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a  b  s  t  r  a  c  t

Atmospheric  corrosion  of metals  is the most  common  type  of  corrosion  which  has  a  significant  impact
on  the  environment  and operational  safety  in  various  situations  of everyday  life.  Some  of the  common
examples  can  be observed  in  land,  water  and  air transportation  systems,  electronic  circuit  boards,  urban
and  offshore  infrastructures.  The  dew  drops  formed  on metal  surface  due  to condensation  of  atmo-
spheric  moisture  facilitates  corrosion  as  an  electrolyte.  The  corrosion  mechanisms  under  these  droplets
are  different  from  classically  known  bulk  electrolyte  corrosion.  Due  to thin and  non-uniform  geometric
thickness  of  the droplet  electrolyte,  the  atmospheric  oxygen  requires  a shorter  diffusion  path  to  reach
the  metal  surface.  The  corrosion  under  a droplet  is  driven  by the  depletion  of oxygen  in  the  center  of
the  droplet  compared  to the  edge,  known  as  differential  aeration.  In  case  of a  larger  droplet,  differential
aeration  leads  to preferential  cathodic  activity  at the  edge  and  is  controlled  by the droplet  geometry.
Whereas,  for  a smaller  droplet,  the  oxygen  concentration  remains  uniform  and  hence  cathodic  activ-
ity  is not  controlled  by droplet  geometry.  The  geometry  of  condensed  droplets  varies  dynamically  with
changing  environmental  parameters,  influencing  corrosion  mechanisms  as  the  droplets  evolve  in  size.
In  this  review,  various  modelling  approaches  used  to simulate  the  corrosion  under  droplet  electrolytes
are  presented.  In the  efforts  of developing  a comprehensive  model  to estimate  corrosion  rates,  it  has
been  noted  from  this  review  that  the  influence  of geometric  evolution  of the  droplet  due  to  conden-
sation/evaporation  processes  on  corrosion  mechanisms  are  yet  to be  modelled.  Dynamically  varying
external  factors  like environmental  temperature,  relative  humidity,  presence  of  hygroscopic  salts  and

pollutants  influence  the evolution  of  droplet  electrolyte,  making  it a complex  phenomenon  to investi-
gate.  Therefore,  an  overview  of  available  dropwise  condensation  and  evaporation  models  which  describes
the  formation  and  the  evolution  of droplet  geometry  are  also presented  from  an  atmospheric  corrosion
viewpoint.

© 2020  Published  by Elsevier  Ltd  on  behalf  of The editorial  office  of  Journal  of  Materials  Science  &
Technology.
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Nomenclature

ˇFe Tafel slope for the iron oxidation reaction
�T Temperature difference between the surrounding

and the surface
ı Electrolyte thickness
� Fractional coverage of the corrosion products
˚m - ˚0 the potential driving force
� Density of condensing liquid
�lv Surface tension
� Contact angle
b Area ratio of TPB zone and electrochemical reaction

zone
CO2,3B Concentration of oxygen in TPB zone
CO2,bulk Bulk concentration of oxygen
D Diffusion coefficient
F Faraday constant
g Ratio of TPB length to the area of electrochemical

reaction zone
Hlv Specific enthalpy of evaporation
i3B Cathodic limiting current density in TPB zone
ibulk Cathodic limiting current density in bulk zone
id Total cathodic limiting current
ik,Fe Kinetic current density
ip,Fe Passivation current density
k Cathodic reaction rate constant
K0,Fe Rate constant with unit of Am mol-1
L TPB length
n Number of transferred electrons
R Radius of the droplet
rmin Minimum radius of the droplet
S Area of the electrochemical reaction zone
S3B Area of TPB zone
Ts Surface temperature
TOW Time of wetness

1
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time and cost involved in estimating atmospheric corrosion rates
TPB Triple phase boundary

. Introduction

Atmospheric corrosion of a metal is a spontaneous degradation
rocess resulting from interactions with its surrounding environ-
ent [1]. Metal degradation due to atmospheric exposure has a

ignificant impact on the society [2]. According to the recent anal-
sis, the overall cost of corrosion is estimated to be 3.4 % of global
DP [3–5], of which, atmospheric corrosion accounts for approxi-
ately half the annual cost of all types of metal corrosion [6]. Most

requently, the atmospheric corrosion processes are initiated by
etting of metal surface by direct condensation of atmospheric
oisture due to temperature changes of a clean surface, and by

hemical condensation due to hygroscopic properties of surface
ontaminants such as salts and industrial pollutants deposited
n the surface [7–11]. The complex process of condensation of

tmospheric moisture due to temperature changes in combination
ith hygroscopic effect of surface contaminants leads to formation

f droplets on the surface [12–16] and eventually a thin film of
water [17,18] that facilitates corrosion by serving as the electrolyte
[19,20].

