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The dynamics of an evaporating droplet in an unsteady vortical flow is of practical interest8
to many industrial applications and natural processes. To investigate the transport and9
evaporation dynamics of such droplets, we present a numerical study of an isolated droplet10
in an oscillating gas phase flow. The study uses a one-way coupled two-phase flow model to11
assess the effect of the amplitude and the frequency of a sinusoidal external flow field on the12
lifetime of a multi-component droplet containing a non-volatile solute dissolved in a volatile13
solvent. The results show that the evaporation process becomes faster with an increase in the14
amplitude or the frequency of the gas phase oscillation. The liquid phase transport inside15
the droplet also is influenced by the unsteadiness of the external gas phase flow. A scaling16
analysis based on the response of the droplet under the oscillating drag force is subsequently17
carried out to unify the observed evaporation dynamics in the simulations under various18
conditions. The analysis quantifies the enhancement in the droplet velocity and Reynolds19
number as a function of the gas phase oscillation parameters and predicts the effects on the20
evaporation rate.21
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1. Introduction23

Heat and mass transfers in droplets moving in an unsteady flow are ubiquitous in both24
engineering and geophysical systems. For example, fuel droplets are sprayed in an unsteady25
turbulent flow in internal combustion engines, gas turbines, and liquid-fueled rocket engines26
(Mellor 1980; Law 1982; Birouk & Gokalp 2006; Cantwell et al. 2010; Perini & Reitz27
2016). The unsteady dynamics of evaporation of the droplets and transport of the fuel28
vapor critically affect the subsequent combustion processes and, thus, power or thrust29
generation and ensuing emission. Interaction of unsteady flow and evaporating droplets30
are also present in thermal sprays, where the injected droplets carrying functional materials31
undergo evaporation, precipitation, and chemical transformation in either a turbulent plasma32
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(Solution Precursor Plasma Process) (Pawlowski 2009; Jordan et al. 2015) or a High-Velocity33
Oxy-Fuel flame environments (Li & Christofides 2009; Basu & Cetegen 2008). Irrespective34
of the method, the quality of the coating generated with thermal sprays depends on the35
evaporation dynamics and droplet lifetime (Basu et al. 2008; Saha et al. 2009a, 2010).36
Among geophysical systems, the unsteady flow in the upper atmosphere has a strong influence37
on the formation of raindrops and clouds. Atmospheric turbulence, indeed, is critical in38
accumulating or dispersing particles that serve as nucleation sites for water vapor to condense39
and form clouds and raindrops (Shaw et al. 1998; Vaillancourt & Yau 2000; Shaw 2003;40
Ruehl et al. 2008; Grabowski & Wang 2013). Recently droplet evaporation and transport in41
an unsteady flow have gained great interest due to their direct relation to the transmission of42
COVID-19, a disease whose virus primarily transmits through respiratory droplets. Studies43
have been performed to account for the unsteady turbulent jet and puff emanating from oral44
and nasal cavities along with the respiratory droplets (Mittal et al. 2020; Balachandar et al.45
2020; Bourouiba 2021; World Health Organization 2020; Jayaweera et al. 2020; Chaudhuri46
et al. 2020a), to understand their effect on evaporation patterns (Chaudhuri et al. 2020a;47
Basu et al. 2020; Bourouiba 2020; Rosti et al. 2021; Saha et al. 2022) and build disease48
transmission models (Chaudhuri et al. 2020b). Simultaneously, several studies focused on49
the unsteady dynamics of ambient airflow and their influence on the transport of respiratory50
droplets (Chong et al. 2021; Ng et al. 2021; Dbouk & Drikakis 2020; Sharma et al. 2022).51
For example, Chong et al. (2021) and Ng et al. (2021) have shown that the unsteadiness52
in local flow patterns and humidity can lead to growth and clustering among the dispersed53
respiratory droplet. Other studies (Somsen et al. 2020; Bhagat et al. 2020) investigated how54
spatial and temporal variation in indoor air can influence the transport of these respiratory55
droplets and hence, the transmission of the disease.56

The above review of the literature demonstrates that droplet evaporation in unsteady57
conditions is, indeed, of interest to various engineering, health, and atmospheric problems.58
Naturally, the fundamental aspects of droplet evaporation received attention in the thermal-59
fluids community. Droplet evaporation in a steady or weakly unsteady environment has been60
extensively studied in a wide range of situations and configurations, using both theories,61
experiments, and simulations. These studies paved the way for a detailed understanding of62
the topic, which was periodically summarized in review articles (Law 1982; Sirignano 1983;63
Aggarwal & Peng 1995; Sazhin 2006, 2017; Saha et al. 2018). Droplet evaporation in an64
unsteady flow field has also received attention from the research community. The interaction65
between a vortex and a droplet with comparable length-scales are studied by Kim et al. (1995),66
where they investigated the variations in the droplet drag coefficient due to the droplet-vortex67
interplay. Masoudi & Sirignano (2000) investigated the influence of droplet-vortex collision68
on the simultaneous heating, evaporation, and mass transfer of the droplet. The interaction69
of evaporating droplets with a Kármán vortex sheet is studied by Burger et al. (2006) to70
predict a complex vapor-air mixing process. Fundamental studies with particle dispersion71
and phase interaction in large vortex structures are also addressed by researchers (Aggarwal72
et al. 1996; Harstad & Bellan 1997; Kim et al. 1997; Lazaro & Lasheras 1992; Marcu &73
Meiburg 1996; Tang et al. 1992). It was shown that the dynamics of vortex structures typically74
govern the mass and momentum exchanges of the droplet dynamics (Clemens & Mungal75
1995). Moreover, the dispersion of spray droplets is highly dependent on the surrounding76
vortex dynamics, and local shearing vortices tend to govern the response behavior of the77
droplets (Reveillon & Vervisch 2005).78

While the above studies have illustrated droplet dynamics in a complex unsteady non-79
uniform vortical flow field, they were mostly performed for droplets containing pure80
liquid. However, in many applications, the droplet liquid contains non-volatile dissolved81
components. In this work, we describe a framework to study the evaporation dynamics of82
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an isolated binary droplet (containing solvent and solute) in a simpler unsteady oscillating83
flow field. The primary goal is to identify the response in droplet evaporation rate and84
the underlying mechanistic description for such response. Finally, we will show similarity85
and dissimilarity among the responses under various unsteady conditions using proper non-86
dimensional timescales. We will accomplish these goals by formulating a two-dimensional87
numerical model for binary droplets, assuming one-way coupling between the droplet and88
the periodic perturbation in gas phase velocity. This model, which was originally developed89
by Abramzon & Sirignano (1989), provides a complete analysis with a detailed numerical90
simulation for the liquid phase coupled with the gas phase governing the droplet dynamics91
moving in the air. We have imposed an unsteady gas phase flow condition to simulate the92
oscillating flow. The cornerstone of this article is the development of a theoretical relation93
between gas phase frequency and the droplet velocity responsible for the modified evaporation94
of the oscillating droplet motion.95

2. Mathematical modeling96

The motion of any respiratory droplet moving in unsteady flow can be described by the97
drag force experienced by the droplet due to its relative velocity with the surrounding gas98
phase. The transport of these droplets depends on the perturbation characteristics of the99
unsteadiness that interacts periodically with the droplets. Moreover, the evaporation of any100
binary fluid is an intricate process due to the complex heat and mass transfer in the gas101
phase and liquid phase, where the latter is affected by the spatial distribution of the non-102
volatile solute and solvent concentration. The two-dimensional model used in this work103
uses a detailed description of liquid phase transport, which on many occasions, is ignored104
due to computational complexities. The mathematical modeling framework is adapted from105
Abramzon & Sirignano (1989) for the evaporation of a moving droplet extending the classical106
droplet evaporation model under the influence of Stefan flow (blowing) on heat and mass107
transfer and the effect of internal circulation in the liquid phase of the droplet. We will, next,108
describe the model and its governing equations.109

First, we will look into the global transport of the droplet by solving the drag equation.110
The complete descriptions of the drag equations are given below,111

