cipitates in zirconium containing liquid precursor droplets,” Mater. Sci. Eng., A
384, 331–351 (2004).

44D. W. Peaceman and H. H. Rachford, “The numerical solution of parabolic
and elliptic differential equation,” SIAM J. Appl. Math. 3, 28–41 (1955).

45F. Gregson, J. Robinson, R. Miles, C. Royall, and J. Reid, “Drying kinetics of
salt solution droplets: Water evaporation rates and crystallization,” J. Phys.
Chem. B 123, 266–276 (2019).

46) See https://www.en.climate-data.org for “Climate Data For Cities Worldwide”
(last accessed June 26, 2021).

47G. L. Messing, S.-C. Zhang, and G. V. Jayanthi, “Ceramic powder synthesis by
spray pyrolysis,” J. Am. Ceram. Soc. 76, 2707–2726 (1993).

48S. Basu, E. H. Jordan, and B. M. Cetegen, “Fluid mechanics and heat transfer of
liquid precursor droplets injected into high-temperature plasmas,” J. Therm.
Spray Technol. 17, 60–72 (2008).

49S. Basu and B. M. Cetegen, “Modeling of thermo-physical processes in liquid
ceramic precursor droplets injected into a plasma jet,” Int. J. Heat Mass
Transfer 50(17–18), 3278–3290 (2007).

50A. Saha, S. Seal, B. Cetegen, E. Jordan, A. Ozturk, and S. Basu, “Thermo-physi-
cal processes in cerium nitrate precursor droplets injected into high tempera-
ture plasma,” Surf. Coat. Technol. 203(15), 2081–2091 (2009).

51S. Basu, A. Saha, and R. Kumar, “Criteria for thermally induced atomization
and catastrophic breakup of acoustically levitated droplet,” Int. J. Heat Mass
Tran. 59, 316–327 (2013).

52S. Basu and B. M. Cetegen, “Modeling of liquid ceramic precursor droplets in a
high velocity oxy-fuel flame jet,” Acta Mater. 56(12), 2750–2759 (2008).

53B. Pathak, P. Deepu, S. Basu, and R. Kumar, “Modeling of agglomeration inside
a droplet with nanosuspensions in an acoustic field,” Int. J. Heat Mass Tran.
59, 161–166 (2013).

54S. Basu and B. M. Cetegen, “Analysis of hydrodynamics and heat transfer in a
thin liquid film flowing over a rotating disk by the integral method,” J. Heat
Transfer 128(3), 217–225 (2006).

55A. Saha, R. Kumar, and S. Basu, “Infrared thermography and numerical study
of vaporization characteristics of pure and blended bio-fuel droplets,” Int. J.
Heat Mass Transfer 53(19–20), 3862–3873 (2010).

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 103302 (2021); doi: 10.1063/5.0064635 33, 103302-13

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/pof/article-pdf/doi/10.1063/5.0064635/16108970/103302_1_online.pdf

https://doi.org/10.1063/5.0039487
https://doi.org/10.1063/5.0015984
https://doi.org/10.3389/fvets.2021.572012
https://doi.org/10.1016/j.tube.2019.05.003
https://doi.org/10.1136/thoraxjnl-2014-205213
https://doi.org/10.1056/NEJMoa032867
https://doi.org/10.1111/risa.13389
https://doi.org/10.1111/risa.13389
https://doi.org/10.1186/1743-422X-10-204
https://doi.org/10.1093/oxfordjournals.aje.a118097
https://doi.org/10.1093/oxfordjournals.aje.a118097
https://doi.org/10.1001/jama.1955.02960180092033
https://doi.org/10.1038/s41598-020-78110-x
https://doi.org/10.1063/5.0037360
https://doi.org/10.1063/5.0034032
https://doi.org/10.1126/science.abc6197
https://doi.org/10.1063/5.0038180
https://doi.org/10.1063/5.0037452
https://doi.org/10.1063/5.0037452
https://doi.org/10.1063/5.0040803
https://doi.org/10.1126/sciadv.abf0452
https://doi.org/10.1063/5.0015044
https://doi.org/10.1063/5.0015044
https://doi.org/10.3390/socsci10010014
https://doi.org/10.1016/j.coviro.2011.12.003
https://doi.org/10.1016/j.jcis.2021.04.128
https://doi.org/10.1098/rsif.2017.0939
https://doi.org/10.1017/jfm.2014.88
https://doi.org/10.1063/5.0026360
https://doi.org/10.1017/jfm.2020.330
https://doi.org/10.1063/5.0011960
https://doi.org/10.1371/journal.pone.0248004
https://doi.org/10.1103/PhysRevLett.126.034502
https://doi.org/10.1126/sciadv.abe0166
https://doi.org/10.1016/0017-9310(89)90043-4
https://doi.org/10.1098/rsif.2013.0560
https://doi.org/10.1063/1.2821910
https://doi.org/10.1016/0017-9310(75)90217-3
https://doi.org/10.1115/1.3245590
https://doi.org/10.1016/S0921-5093(04)00870-6
https://doi.org/10.1137/0103003
https://doi.org/10.1021/acs.jpcb.8b09584
https://doi.org/10.1021/acs.jpcb.8b09584
https://www.en.climate-data.org
https://doi.org/10.1111/j.1151-2916.1993.tb04007.x
https://doi.org/10.1007/s11666-007-9140-6
https://doi.org/10.1007/s11666-007-9140-6
https://doi.org/10.1016/j.ijheatmasstransfer.2007.01.036
https://doi.org/10.1016/j.ijheatmasstransfer.2007.01.036
https://doi.org/10.1016/j.surfcoat.2008.09.018
https://doi.org/10.1016/j.ijheatmasstransfer.2012.12.040
https://doi.org/10.1016/j.ijheatmasstransfer.2012.12.040
https://doi.org/10.1016/j.actamat.2008.02.007
https://doi.org/10.1016/j.ijheatmasstransfer.2012.12.002
https://doi.org/10.1115/1.2150836
https://doi.org/10.1115/1.2150836
https://doi.org/10.1016/j.ijheatmasstransfer.2010.05.003
https://doi.org/10.1016/j.ijheatmasstransfer.2010.05.003
https://scitation.org/journal/phf