Depending on the surface temperature and wettability, in
combination with the environmental humidity and temperature,
droplets exhibit different dimensions and population densities on
the surface, resulting in different corrosion rates [21–25]. Besides
the condensation of atmospheric moisture due to temperature
changes and hygroscopic properties of surface contaminants, the
electrolyte can also be deposited on the metal surface due to fog,
rain and melting snow, which are not considered in this review
[1,26–31]. Therefore, this review deals with process-based mod-
elling of corrosion of metal under droplet electrolyte formed by
direct condensation of atmospheric moisture due to surface tem-
perature changes. Models describing the hygroscopic properties of
surface contaminants that determines the duration of wetness and
influences the wetting/drying cycles during atmospheric corrosion
has been discussed in detail by Schindelholz et al. [32].

The corrosion mechanisms under the droplet electrolyte are dif-
ferent from classically known bulk electrolyte corrosion [33]. In
case of bulk electrolyte, the corrosion process is often controlled
by the rate of diffusion of oxygen through the electrolyte which
is generally quantified as diffusion-limited cathodic current [34].
Whereas, in case of droplet electrolyte, the atmospheric oxygen
diffuses through a rather very short path between the interface of
air-electrolyte and the metal. Therefore, oxygen is readily avail-
able to facilitate the corrosion reactions [35]. Due to the curvature
of the droplet, the shortest path for oxygen diffusion is along the
outer edge of the droplet, resulting in a differential aeration electro-
chemical cell that drives the corrosion reactions [36]. The evolution
of droplet size causes variation in radius of curvature and hence
the degree of differential aeration, which in-turn influences the
corrosion mechanisms [21,23–25,37–39]. The concentration of the
dissolved salts in the droplet that determines the conductivity of
the electrolyte is a function of droplet size [40]. As the corrosion
reaction proceeds, the dilution of the corrosion products in the
droplet is also controlled by the size of the droplet electrolyte. Addi-
tionally, the dimensions of a droplet electrolyte dynamically vary
with multiple changing factors like environmental temperature,
relative humidity, presence of hygroscopic salts [20], pollutants,
surface properties of metal and precipitation of corrosion prod-
ucts, making it very challenging to investigate the corrosion rate
by controlling the droplet dimensions.

Currently available methods to quantify the atmospheric cor-
rosion rate, is either by accelerated corrosion tests [41–44] or by
huge time-consuming field exposure experiments [45,46]. Accel-
erated corrosion tests do well in quantifying corrosion rate at
specific conditions but do not give a general understanding because
the experimental condition often does not replicate the real
atmospheric environment. Therefore, significant efforts are being
devoted to developing models describing all the physical and
chemical processes involved in atmospheric corrosion of a metal
[47,48]. The simulation models are intended to predict the corro-
sion rates for a given environmental condition, thus saving both
of metal.
Both analytical and numerical approaches used to model cor-

rosion under droplet electrolyte are described in this review.
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Fig. 1. Classifications of various modelling and simulation met

he analytical model has focused on estimating the corrosion
ates based on derived equations for cathodic limiting current
49]. Due to the inherent limitations of analytical approaches, the
ocuses on numerical approaches are being employed to compre-
ensively predict the corrosion rates and state of surfaces over a
ide range of conditions. The numerical approaches accounted for

spects like oxygen diffusion, cathodic/anodic reactions, active-
assive transitions and oxide layer formation. In the numerical
pproach, the corrosion rates are determined by solving the
nvolved physicochemical and electrochemical equations in space
nd time domains. However, the consideration of formation and
volution of droplets on corroding surface is still missing in the
xisting models. Since the atmospheric corrosion processes are ini-
iated only after a droplet electrolyte of certain size is residing
n the surface [24] and is influenced by the geometric evolution
f droplets [24]. It becomes important for the model to include
he condensation processes of atmospheric moisture on the sur-
ace. After an early effort to analytically model corrosion under
vaporating droplet by Lyon et al. [17], modelling the formation
50] and evolution of electrolyte due to condensation/evaporation
20,51] of atmospheric moisture for estimation of corrosion rates
s recently gaining importance and awaits extensive investiga-
ion.