𝑑𝑈𝑝

𝑑𝑡
=

3𝐶𝐷

8𝑟𝑠

(
𝜌𝑔

𝜌𝑙

)
| 𝑈𝑔 −𝑈𝑝 | (𝑈𝑔 −𝑈𝑝) (2.1)112

113
𝑑𝑋𝑝

𝑑𝑡
= 𝑈𝑝 (2.2)114

115
𝑑𝑉𝑝

𝑑𝑡
=

3𝐶𝐷

8𝑟𝑠

(
𝜌𝑔

𝜌𝑙

)
| 𝑉𝑔 −𝑉𝑝 | (𝑉𝑔 −𝑉𝑝) +

(𝜌𝑙 − 𝜌𝑔)
𝜌𝑙

𝑔 (2.3)116
117

𝑑𝑌𝑝

𝑑𝑡
= 𝑉𝑝 (2.4)118

where 𝑋𝑝 (or 𝑌𝑝) and 𝑈𝑝 (or 𝑉𝑝) are the horizontal (or vertical) displacement and the119
instantaneous velocity of the droplet, respectively. 𝑈𝑔 and 𝑉𝑔 are the gas phase velocities in120
the horizontal and vertical directions, respectively. Generally, the body force is accounted121
for using 𝑔, the gravitational acceleration. 𝜌𝑔 and 𝜌𝑙 are densities of the gas phase and liquid122
phase, respectively. The liquid phase density is calculated based on the mass fractions of the123
components. Since the overall solute concentration changes with time due to evaporation,124
𝜌𝑙 is not constant with time. 𝑟𝑠 is the instantaneous radius of the droplet. 𝜇𝑔 is gas phase125
dynamic viscosity. Since we are interested in capturing the unsteady perturbation of one126
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dimension of the gas phase flow, we assumed vertical gas phase flow is weak (𝑉𝑔 = 0) and127
neglected the body force term (𝑔 = 0). The drag forces from the added-mass effects and Basset128
history force (Berlemont et al. 1990; Odar & Hamilton 1964) for our simulation conditions129
are relatively weak, and hence we have neglected their contributions. See supplementary130
material for the details. The simplified above drag equation can, then, be linearized for131
Stokes flow conditions by setting the drag coefficient, 𝐶𝐷 = 24/𝑅𝑒𝑝, where the gas phase132
Reynolds number is defined as,133

𝑅𝑒𝑝 = 2𝜌𝑔 | 𝑈𝑔 −𝑈𝑝 | 𝑟𝑠/𝜇𝑔 . (2.5)134

Under these conditions, the droplet motion is described by135

𝑑𝑈𝑝

𝑑𝑡
=

9
2𝜏

(𝑈𝑔 −𝑈𝑝), 𝜏 =
𝜌𝑙𝑟

2
𝑠

𝜇𝑔
, (2.6)136

where 𝜏 is the droplet response time. Now, to assess the response of the isolated droplet137
exposed to an oscillating gas flow field, the gas velocity𝑈𝑔 in Eq. (2.6) is assumed to have a138
sinusoidal perturbation139

𝑈𝑔 = 𝑈𝑔,0 + 𝑎𝑠𝑖𝑛(𝜔𝑡) (2.7)140

where 𝑈𝑔,0 is the mean gas phase velocity; 𝑎 is the amplitude and 𝜔(= 2𝜋 𝑓 ) is the angular141
frequency, and 𝑓 is the frequency of oscillation in gas phase velocity.142

Next, we describe the heat and mass transfer part of the model. The change in droplet143
radius due to the evaporation is defined as144

𝑑𝑟𝑠

𝑑𝑡
= − ¤𝑚

4𝜋𝜌𝑙𝑟2
𝑠

. (2.8)145

In the vapor phase during droplet evaporation, the average temperature is defined to be146
𝑇𝑚𝑒𝑎𝑛 = (2𝑇𝑠+𝑇∞)/3 as suggested by Hubbard et al. (1975), where𝑇𝑠 and𝑇∞ are respectively147
the droplet surface temperature and temperature of the gas phase. By assuming the vapor148
phase surrounding the liquid droplet as a quasi-steady-state condition, the expressions for149
evaporation mass flux (heat and mass transfer limits) are given as150

¤𝑚 = 2𝜋𝜌𝑣𝐷𝑣𝑟𝑠𝑆ℎ
∗𝑙𝑜𝑔(1 + 𝐵𝑀 ) (2.9)151

152

¤𝑚 = 2𝜋𝜌𝑣𝛼𝑔𝑟𝑠𝑁𝑢∗𝑙𝑜𝑔(1 + 𝐵𝑇 ) (2.10)153

where ¤𝑚 is the rate of change of droplet’s liquid mass due to evaporation, 𝜌𝑣 is the density154
of water vapor, 𝐷𝑣 is the binary diffusivity of water vapor in the air, and 𝛼𝑔 is the thermal155
diffusivity of surrounding air. Here, 𝐵𝑀 = (𝑌𝑤,𝑠 − 𝑌𝑤,∞)/(1 − 𝑌𝑤,𝑠) and 𝐵𝑇 = 𝐶𝑝,𝑙 (𝑇∞ −156
𝑇𝑠)/(ℎ 𝑓 𝑔 − ¤𝑄𝑙/ ¤𝑚) are the Spalding mass and heat transfer numbers. Here,𝑌𝑤,𝑠 and𝑌𝑤,∞ are157
the water vapor fraction at the droplet surface and far field, respectively.𝐶𝑝,𝑙 and ℎ 𝑓 ,𝑔 are the158
specific heat of the droplet and latent heat for evaporation of the droplet. ¤𝑄𝑙 is the amount of159
heat transferred to or from the droplet. Further details can be found in (Abramzon & Sirignano160
1989; Majee et al. 2021). In Eqs. 2.9 and 2.10, 𝑁𝑢∗ and 𝑆ℎ∗ are the modified Nusselt and161
Sherwood numbers. Using the quasi-steady assumption, the Nusselt and Sherwood numbers162
for a non-evaporating sphere can be defined as (Clift et al. 2005)163

𝑁𝑢0 = 1 + (1 + 𝑅𝑒𝑝𝑃𝑟)1/3 𝑓 (𝑅𝑒) (2.11)164
165

𝑆ℎ0 = 1 + (1 + 𝑅𝑒𝑝𝑆𝑐)1/3 𝑓 (𝑅𝑒) (2.12)166

where 𝑃𝑟 (= 𝜇𝑔/(𝛼𝑔𝜌𝑔)) and 𝑆𝑐(= 𝜇𝑔/(𝐷𝑣𝜌𝑔)) are Prandlt and Schmidt numbers respec-167
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tively. 𝑓 (𝑅𝑒) is the correction factor for the Reynolds number effect. The correction is168

𝑓 (𝑅𝑒𝑝) = 1, 𝑅𝑒𝑝 ⩽ 1 (2.13)169
170

𝑓 (𝑅𝑒𝑝) = 𝑅𝑒0.077
𝑝 , 1 < 𝑅𝑒𝑝 ⩽ 400 (2.14)171

Two physical effects distinguish the heat and mass transfer in evaporating droplets from that172
of steady-state non-evaporating spheres. First, the surface-blowing effect due to evaporation173
changes the boundary layer. Furthermore, there exists an asymmetry in the boundary layer174
along the droplet interface at various angular locations that causes an asymmetry in local heat175
and mass transfer. Abramzon & Sirignano (1989) accounted for these effects by correcting176
the Nusselt and Sherwood numbers and, thereby, the global heat and mass transfer rates. 𝑁𝑢∗177
and 𝑆ℎ∗, the corrected Nusselt and Sherwood numbers can be expressed as,178

𝑁𝑢∗ = 2 + 𝑁𝑢0 − 2
𝐹 (𝐵𝑇 )

(2.15)179

and180

𝑆ℎ∗ = 2 + 𝑆ℎ0 − 2
𝐹 (𝐵𝑀 ) , (2.16)181

where, 𝐹 (𝐵) = (1 + 𝐵)0.7(ln(1 + 𝐵))/𝐵. Further details are provided in their works by182
Abramzon & Sirignano (1989), and Sirignano (2010).183

In a binary droplet, the non-volatile component suppresses the vapor pressure of the volatile184
component at the droplet surface. This phenomenon is taken into account by considering185
an ideal solution that obeys Raoult’s Law (Van Wylen & Sonntag 1978), 𝑃𝑣𝑎𝑝 (𝑇𝑠, 𝜒𝑤,𝑠) =186
𝜒𝑤,𝑠𝑃𝑠𝑎𝑡 (𝑇𝑠), where 𝜒𝑤,𝑠 is the mole fraction of volatile solvent at the droplet surface in187
the liquid phase. We note that, for non-ideal solutions, the vapor pressure of the evaporating188
species at the droplet surface can be evaluated by considering the activity coefficients of each189
species in the mixture as discussed in several studies (Senda et al. 2000; Bader et al. 2013;190
Chen et al. 2016; Borodulin et al. 2019; Fang et al. 2019).191

After the mass evaporation rate of the droplet, we will now look into the liquid phase to192
understand the spatio-temporal temperature and concentration distribution of the evaporating193
droplet. In this work, any possible deformation in droplet shape due to aerodynamic forces194
has been neglected. It can be justified by assessing the gas phase Weber number, 𝑊𝑒 =195
2𝜌𝑔 ( |𝑈𝑝 −𝑈𝑔 |)2𝑟𝑠/𝜎, which is significantly smaller than 1 for the conditions of this study.196
The surface tension (𝜎) of the saline water was evaluated as a function of temperature and197
salt concentration following the correlation derived by Nayar et al. (2014). The liquid phase198
of a spherical droplet translating in the gas phase experiences convective vortical motion due199
to relative velocity and, thus, shear stress at the liquid-gas interface. Abramzon & Sirignano200
(1989) showed for such droplets, the internal flow structures can be modeled as the two201
dimensional well-known Hill’s spherical vortex (Lamb 1993). The explicit solution for Hill202
spherical vortex, then, renders the expressions for the radial and angular velocities in the203
spherical coordinate system (𝑟, 𝜃) in the liquid phase204

𝑉𝑟 = −𝑈𝑠

(
1 − 𝑟

2

𝑟2
𝑠

)
𝑐𝑜𝑠𝜃, (2.17)205

206

𝑉𝜃 = 𝑈𝑠

(
1 − 2

𝑟2

𝑟2
𝑠

)
𝑠𝑖𝑛𝜃, (2.18)207

where 𝑈𝑠 = (1/32) (𝑈𝑔 − 𝑈𝑝) (𝜇𝑔/𝜇𝑙)𝑅𝑒𝑝𝐶𝐹 is the liquid velocity at the vapor-liquid208
interface and is calculated by the continuity of the shear stress across the interface; 𝜇𝑙 is209
liquid phase dynamic viscosity, and 𝐶𝐹 is the skin friction coefficient for an evaporating210
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sphere calculated using the correlation given by Renksizbulut & Yuen (1983).211

𝐶𝐹 =
12.69𝑅𝑒−2/3

𝑝

1 + 𝐵𝑀

(2.19)212

It is to be noted that thermal and concentration gradient across the droplet interface can induce213
Marangoni stress, which can be important for modeling the evaporation of multicomponent214
droplets (Niazmand et al. 1994; Dwyer et al. 1996, 1998). However, for the present study,215
the gradients are small, and as such, the Marangoni flow velocity is expected to be smaller216
than the shear-driven flow (𝑈𝑠) at the droplet surface. A detailed comparison is shown in the217
supplementary material.218

The non-dimensional conservation equations of energy and mass fraction in the liquid219
phase are given by (Ozturk & Cetegen 2004)220

𝑟2
𝑠

𝜕𝑇

𝜕𝑡
+ (0.5𝑃𝑒𝑙𝑉𝑟𝑟𝑠 − 𝛽𝜂)

𝜕𝑇

𝜕𝜂
+ 0.5𝑃𝑒𝑙

𝑉𝜃𝑟𝑠

𝜂

𝜕𝑇

𝜕𝜃
221

=
1
𝜂2

𝜕

𝜕𝜂

(
𝜂2 𝜕𝑇

𝜕𝜂

)
+ 1
𝜂2𝑠𝑖𝑛𝜃

𝜕

𝜕𝜃

(
𝑠𝑖𝑛𝜃

𝜕𝑇

𝜕𝜃

)
(2.20)222

and223

𝐿𝑒𝑙𝑟
2
𝑠

𝜕𝑌𝑁

𝜕𝑡
+ (0.5𝑃𝑒𝑙𝐿𝑒𝑙𝑉𝑟𝑟𝑠 − 𝐿𝑒𝑙𝛽𝜂)

𝜕𝑌𝑁

𝜕𝜂
+ 0.5𝑃𝑒𝑙𝐿𝑒𝑙

𝑉𝜃𝑟𝑠

𝜂

𝜕𝑌𝑁

𝜕𝜃
224

=
1
𝜂2

𝜕

𝜕𝜂

(
𝜂2 𝜕𝑌𝑁

𝜕𝜂

)
+ 1
𝜂2𝑠𝑖𝑛𝜃

𝜕

𝜕𝜃

(
𝑠𝑖𝑛𝜃

𝜕𝑌𝑁

𝜕𝜃

)
, (2.21)225

respectively. Eq. (2.20) and Eq. (2.21) are solved using the initial and boundary conditions,226

𝑡 = 0 → 𝑇 = 0

𝜂 = 1,

{
𝜕𝑇
𝜕𝜃

= 0∫ 𝜋

0
𝜕𝑇
𝜕𝜂
𝑠𝑖𝑛𝜃𝑑𝜃 =

¤𝑄𝑙

2𝜋𝑟𝑠𝑘𝑙𝑇0

𝜃 = 0, 𝜋 → 𝜕𝑇

𝜕𝜃
= 0,

(2.22)227

and228

𝑡 = 0 → 𝑌𝑁 = 0

𝜂 = 1,

{
𝜕𝑌𝑁

𝜕𝜃
= 0∫ 𝜋

0
𝜕𝑌𝑁

𝜕𝜂
𝑠𝑖𝑛𝜃𝑑𝜃 = ¤𝑚

2𝜋𝜌𝑙𝑟𝑠𝐷𝑣,𝑧𝑎𝑌𝑁,0 ,

𝜃 = 0, 𝜋 → 𝜕𝑌𝑁

𝜕𝜃
= 0,

(2.23)229

respectively. Here, 𝑟𝑠 = 𝑟𝑠/𝑟0 is the non-dimensional droplet radius; 𝜂 = 𝑟/𝑟𝑠 is the non-230
dimensional radial coordinate; 𝑉𝑟 = 𝑉𝑟/𝑈𝑠 and 𝑉𝜃 = 𝑉𝜃/𝑈𝑠 are the non-dimensional231
velocities (radial and angular, respectively); 𝑇 = (𝑇 − 𝑇0)/𝑇0 is the non-dimensional232
temperature; 𝑡 = 𝛼𝑙𝑡/𝑟2

0 is the non-dimensional time; 𝛽 = 0.5𝜕𝑟𝑠/𝜕𝑡 is the non-dimensional233
parameter proportional to the droplet’s surface regression rate as it vaporizes; 𝛼𝑙 is thermal234
diffusivity of the liquid phase, and ¤𝑄𝑙 is the heat transferred into the liquid. 𝑌𝑁 =235
(𝑌𝑁 −𝑌𝑁,0)/𝑌𝑁,0 is the normalized mass fraction of the solute, 𝑘𝑙 is the thermal conductivity236
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of the liquid phase and 𝐷𝑣,𝑧𝑎 is the mass diffusivity of solute in water. 𝑃𝑒𝑙 (= 𝑟𝑠 |𝑈𝑔−𝑈𝑝 |/𝛼𝑙)237
and 𝐿𝑒𝑙 (= 𝐷𝑣,𝑧𝑎/𝛼𝑙) are the Péclet number calculated based on liquid properties and Lewis238
number of the liquid phase, respectively.239