An ideal simulation model needs to account for the following
o have a holistic droplet corrosion model. (1) Geometric size of
he droplet: The open-circuit potential (OCP) was higher for the
maller droplets compared to the larger droplets [24]. The cathodic
orrosion current density increased with decreasing size of NaCl
roplets due to shorter diffusion path for oxygen from ambient to
he corroding surface for smaller droplets [24]. (2) Surface energy:
he tendency towards localized corrosion decreased in case of
roplet decreasing thickness and constant area, which is attributed
o more homogeneous oxygen transfer process under a thinner
roplet [21]. Corrosion damage during the drying cycles appeared
o be enhanced for large droplets with high contact angle and for
ncreased electrolyte concentration. The contact angle and hence
he thickness on droplets depends of the surface energy of the cor-
oding surface [52]. The surface energy of the corroding surface is
ltered due to the corrosion precipitates and oxide layer formation,
hich is in-turn influenced by the pH [24] of the electrolyte [53].

To consider the formation and evolution of droplets on a metal
urface, existing approaches to model dropwise condensation are
resented in this review. Both experimental studies and mecha-
istic modelling of dropwise condensation phenomenon has been
n important topic of research in the field of heat exchangers
nd refrigeration over a past few decades. This is mainly due to
he enhanced heat exchange coefficient of dropwise condensation
18,54–69]. Condensation of atmospheric moisture is a nucleation

henomenon which results in a distribution of droplets on the
urface [13,14,70]. In general, the complete cycle of dropwise con-
ensation is classified into five phases: nucleation, aggregation,
rowth, coalescence and sliding. Sliding only occurs on an inclined
or droplet corrosion along with their formation and evolution.

surface and on a surface with differential wettability regions, and
both are not relevant in case of flat surfaces with uniform wettabil-
ity as addressed in this review.

There are three main sections in this paper. The first section
presents the state-of-the-art of the models describing corrosion
under the droplet electrolyte, highlighting the influence of droplet
geometry and passivation due to corrosion precipitates, along
with other relevant parameters. The second section presents an
overview of the numerical models for simulating droplet con-
densation/evaporation process in the perspective of atmospheric
corrosion by highlighting the parameters relevant for droplet cor-
rosion modelling. Fig. 1 shows the classifications of modelling
approaches described in the following sections. Finally, in the third
section, discussion is made to identify the points to come to a proper
understanding of the process to have a realistic model for long-term
prediction of atmospheric corrosion rates.

2. Droplet corrosion models

Due to many challenges involved in modelling of localized cor-
rosion [71], the research on modelling droplet corrosion is still in
an infant stage. The available literature on modelling of droplet
corrosion largely adopts a configuration similar to Evans drop
experiment [72–74]. Evans placed a NaCl drop on a horizontal steel
surface in contact with air and followed the development of anodic
and cathodic areas under the drop using phenolphthalein and fer-
ricyanide as indicators. The cathodic area turned red due to the
presence of OH− ions resulting from the oxygen reduction reaction
(ORR) and the anode area turned blue due to the presence of Fe2+

ions.
It was  found that the area towards the edge of the droplet had

ready access to oxygen from atmospheric air and functioned as
cathode. Areas under the center of the drop had less access to oxy-
gen because the dissolved oxygen needed to diffuse through the
volume of drop to reach the liquid-metal interface at the center of
the drop. Thus, the area under the center of the drop functioned as
an anode. These sub-processes are schematically shown in Fig. 2.
The anodic area expanded outwards with time to meet the cathodic
area, and rings of rust were formed at their interface. The differ-
ence in oxygen concentration between the edge and center of the
droplet is known as differential aeration and is attributed to the
geometry of the droplet. Hence the magnitude of differential aera-
tion depends on the geometric size and shape of the droplet, which
in-turn influences the corrosion rate [24,25]. The corrosion under a
droplet electrolyte has been modelled either by using (i) analytical
approach or (ii) numerical simulation, and both are discussed in
this section.
2.1. Analytical approach

An early efforts of analytically modelling corrosion mechanisms
by considering evaporating droplet electrolyte residing on a metal
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Fig. 2. Schematic of corrosion of metal (iron) under droplet electrolyte cross section.