The above set of equations of the model shows that the liquid phase transport affects the240
temperature and concentration at the droplet surface. This, in turn, affects the evaporation241
rate and, thus, droplet size. Droplet size, on the other hand, determines the drag forces, which242
control the velocity and acceleration of the droplet. The instantaneous droplet velocity affects243
the heat and mass transfer in the gas phase and hence, the evaporation rate. Both gas phase244
and liquid phase properties play critical roles in determining the relative effects of these245
complex coupled processes. In summary, the evaporation of an isolated droplet moving in246
the gas phase, indeed, involves complex coupled processes.247

All the above Eqs. (2.1-2.23) are solved numerically, both for external vapor and internal248
liquid regions. However, in order to solve the liquid phase, boundary conditions presented249
in Eq.(2.22) and (2.23), need values from the vapor phase solution. Therefore, a numerical250
integration method using a forward marching scheme is implemented to solve Eq. (2.1).251
Moreover, the instantaneous droplet radius (Eq. (2.8)) is also computed by a forward marching252
scheme using the mass flux ¤𝑚 generated from Eq. (2.9). Furthermore, ¤𝑄𝑙 is solved using253
Spalding heat transfer number 𝐵𝑇 and both ¤𝑄𝑙 and ¤𝑚 is employed in the boundary conditions254
(Eq. 2.22 and 2.23).255

After deriving the boundary conditions from the vapor phase solution, the energy (Eq.256
2.20) and species (Eq. 2.21) conservation equations of the droplet’s liquid phase along with257
the boundary conditions (Eq. 2.22 and 2.23) are numerically computed by a fully implicit258
iterative finite difference scheme called standard second-order Peaceman–Rachford ADI259
method (Peaceman & Rachford 1955). The details of the numerical algorithm used in this260
work can be found in Majee et al. (2021). The consideration of an implicit scheme guarantees261
an unconditionally stable method. It is to be noted that the liquid phase inside the droplet was262
solved using a polar (𝑟 − 𝜃) coordinate system, where both the dimensions were discretized263
using an equal number (20 for this study) of grid points, leading toΔ𝜂 = 0.05, andΔ𝜃 = 0.157264
were taken for the entire simulation process. We have performed a grid convergence study265
using various grid sizes (see the supplementary materials for details). We used a time step of266
Δ𝑡 = 0.0001, which is short enough to capture the transport processes. The property values267
used for this study can be found in the supplementary materials.268

3. Results and discussion269

As mentioned before, the primary goal of this work is to assess the response in droplet270
evaporation rate under various degrees of oscillations in gas phase velocity, given by Eq. 2.7.271
This will be attained by modulating the frequency ( 𝑓 ) and amplitude (𝑎) of the oscillation. As272
for the binary droplet, we assumed it contains 1%(w/w) of NaCl (solute) dissolved in water273
(solvent). Here, we note that a wide range of solute-solvent combinations can be selected274
for such a study. However, we chose the NaCl solution because (1) it is easily available for275
experimental validation and (2) it closely resembles surrogate respiratory fluids (Vejerano &276
Marr 2018; Basu et al. 2020). Similarly, a wide range of ambient (temperature and humidity)277
conditions could be selected for this study. However, we used conditions that closely resemble278
that of our ambient air (𝑇𝑎𝑚𝑏 = 301𝐾 and 𝑅𝐻𝑎𝑚𝑏 = 48%).279

3.1. Model validation280

To validate the model, we will first compare the numerical result with a simple experimental281
setup. The experiments were conducted by measuring the evaporation rate of an isolated282
acoustically levitated droplet with 1% w/w NaCl-aqueous solution in 301 ± 0.2𝐾 ambient283



8

0 500 1000 1500 2000

0.2

0.4

0.6

0.8

1
Steady: Exp

Steady: Model

Vortex: Exp

Vortex: Model

Figure 1: Model validation: comparison of diameter regression, (𝐷/𝐷0)2, between
experimental (levitated droplet) and model data. ’Steady’ represents experiments with no
vortical flow. ’Vortex’ represents experiments with vortical flow over a levitated droplet.

In experiments, the initial droplet diameter is 𝐷0 = 1.8𝑚𝑚.

temperature and 48 ± 1% relative humidity. For these experiments, the droplets were at284
the same temperature as the surrounding air (301𝐾). Air vortex rings were generated with285
amplitude 𝑎 = 1.9𝑚/𝑠 and frequency 𝑓 = 5𝐻𝑧 and are made to interact with the levitated286
droplet of initial diameter 𝐷0 = 1.8𝑚𝑚. The mean flow in the experimental setup is 0.3m/s.287
The details of these experiments are provided in Sharma et al. (2021, 2022). Experimentally,288
we can only measure the droplet diameter as a function of time, which has been compared with289
the model for two cases, with the vortex (unsteady case) and without the vortex (steady case).290
Since the precipitation kinetics was not included in the current approach, the comparison was291
performed until the maximum local concentration of the solution (NaCl in this case) reached292
the critical value𝑌𝑁,𝑆 (=0.393 for NaCl). Nevertheless, Fig. 1, which shows the (𝐷/𝐷0)2 vs.293
t comparisons between the experiments and the model, confirms that they show reasonably294
good agreement. Similar agreements were also observed for other amplitude and frequency295
cases. Thus, we are confident that the model can capture the effects of unsteady gas flow on296
the evaporation dynamics of an isolated droplet.297

3.2. Evaporation dynamics of the droplet298

In the rest of the manuscript, we will discuss the results from the model to illustrate the299
effect of a broad range of periodic oscillations in the gas phase velocity on the evaporation300
dynamics of an isolated droplet. As mentioned before, we will keep the ambient condition301
fixed with (𝑅𝐻)𝑎𝑚𝑏 = 48% and 𝑇𝑎𝑚𝑏 = 301𝐾 . The initial droplet temperature was taken302
as 303𝐾 , which closely resembles the temperature of respiratory droplets ejected during303
respiratory events (Carpagnano et al. 2017). To avoid a negative gas phase velocity, the mean304
velocity of the gas phase was kept equal to the amplitude of the gas phase oscillation, i.e.305
𝑈𝑔,0 = 𝑎.306

We will now present the diameter regression rate for various degrees of flow oscillation for307
two different droplet sizes. First, we compare the evaporation dynamics of a 100𝜇𝑚 droplet308
under various frequencies of oscillation at amplitude (𝑎) of 0.1m/s (Fig. 2a) and 1m/s (Fig.309
2b). We observed that for a lower amplitude of perturbation (𝑎 = 0.1𝑚/𝑠), the deviation in310
𝐷/𝐷0 with the steady (𝑎 = 0) case is minimal compared to the high amplitude (𝑎 = 1𝑚/𝑠)311
case. Although with an increase in frequency, the evaporation time becomes shorter for the312
low amplitude oscillations, the difference between various frequencies is minimal (Fig. 2a).313
For larger amplitude, however, we see almost 30% decrease in time for (𝐷/𝐷0)2 to reach314
0.1 (approximately when precipitation is triggered) for 𝑓 = 30𝐻𝑧 compared to 𝑓 = 1𝐻𝑧, as315
shown in Fig. 2b. Next, we compare the same amplitude and frequency of oscillations for a316
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Figure 2: Normalized droplet diameter as a function of time for various combinations of
initial droplet diameters (𝐷0), amplitude (𝑎), and frequency ( 𝑓 ) of gas phase oscillation.
(a) 𝐷0 = 100𝜇𝑚 and 𝑎 = 0.1𝑚/𝑠, (b) 𝐷0 = 100𝜇𝑚 and 𝑎 = 1𝑚/𝑠, (c) 𝐷0 = 594𝜇𝑚 and
𝑎 = 0.1𝑚/𝑠, and (d) 𝐷0 = 594𝜇𝑚 and 𝑎 = 1𝑚/𝑠. Legends: ’steady’: no gas phase

oscillation; 𝐷0 initial droplet diameter in 𝜇𝑚; 𝑓 : frequency in 𝐻𝑧; 𝑎: amplitude in 𝑚/𝑠.