F
1
g

s
e
a
t
a
t
a
i

d
e
a
a
i
d
o
t
o
c
g
e
o
t
i
c
F
t
a
c
c

t
w

ig. 3. Droplet volume as a function of evaporation time. Inset: Cross-section of
.  hemispherical, 2. flattened hemispheric cap and 3. planar cylindrical droplet
eometries [17].

urface was done by Lyon et al. [17]. They developed a model of an
vaporating droplet to simulate wetting and drying effects during
tmospheric corrosion. The droplet size, anode-to-cathode resis-
ance, oxygen reduction current and ohmic drop were calculated
s a function of evaporation time. They considered three geome-
ries as a representation of the droplet electrolyte; hemispherical,

 flattened-hemispherical-cap and a planar (cylindrical) as shown
n the inset of Fig. 3.

The influence of droplet evaporation on oxygen diffusion was
escribed using Fick’s laws. The electrolyte conductivity was  mod-
lled using Debye-Huckel-Onsager equation [75]. They assumed
n arbitrary quantity of ionic species and fixed ratio of cathode to
node area (Ac/Aa). The results were computed for both evaporat-
ng and non-evaporating conditions. Fig. 3 shows the evolution in
roplet volume as a function of evaporation time. During the evap-
ration of hemispherical and flattened-hemispherical-cap droplet,
he anode-to-cathode resistance decreased as a function of evap-
ration time for both the hemispherical droplet due to increased
onductivity of electrolyte as shown in Fig. 4(a). Although the oxy-
en reduction current density increased substantially during the
vaporation, the total current decreased due to the reduced cath-
de area as shown in Fig. 4(c). In case of planar droplet geometry,
he anode-to-cathode resistance was invariant with time as shown
n Fig. 4(a) and the total oxygen reduction current increased as the
athode area did not change with evaporation time as shown in
ig. 4(c). Therefore, the anode-to-cathode resistance did not limit
he corrosion rate in case of hemispherical droplet. However, for
n electrolyte of uniform thickness (planar droplet geometry), the
orrosion rate showed a tendency to become subjective to resistive

ontrol at a later stage of evaporation as shown in Fig. 4(b).

Whereas, for a non-evaporative condition in which the elec-
rolyte concentration stayed constant, represents the situations
here the condensed droplet is in equilibrium with the sur-
nce & Technology 62 (2021) 254–267 257

rounding relative humidity and the surface is typically wet. The
anode-to-cathode iR drop was  invariant for the hemispheric
droplet for a given concentration of electrolyte, irrespective of the
droplet size as shown in Fig. 4(d). In case of uniform thickness elec-
trolyte (planar droplet geometry), the iR drop rapidly increased
with reduction in electrolyte thickness as shown in Fig. 4(d), which
is same as in the case of evaporative condition but at a higher
rate. Therefore, during non-evaporative conditions, the corrosion
rate was under resistive control for both hemispherical and planar
droplet geometries, but more predominant in case of uniform thick-
ness electrolyte (planar droplet geometry). Although the effect of
changing droplet geometry and increasing electrolyte concentra-
tion due to evaporation was studied in this work, it only gives the
qualitative trends of anode-to-cathode resistance and total oxygen
reduction current. Also, they consider the initial droplet radius to
be 1 mm,  which includes only a certain population of droplets as
condensation is a multiscale phenomenon [55,61]. They also did
not consider the influence of contact angle of the droplet which
can have a significant influence on corrosion mechanism because
the length of the diffusion path varies with geometrical changes
[76].

Later, Jiang et al. [49] proposed an improved quantitative analyt-
ical steady-state model of corrosion under a hemispherical droplet
by including the thickness of the static diffusion layer of oxygen
in a droplet with a contact angle less than 90◦. The model was
based on their experimental findings to predict the effect of droplet
distribution of equal size (termed as l̈iquid dispersion)̈ on the atmo-
spheric corrosion rates. They divided the electrochemical reaction
zone under the droplet electrolyte into bulk zone and a three-phase
boundary (TPB) zone. They defined the three-phase boundary (TPB)
zone for a droplet electrolyte as a two-dimensional liquid zone
immediately inside the gas/liquid/solid phase boundary with the
electrolyte thickness (ı) ranging from 0 to 100 �m as shown in
Fig. 5(b). This is because the thickness of the static diffusion layer
is generally agreed to be 100 �m [77].

Similarly, the bulk zone was  defined as a two-dimensional liquid
zone in which ı is greater than 100 �m.  They established a rela-
tionship between the liquid dispersion and geometric properties
of TPB zone as ‘b’ given by the Eq. (1). For the width of the TPB
zone to be finite, the contact angle must be less than 90◦. They con-
ducted experiments on A3 steel and 304 stainless steel which were
partially immersed in electrolyte to create a TPB zone for different
TPB lengths as shown in Fig. 5(a). Experiments indicated that the
effect of ‘g’ on the cathodic process only depended on the electro-
chemical process, independent of material properties. It was also
found that the cathodic limiting current density nearly doubled
with increasing ‘g’.

b = S3B

S
= L · 100�m · cot �

S
=  g · 100�m · cot � (1)

The model of Jiang et al. [49] established a relationship between
the cathodic current density and the TPB length. The cathodic
processes in both zones are under oxygen diffusion control at
overpotentials which corresponds to the limiting diffusion current
density plateau. Hence, a part of the total cathodic limiting current
(id) flows through bulk and another component through TPB zones
as described in Eq. (2).

id = ibulk + i3B · b = nFD

[
CO2,bulk

100�m
+ CO2,3B

ı

]
· g · 100�m · cot� (2)

The calculated and experimental results of cathodic current
densities at given polarization potential as a function of ‘g’ were

compared as shown in Fig. 6 and are in good agreement. Therefore,
Eq. (2) predicts that id linearly increases with increasing value of
‘g’. It was also demonstrated that the increase in liquid dispersion
on the surface leads to increase in total cathodic limiting current.
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Fig. 4. (a) Anode-to-cathode resistance, (b) anode-to-cathode iR voltage drop and (c) total limiting oxygen reduction current as a function of evaporation time (increasing
concentration of electrolyte), (d) anode-to-cathode iR voltage drop as a function of droplet height (assuming constant concentration) [17].

Fig. 5. The schematic diagram of the geometry of TPB zone. (a) A vertical electrode under partial immersion in electrolyte and (b) an electrolyte droplet attached on a planar
electrode surface [49].

Table 1
Comparison of key differences between analytical modelling approaches of corrosion under droplet electrolyte.

No. Approach Key considerations Key outcome Shortcomings

1 Analytical by Lyon et al. [17]

(1) Evaporating droplet. (2)
Wetting and drying effects. (3)
Different droplet geometries.
(4) Oxygen diffusion by Fick’s
law. (5) Electrolyte
conductivity by
Debey-Huckel-Onsager
equation.

Evaporative condition: (1) Gives a qualitative trend
but not quantitative
understanding. (2) The initial
droplet radius is always 1 mm.
(3) Arbitrary quantity of ionic
species. (4) Fixed ratio of
cathode to anode area.

(1)  For hemispherical droplet:
anode-to-cathode resistance did
not limit the corrosion rate. (2) For
planar droplet: corrosion rate was
subjective to resistive control.
Non-evaporative condition:
Corrosion rate was  under resistive
control for all geometries.

2  Analytical by Jiang et al. [49] (1) Droplet divided into bulk
and three phase boundary
(TPB) zones. (2) Droplet contact
angle (<90 deg.) (3) Droplet
distribution (liquid dispersion).
(4) Relationship between liquid
dispersion and TPB length. (5)
Relationship between cathodic
current density and TPB length.

(1) The effect of TPB characteristic
length (‘g’) on cathodic process
was  depended only on the
electrochemical process,
independent of material
properties. (2) Calculated cathodic
limiting current density linearly
increases with increasing’ g’. (3)
Increase in liquid dispersion on the
metal surface leads to increase in
total cathodic limiting current.