larger droplet (𝐷0 = 594𝜇𝑚) in Figs. 2c and d. We observe similar behavior in that an increase317
in amplitude and frequency increases the evaporation rate. However, for both amplitudes,318
we don’t observe significant changes in evaporation rate across various frequencies from319
1 − 30𝐻𝑧. Nevertheless, the evaporation is much faster with oscillations (non zero 𝑎) than320
the steady (𝑎 = 0) case ( 14% for 𝑎 = 0.1𝑚/𝑠 and 40% for 𝑎 = 1𝑚/𝑠). The cause of321
such varying influence of oscillation on the evaporation rate for different droplet sizes and322
oscillation parameters will be discussed later in the context of the modified Reynolds number.323

3.3. Velocity of gas phase and droplet motion324

The comparisons in the previous subsection show that the effect of oscillation in gas phase325
velocity on the evaporation rate is non-linear. We note that the evaporation rate of the droplet326
strongly depends on the Nusselt and Sherwood numbers (Eq. 2.9-2.10), which depend on327
the droplet Reynolds numbers (Eq. 2.11-2.16), and hence the relative velocity between the328
droplet and the surrounding gas phase (Eq. 2.5). Thus, we investigate the effects of oscillation329
in gas phase velocity on the bulk velocity of the droplet. In Fig. 3 and 4, we compare the330
instantaneous gas phase velocity (𝑈𝑔) and droplet velocity (𝑈𝑝) during the evaporation331
process for two different droplet diameters and frequencies of oscillation. In both cases,332
the mean velocity (𝑈𝑔,0) and amplitude (𝑎) of the gas phase flow were maintained to be333
1m/s. For smaller droplets (𝐷0 = 100𝜇𝑚) and lower frequency oscillation ( 𝑓 = 5𝐻𝑧),334
we observe the droplet velocity (𝑈𝑝) to exhibit a periodic behavior as well (Fig. 3). The335
left inset of Fig. 3, which shows the zoomed view of the initial 1𝑠 of the droplet lifetime,336
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Figure 3: The instantaneous velocities of the gas phase (𝑈𝑔) and the droplet (𝑈𝑝) as
function of time for initial droplet size 𝐷0 = 100𝜇𝑚. The gas phase oscillation has

amplitude 𝑎 = 1𝑚/𝑠 and frequency of 𝑓 = 5𝐻𝑧.

Figure 4: The instantaneous velocities of the gas phase (𝑈𝑔) and the droplet (𝑈𝑝) as
function of time for initial droplet size 𝐷0 = 594𝜇𝑚. The gas phase oscillation has

amplitude 𝑎 = 1𝑚/𝑠 and frequency of 𝑓 = 30𝐻𝑧.



11

confirms that initially, the amplitude of the induced oscillation in the 𝑈𝑝 has an amplitude337
slightly smaller than that of the gas phase, and the there exists a phase lag. However, at a338
later stage (right inset in Fig. 3), the difference between the two velocities, gas phase (𝑈𝑔)339
and droplet (𝑈𝑝), becomes negligible, and their oscillations become almost identical both340
in phase and amplitude. On the other hand, for a larger droplet (𝐷0 = 594𝜇𝑚) and higher341
frequency ( 𝑓 = 30𝐻𝑧) of oscillation, we observe different dynamics (Fig. 4). In particular,342
the oscillation in droplet velocity takes longer to attain that of the gas phase. Furthermore,343
we observe much slower growth in the amplitude of oscillation in 𝑈𝑝, which never grows344
beyond 10% before precipitation is triggered (∼265 sec). We also observe a consistent phase345
lag between the oscillation in𝑈𝑔 and𝑈𝑝.346

3.4. Theoretical scaling analysis347

In this section, we present a time-scale analysis to understand the observed dynamics of348
induced oscillation in the droplet velocity (𝑈𝑝). For gas phase oscillation of 𝑈𝑔 = 𝑈𝑔,0 +349
𝑎𝑆𝑖𝑛(2𝜋 𝑓 𝑡), we can evaluate the induced oscillation in droplet velocity by integrating the350
equation for drag (Eq. 2.6) with the initial condition of 𝑈𝑝 = 0 at 𝑡 = 0 (initial droplet351
velocity is 0). We recall the definition of the drag coefficient (𝐶𝐷 = 24/𝑅𝑒𝑝), and Reynolds352
number (𝑅𝑒𝑝 = 2𝜌𝑔 | 𝑈𝑔 −𝑈𝑝 | 𝑟𝑠/𝜇𝑔). We can also define 𝜏 = (𝜌𝑙𝑟2

𝑠 )/𝜇𝑔, as the response353
time for a spherical droplet in a viscous flow, and 𝑡𝑔 = 1/ 𝑓 , as the characteristics time354
scale for gas phase oscillation. The droplet response in an unsteady flow is characterized by355
Stokes number 𝑆𝑡 = 𝜏/𝑡𝑔 (Crowe et al. 1998), which represents the ratio of the characteristic356
timescale for droplet response (𝜏) to that of the external flow (𝑡𝑔). In the context of our357
study with oscillatory gas phase velocity, the Stokes number can be written as 𝑆𝑡 = 𝜏 𝑓 . Now358
substituting these definitions in Eq. 2.6, we get a non-dimensional drag equation,359

𝑑
(
(𝑈𝑝 −𝑈𝑔,0)/𝑎

)
𝑑 (𝑡/𝑡𝑔)

= − 9
2𝑆𝑡

(
𝑈𝑝 −𝑈𝑔,0

𝑎

)
+ 9

2𝑆𝑡
𝑠𝑖𝑛(2𝜋 𝑡

𝑡𝑔
). (3.1)360

In the equation above, we notice that the non-dimensional droplet velocity, (𝑈𝑝 −𝑈𝑔,0)/𝑎,361
depends on 𝑆𝑡, which includes the effect of instantaneous droplet radius and 𝑡/𝑡𝑔, a non-362
dimensional time.363

For simplicity, we restrict the analysis to a non-evaporating spherical droplet, and hence,364
droplet radius (𝑟𝑠) and the Stokes number (𝑆𝑡) are assumed to be constant. Later, we will365
discuss the effect of this assumption on the obtained results. With this assumption, we can366
integrate the Eq. 3.1 to find an explicit form of non-dimensional droplet velocity367

𝑈𝑝 −𝑈𝑔,0

𝑎
=
𝑠𝑖𝑛

(
2𝜋(𝑡/𝑡𝑔) − 𝜙

)√︁
1 + (16𝜋2𝑆𝑡2/81)

+
(
−
𝑈𝑔,0

𝑎
+ 4𝜋𝑆𝑡/9(

1 + (16𝜋2𝑆𝑡2/81)
) ) 𝑒−(9𝑡/(2𝑡𝑔𝑆𝑡 )) (3.2)368

where, 𝜙 = 𝑡𝑎𝑛−1 (4𝜋𝑆𝑡/9). Equation 3.2 depicts the response in velocity of a non-369
evaporating spherical droplet when the surrounding gas phase gas has an oscillatory370
perturbation. The first term on the right-hand side (RHS) represents the induced oscillation in371
droplet velocity. We notice that the frequency of the induced oscillation in droplet velocity is372
the same as the gas phase perturbation ( 𝑓 or 1/𝑡𝑔), while the non-dimensionalized amplitude373

of the induced oscillation is 𝐴𝑜𝑠𝑐 = 1/
√︁

1 + (16𝜋2𝑆𝑡2/81). The induced oscillation in the374
droplet velocity lags the oscillation in gas phase velocity by a phase angle, 𝜙. The second375
term in RHS shows the effect of viscous drag, which exponentially reduces the difference376
between the mean velocities of the droplet and the gas phase. It is worth noting that for a377
steady gas phase flow (i.e. 𝑎 = 0), the oscillatory term vanishes, and Eq. 3.2 reduces to the378
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classical exponential relation for a non-evaporating droplet (or spherical object) in a gaseous379

flow field,𝑈𝑝,0 = 𝑈𝑔,0

(
1 − 𝑒−(9𝑡/(2𝑡𝑔𝑆𝑡 ))

)
.380

To graphically illustrate the droplet response expressed in Eq. 3.2, we present the contour381
plot of the normalized droplet velocity, (𝑈𝑝 −𝑈𝑝,0)/𝑎 for a large range of 𝑆𝑡 (Y-axis) and382
non-dimensional time, 𝑡/𝑡𝑔 (X-axis) in Fig. 5a. Since𝑈𝑝,0 is the droplet velocity in a steady383
gas phase flow, (𝑈𝑝 − 𝑈𝑝,0)/𝑎 measures the modification in droplet velocity due to the384
unsteady oscillations in the gas phase. Furthermore, we also plotted the amplitude (𝐴𝑜𝑠𝑐)385
and phase (𝜙) of the induced oscillation in droplet velocity as a function of 𝑆𝑡 in Fig. 5b.386
From the contour plot (5a), we can see that for a small 𝑆𝑡 (<< 1), the droplet velocity,387
(𝑈𝑝 −𝑈𝑝,0)/𝑎 exhibits a periodic behavior with time, expressed by the color bands in the388
horizontal direction. The periodicity in the color band appears to be non-uniform due to389
the log scale used in X-axis. A dominant periodic behavior at small 𝑆𝑡 is expected as the390
second term in RHS of the Eq. 3.2 is small. The amplitude of the induced oscillation for391
this case (𝑆𝑡 << 1) is also high and close to that of the gas phase perturbation (𝐴𝑜𝑠𝑐 ≈ 1)392
as seen in Fig. 5b. As the 𝑆𝑡 increases and approaches 1, the periodic pattern still exists, but393
the difference between the maximum and minimum instantaneous velocity (color variation394
in Fig. 5a) becomes weaker due to the reduced amplitude of the induced oscillation (𝐴𝑜𝑠𝑐395
in Fig. 5b). We also notice that the maximum velocity zones (bright yellow zones) in the396
contour plot shift toward the right. This is the outcome of increased phase lag, 𝜙 between397
droplet and gas phase velocities, with 𝑆𝑡 (Fig. 5b). For very large 𝑆𝑡 (>> 1), the denominator398
of the first term in the RHS of Eq. 3.2 becomes significantly greater than unity. As such,399
the amplitude of the oscillation becomes minimal (𝐴𝑜𝑠𝑐 in Fig. 5b). This is why the color400
variation in the horizontal direction (as a function of time) diminishes at the top half of the401
contour plot (𝑆𝑡 >> 1 in Fig. 5a).402

The above analyses can also be performed by considering the variation in droplet radius403
due to evaporation. However, such an approach, shown in Appendix A, does not lead to a404
closed-form expression for droplet velocity. Furthermore, it can be shown (see Appendix)405
that the difference in the change in droplet velocity due to oscillation ((𝑈𝑝 − 𝑈𝑝,0)/𝑎)406
evaluated using two approaches (with and without the assumption of constant droplet radius)407
is relatively insignificant. Hence, we used the constant droplet assumption for the rest of the408
study.409

Now to illustrate the range of 𝑆𝑡 experienced by the evaporating droplets, we plotted the410
instantaneous 𝑆𝑡 obtained from the simulation of various cases on the theoretical contour411
plot in Fig. 5a. Since the droplet diameter and hence, 𝜏 decreases due to evaporation, the412
𝑆𝑡 shows a downward decreasing trend with non-dimensional time (𝑡/𝑡𝑔). We observe that413
the case with a small initial diameter (𝐷0 = 100𝜇𝑚) and the lower frequency oscillation414
( 𝑓 = 1, 5𝐻𝑧) experiences low 𝑆𝑡 and hence, large amplitude oscillations in its velocity (Fig.415
5a). This effect is also observed in Fig. 3, where we showed that for 𝐷0 = 100𝜇𝑚 and416
𝑓 = 5𝐻𝑧, the amplitude of oscillation in droplet velocity quickly attains that of the gas phase417
velocity. As the frequency of oscillation in gas phase velocity ( 𝑓 ) increases, the 𝑆𝑡 increases418
reducing the amplitude of induced oscillation in droplet velocity ( 𝑓 = 1, 5 and 30 𝐻𝑧 in Fig.419
5a). For larger droplets (𝐷0 = 594𝜇𝑚), the 𝑆𝑡 becomes significantly greater than unity, and420
hence, they don’t exhibit significant induced oscillations in the velocity. For 𝐷0 = 594𝜇𝑚 and421
𝑓 = 30𝐻𝑧, we observe a weak response, and hence, the amplitude becomes inconsequential422
to the frequency change (Fig. 4).423

Next, we will assess the effect of oscillation in gas phase flow on the 𝑅𝑒𝑝, which, in424
turn, affects the evaporation rate. Since the external conditions are kept constant in our425
simulations, the changes in diameter reduction rate observed in Fig. 2a-d is through Sherwood426
(𝑆ℎ∗) and Nusselt (𝑁𝑢∗) numbers in Eqs. 2.9 and 2.10, respectively. Equations 2.11 to427
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(b)

(a)

Figure 5: (a) Contour plot of non-dimensional droplet velocity (𝑈𝑝 −𝑈𝑝,0)/𝑎 with Stokes
number (𝑆𝑡) and non-dimensional time (𝑡/𝑡𝑔), where 𝑡𝑔 is the gas phase perturbation time.
History of Stokes number (𝑆𝑡) for different initial diameters and frequencies are plotted on
the contour map. Legends: 𝐷0 is the initial diameter in 𝜇𝑚, and 𝑓 is the frequency of gas
phase oscillation in 𝑚/𝑠. For all five cases, the amplitude of the gas phase oscillation is
𝑎 = 1𝑚/𝑠. (b) Variation in amplitude (𝐴𝑜𝑠𝑐 = 1/

√︁
1 + (16𝜋2𝑆𝑡2/81)) and phase lag

(𝜙 = 𝑡𝑎𝑛−1 (4𝜋𝑆𝑡/9)) of the induced oscillation in non-dimensional droplet velocity
(𝑈𝑝−𝑈𝑔,0

𝑎 ) as function of Stokes number (𝑆𝑡).

2.16, subsequently, show that an increase in 𝑅𝑒𝑝, increases both 𝑆ℎ∗ and 𝑁𝑢∗, and hence,428
evaporation rate. Since the Reynolds number (𝑅𝑒𝑝) is defined based on the relative velocity429
between the gas phase and the droplet, one can evaluate the induced 𝑅𝑒𝑝 due to gas phase430
velocity oscillation by substituting 𝑈𝑝 (Eq. 3.2) and 𝑈𝑔(Eq. 2.7) in Eq. 2.5. Similarly, it is431
also possible to evaluate the Reynolds number of the droplet without the gas phase oscillation432
(𝑎 = 0) as 𝑅𝑒𝑝,0 = 2𝜌𝑔 | 𝑈𝑔,0 −𝑈𝑝,0 | 𝑟𝑠/𝜇𝑔. Clearly, higher (or lower) values of the ratio433
𝑅𝑒𝑝/𝑅𝑒𝑝,0 signify stronger (or weaker) effects of gas phase oscillation on the evaporation434
rate compared to the steady condition (𝑎 = 0). Figure 6a shows the contours of this ratio for435
a range of 𝑆𝑡 and normalized time, 𝑡/𝑡𝑔. Based on the color, the map can be divided (almost436
diagonally) into two parts separated by the dotted line, 𝑆𝑡𝑐𝑟𝑖𝑡 . The top-left half, where the437
instantaneous values of 𝑅𝑒𝑝/𝑅𝑒𝑝,0 are close to unity (100 in the plot), represents a zone where438
the relative effects of gas phase oscillation on 𝑅𝑒 with respect to 𝑅𝑒𝑝,0 is small, and hence,439
can be characterized as ”zone of silence.” The change in droplet velocity (𝑈𝑝 −𝑈𝑝,0 ≈ 0)440
due to gas phase oscillation is, indeed, weak as observed in Fig. 5a. Furthermore, under441
steady flow conditions, the relative velocity between the droplet and the gas phase (hence,442
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Figure 6: (a) Contour plot for 𝑅𝑒𝑝/𝑅𝑒𝑝,0 with Stokes number (𝑆𝑡) and non-dimensional
time (𝑡/𝑡𝑔), where 𝑡𝑔 is the gas phase perturbation time. History of Stokes number (𝑆𝑡) for
different initial diameters and frequencies are plotted on the contour map. Legends: 𝐷0 is
the initial diameter in 𝜇𝑚, and 𝑓 is the frequency of gas phase oscillation in 𝑚/𝑠. For all

five cases, the amplitude of the gas phase oscillation is 𝑎 = 1𝑚/𝑠. (b) Time history of
changes in droplet Reynolds number due to gas phase oscillation (Δ𝑅𝑒𝑝 = 𝑅𝑒𝑝 − 𝑅𝑒𝑝,0)
for amplitude 𝑎 = 1𝑚/𝑠, frequencies ( 𝑓 = 1, 10, 30𝐻𝑧). The initial droplet diameter (𝐷0)

is 594𝜇𝑚. (c) The average changes in droplet Reynolds number due to gas phase
oscillation (Δ𝑅𝑒𝑝 , averaged Δ𝑅𝑒𝑝) as a function of frequency ( 𝑓 of gas phase oscillation

for different amplitudes (𝑎 in 𝑚/𝑠) and initial droplet diameters (𝐷0 in 𝜇𝑚).
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𝑅𝑒𝑝,0) is high. On the other hand, the bottom-right half of Fig. 6a, represents a zone where443
𝑅𝑒𝑝/𝑅𝑒𝑝,0 has a very high value and hence, can be characterized as a ”zone of influence.”444
In this regime, droplet velocity (𝑈𝑝) displays strong oscillatory behavior as shown in Fig.445
5a. Furthermore, under steady gas phase flow (𝑎 = 0), the differences between the droplet446
velocity become small and hence, (𝑅𝑒𝑝,0 → 0). Consequently, for a given 𝑡/𝑡𝑔, the transition447
between the ”zone of silence” and the ”zone of influence” can be marked by a critical Stokes448
number (𝑆𝑡𝑐𝑟𝑖𝑡 ) for which𝑈𝑝,0 → 𝑈𝑔,0. In Fig. 6a, a representative transitional boundary is449
drawn by setting (𝑈𝑝,0 −𝑈𝑔,0)/𝑈𝑔,0 = 10−5. When superimposed the 𝑆𝑡 history from a few450
selected conditions we simulated, we observe that initially, the droplet starts from the ”zone451
of silence”, but transitions into the ”zone of influence” (Fig. 6) as time progresses and the452
droplet becomes smaller due to evaporation.453

While 𝑅𝑒𝑝/𝑅𝑒𝑝,0 depicts a relative change in 𝑅𝑒𝑝 due to oscillation in the gas phase, it454
is to be recognized that 𝑅𝑒𝑝,0 ≈ 0 in the ”zone of influence,” and as such, the ratio becomes455
large, even for a small 𝑅𝑒𝑝. To circumvent this bias and to assess the true effect on the456
evaporation rate, one should evaluate their differences, i.e. Δ𝑅𝑒𝑝 = 𝑅𝑒𝑝 − 𝑅𝑒𝑝,0. In Fig.457
6b, we plotted Δ𝑅𝑒𝑝 as a function of time for a given initial droplet size (𝐷0 = 594𝜇𝑚)458
and amplitude (𝑎 = 1𝑚/𝑠), but for three different frequencies ( 𝑓 =1, 10 and 30 𝐻𝑧) of gas459
phase oscillation. The plot displays large amplitude oscillations in Δ𝑅𝑒𝑝 at the initial stage.460
However, the amplitude decays with time and becomes almost constant in the later stage461
of the droplet lifetime (see inset of Fig. 6b). This behavior, indeed, corroborates with the462
dynamics of droplet velocity, 𝑈𝑝, described before. To estimate an overall change in 𝑅𝑒𝑝463

due to oscillation in gas phase flow, we evaluated the mean of Δ𝑅𝑒𝑝 (denoted by Δ𝑅𝑒𝑝)464
for four combinations of amplitude (𝑎) and initial droplet diameter (𝐷0) and plotted them465
as a function of frequency ( 𝑓 ) of gas phase oscillation in Fig. 6c. For smaller droplets466

(𝐷0 = 100𝜇𝑚) and lower amplitude (𝑎 = 0.1𝑚/𝑠) of oscillation, the Δ𝑅𝑒𝑝 is small (∼ 10−1),467
which explains why we did not observe significant changes in evaporation rate among various468

frequencies as shown in Fig. 2a. On the other hand, for larger amplitude (𝑎 = 1𝑚/𝑠), Δ𝑅𝑒𝑝 is469
relatively higher (∼ 1), and increases with 𝑓 . Thus, we observed a faster evaporation rate with470

oscillations, which increases with frequency (Fig. 2b). Figure 6c also confirms that Δ𝑅𝑒𝑝 for471
larger droplets (𝐷0 = 594𝜇𝑚) is higher and remains almost constant for all 𝑓 , irrespective472
of the amplitude (𝑎 = 0.1 and 1 m/s). This explains the observed faster evaporation under473
unsteady gas phase flow but the insignificant difference between various frequencies (Fig. 2c474
and d) for the larger droplets.475

3.5. Temperature and concentration distribution in liquid phase476

Since our model includes transport equations for the liquid phase, we can compare the477
temperature and concentration distribution inside the droplet to illustrate the effect of478
unsteadiness in gas phase velocities on the liquid phase transport. Figures 7 (temperature)479
and 8 (mass fraction of solute) display the evolution of the internal dynamics for three480
instances on the lifetime of a 𝐷0 = 100𝜇𝑚 droplet and compare it for three different degrees481
of oscillations in the gas phase. Similar contour plots for 𝐷0 = 594𝜇𝑚 are shown in Figs. 9482
(temperature) and 10 (mass fraction of solute). Here, we recall that the ambient condition for483
the simulation was 𝑇𝑎𝑚𝑏 = 301𝐾 and 𝑅𝐻𝑎𝑚𝑏 = 48%, while the initial droplet temperature484
was set at 303𝐾 and initial solute (𝑁𝑎𝐶𝑙) concentration dissolved in water was 𝑌𝑁,0 = 1%.485

Figures 7 and 9 depict that at the early stage of evaporation, the temperature distribution486
displays a symmetric concentric profile. This is the hallmark of stronger diffusional transport487
than advective transport of thermal energy (Abramzon & Sirignano 1989; Sirignano 1983;488
Saha et al. 2009b) caused by large thermal diffusivity in the liquid phase. The enhanced489
thermal transport and smaller initial temperature difference between the gas phase and liquid490
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Figure 7: Temperature distribution in liquid phase at different time steps for 𝐷0 = 100𝜇𝑚
with initial droplet temperature, 𝑇0 = 303𝐾 . The ambient condition is 𝑇𝑎𝑚𝑏 = 301𝐾 and
𝑅𝐻𝑎𝑚𝑏 = 48%. The gas phase perturbation (a) amplitude, 𝑎 = 0.1𝑚/𝑠, and frequency,

𝑓 = 5𝐻𝑧. (b) 𝑎 = 1𝑚/𝑠 and 𝑓 = 5𝐻𝑧. (c) 𝑎 = 1𝑚/𝑠 and 𝑓 = 30𝐻𝑧.

Figure 8: Solute concentration distribution in liquid phase at different time steps for
𝐷0 = 100𝜇𝑚 with initial droplet temperature, 𝑇0 = 303𝐾 . The ambient condition is

𝑇𝑎𝑚𝑏 = 301𝐾 and 𝑅𝐻𝑎𝑚𝑏 = 48%. The gas phase perturbation (a) amplitude, 𝑎 = 0.1𝑚/𝑠,
and frequency, 𝑓 = 5𝐻𝑧. (b) 𝑎 = 1𝑚/𝑠 and 𝑓 = 5𝐻𝑧. (c) 𝑎 = 1𝑚/𝑠 and 𝑓 = 30𝐻𝑧.
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phase enable the droplet to reach the wet-bulb temperature and attain homogeneity in a short491
duration, as seen in both Fig. 7 and 9. Due to the dominant diffusive transport in the liquid492
phase, the effects of amplitude and frequency of the gas phase oscillation on the temperature493
profiles are not significant.494

Figures 8 and 10 show the concentration distribution of solute in the liquid phase for495
two different droplet sizes. We notice that the lower amplitude of gas phase oscillation496
(𝑎 = 0.1𝑚/𝑠) leads to a diffusion-dominated concentric distribution even at the early stage497
of droplet lifetime (Fig. 8a and 10a). On the other hand, for high amplitude oscillations (𝑎 =498
1𝑚/𝑠), a recirculation pattern was formed inside the droplet, which resembles the internal499
flow pattern (Hill’s spherical vortex) (Figs. 8b-c, and Figs. 10b-c). This indicates strong500
advective transport. The relative strength between advective and diffusive mass transport can501
be expressed by the Péclet number, 𝑃𝑒𝑙 = 𝑅𝑒𝑙𝑆𝑐, where 𝑆𝑐 is the Schmidt number (roughly502
constant). The liquid phase Reynolds number, 𝑅𝑒𝑙 is defined based on the (liquid phase)503
velocity at the vapor-liquid interface (𝑈𝑠) driven by gas phase flow or 𝑅𝑒𝑝 (Eq. 2.17 and504
2.18). As shown in Fig. 5, an increase in the amplitude of oscillation increases 𝑅𝑒𝑝, and505
hence, 𝑃𝑒𝑙 . This is why we observe stronger advective transport for the higher amplitude506
of gas phase oscillation (Figs. 8 and 10) in the early stage of evaporation. As the droplet507
evaporates, the 𝑅𝑒𝑝 decreases. As such, both 𝑃𝑒𝑙 and the advective transport in the liquid508
phase become weaker, resulting in more concentric iso-concentration lines for 𝐷0 = 100𝜇𝑚509
droplets (Figs. 8 b and c.). However, for 𝐷0 = 594𝜇𝑚, the 𝑅𝑒𝑙 and 𝑃𝑒𝑙 remain comparatively510
higher throughout the droplet lifetime due to larger droplet diameters. Thus, the convective511
transport remains strong, as reflected in vortical iso-contours in Figs. 10b and c.512

It is to be noted that, for the conditions used in this study, the droplet exhibits almost uniform513
temperature and concentration distributions except for the initial period of evaporation. One514
can also employ the rapid mixing model for the liquid phase (Law 1976), which assumes515
an infinitely fast diffusion process that leads to homogeneous temperature and concentration516
inside the droplet. Since our goal is to provide a framework that can be used for a wide517
range of ambient conditions, we used the detailed liquid phase transport model proposed by518
Abramzon & Sirignano (1989).519

4. Summary and outlook520

In summary, we have presented a numerical investigation in assessing the effect of oscillation521
in gas phase velocity on the evaporation rate of an isolated binary droplet. Using a detailed522
one-way coupled two-phase model, we demonstrated that the evaporation rate increases with523
the amplitude and frequency of gas phase oscillations and that the influence of oscillation524
becomes stronger for larger droplets. Subsequently, a scaling analysis illustrated that the525
oscillation in gas phase velocity induces an oscillatory response in the instantaneous droplet526
velocity, whose amplitude, frequency, and phase lag depends on three-time scales, leading527
to two nondimensional parameters, Stokes number (ratio of inertial vs. time period of528
oscillation) and normalized time (ratio of physical time and the time period of oscillations).529

Subsequently, a theoretical estimate of augmentation in the droplet Reynolds number was530
performed based on the scaling of the induced droplet velocity. Furthermore, the effects of the531
amplitude and the frequency of oscillation in gas phase velocity on the increase in effective532
Reynolds number were evaluated. An increase in Reynolds number was shown to induce533
faster gas phase transport at the droplet interface, which explains enhanced evaporation rate534
for higher amplitude and frequency of gas phase oscillations. Finally, we discussed transport535
processes inside the droplet to show that gas phase oscillation has minimal effect on liquid536
phase thermal transport due to high thermal diffusivity and hence, diffusive transport. The537
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Figure 9: Temperature distribution in liquid phase at different time steps for 𝐷0 = 594𝜇𝑚
with initial droplet temperature, 𝑇0 = 303𝐾 . The ambient condition is 𝑇𝑎𝑚𝑏 = 301𝐾 and
𝑅𝐻𝑎𝑚𝑏 = 48%. The gas phase perturbation (a) amplitude, 𝑎 = 0.1𝑚/𝑠, and frequency,

𝑓 = 5𝐻𝑧. (b) 𝑎 = 1𝑚/𝑠 and 𝑓 = 5𝐻𝑧. (c) 𝑎 = 1𝑚/𝑠 and 𝑓 = 30𝐻𝑧.

Figure 10: Solute concentration distribution in liquid phase at different time steps for
𝐷0 = 594𝜇𝑚 with initial droplet temperature, 𝑇0 = 303𝐾 . The ambient condition is

𝑇𝑎𝑚𝑏 = 301𝐾 and 𝑅𝐻𝑎𝑚𝑏 = 48%. The gas phase perturbation (a) amplitude, 𝑎 = 0.1𝑚/𝑠,
and frequency, 𝑓 = 5𝐻𝑧. (b) 𝑎 = 1𝑚/𝑠 and 𝑓 = 5𝐻𝑧. (c) 𝑎 = 1𝑚/𝑠 and 𝑓 = 30𝐻𝑧.
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solute concentration, on the other hand, shows stronger advective transport for a larger538
amplitude of oscillation, confirmed by enhanced liquid phase Péclet number.539
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Appendix A. Effect of evaporation on the scaling analyses550

In section 3.4, we used the approximation of constant droplet radius for the scaling analyses.551
Now, we will perform the analyses without assuming a constant droplet radius. It is to be552
recognized that a variation in droplet size essentially results in a variation in 𝑆𝑡 with time in553
Eq. 3.1. To find a theoretical expression for changes in droplet radius or Stokes number, we can554
assume that the droplet quickly attains a steady state (constant temperature and concentration).555
Thus, 𝐷2 law (Law 1982), 𝑑𝑟2

𝑠 (𝑡)/𝑑𝑡 = −𝐾𝑣 , can be applied to evaluate instantaneous droplet556
radius. Here, the constant 𝐾𝑣 can be expressed using 𝐵𝑀 , 𝐾𝑣 = 2(𝜌𝑔/𝜌𝑙)𝛼𝑔ln(1 + 𝐵𝑀 ). It557
is to be noted that a similar expression for 𝐾𝑣 can also be derived using 𝐵𝑇 (Law 1982).558
𝐵𝑀 (or 𝐵𝑇 ) can be evaluated based on the final (steady state) droplet temperature. Here,559
𝛼𝑔 is the gas phase thermal diffusivity. It can be seen that 𝐾𝑣 dictates droplet lifetime560
or evaporation rate. For the ambient conditions used for this study, 𝐾𝑣 has a value of561
approximately 2.2×10−10𝑚2/𝑠. However, for hot-dry and cold-humid ambient conditions,𝐾𝑣562
is expected to be larger and smaller, respectively. By substituting Stokes number (𝑆𝑡 = 𝜏/𝑡𝑔)563
in 𝑑2 law, we find a regression equation for Stokes number564

𝑑𝑆𝑡

𝑑 (𝑡/𝑡𝑔)
= −𝐾𝑣 (𝜌𝑙/𝜇𝑔). (A 1)565

To obtain a time history of droplet velocity, one has to solve the coupled ODEs represented566
by Eqs. 3.1 and A 1. Unfortunately, a compact closed-form solution does not exist for this567
set of ODEs. We, however, can solve these equations numerically. Based on the analysis568
with the evaporating droplet, we present the contour plot of the normalized droplet velocity,569
(𝑈𝑝 − 𝑈𝑝,0)/𝑎 for a large range of 𝑆𝑡 (Y-axis) and non-dimensional time, 𝑡/𝑡𝑔 (X-axis) in570
Fig. 11.571

Visual comparison of Figs. 5a and 11 suggest that the results are practically identical,572
although the former used constant radius approximation and the latter did not. We also573
plotted the error, defined as the absolute differences between the constant radius and variable574
radius methods, in Fig. 12. The difference is less than 1%, confirming that the constant575
droplet size assumption is okay.576
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