(1) Limited to a contact angle
between zero and ninety
degrees. (2) Assumes equal
drop-size distribution to
account for liquid dispersion
during atmospheric corrosion.
(3) Static droplet.
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ig. 6. Comparison between simulation result and experimental data simulation for
he  model validation [49].

q. (2) proposed by Jiang et al. [49] does well in estimating the
athodic limiting current density by considering the effect of the
PB zone and liquid dispersion which is importance in estimating
he atmospheric corrosion rate. The model considers the droplet
ith a contact angle between zero and ninety degrees which was
ot taken into account by Lyon et al. [17]. In reality, the contact
ngle can be either less or more than ninety degrees depend-
ng on the surface physiochemical properties and contaminants
resent on the metallic surface [78]. The concept of dividing the TPB
ones among equally sized droplets to account for liquid dispersion
uring atmospheric corrosion is an advantage of this model com-
ared to the one by Lyon et al. [17]. But the model assumes equal
rop-size distribution. In practice, the droplets of various sizes are
istributed on the surface depending on the surface properties and
nvironmental parameters like temperature and relative humidity
61,79]. Additionally, the distance and interactions between two
djacent droplets which can influence the drop-size distribution
re not considered [80]. The model considers the static conditions
nd needs to include the description of how the droplet geometry,
omposition and contact angle evolve to be able to comprehen-
ively estimate the atmospheric corrosion rates. Considering these
pproximations, the model describes the atmospheric corrosion
rocess only partially. The summary of the discussed analytical
odels is described in Table 1.

.2. Numerical simulations

A three-dimensional transient finite element model (FEM)
escribing the spatio-temporal variation of involved ionic species
oncentration within the electrolyte was developed by Venkatra-
an  et al. [50,81]. The model considered corrosion of metal surfaces

nder a droplet, using a configuration similar to the case of the
vans drop experiment. They modelled corrosion under a droplet
eposited on a bare metal surface in the absence of oxide or any
ther films. They simulated the early stage of corrosion before the
ormation of precipitates.

Although the model considered zinc in particular, it can be
xtended to simulate the corrosion process of different metals
ith corresponding input parameters and reactions. The flux of

he involved species was given by the dilute solution theory [82]
nd the anodic/cathodic reactions were modelled using the Butler-
olmer relation [34]. The model assumed that no heterogeneous
r homogeneous chemical reactions occur in the droplet. The con-

entration of the zinc ions was predicted to be high near the metal
urface, with an accumulation towards the cathodic region. This is
ecause of the fact that the model does not consider the scavenging
echanisms like precipitation of corrosion products. The simula-
nce & Technology 62 (2021) 254–267 259

tion results showed how the current within the droplet enters from
the anodic region and terminates in the cathodic region. However,
the anode-cathode separation and its evolution with time were not
described. Moreover, the model does not consider effect of natural
convection within the droplet [83], which, depending on the size
of the droplet, can have a significant influence on the movement of
involved species within the droplet [84,85].

Later, more advanced but a two-dimensional transient finite
element model including coupled, nonlinear, diffusion equations
for ionic species, which included the contribution of migra-
tion, formation of primary precipitates, local electroneutrality and
homogeneous reaction was developed by Chang et al. [86]. They
modelled corrosion under a droplet placed on an iron surface.
More importantly, the presence of anodic and cathodic regions was
determined by the local potential distribution caused by the forma-
tion of differential aeration cells, and hence the location of anodic
and cathodic regions was not assumed a priori but was  a result
of the numerical simulation. The active-passive transition for the
anodic reaction was also not assumed a priori, but was  instead
obtained from coupling of the hypothesized surface and homo-
geneous reactions. Their model was subdivided into three parts:
electrochemical reactions, convection equation and chemical reac-
tions, and formation and influence of precipitates. The cathodic
and anodic reactions were assumed to be reduction of oxygen
and iron dissolution, respectively. The active-passive transition was
assumed to be the consequence of the formation of corrosion prod-
ucts. Passivation was included in the kinetic current density ‘ik’, Eq.
(3), by allowing the fractional surface coverage of the corrosion
products ‘� ’ to weight the contribution of passive active current
densities. The concentration of dissolved oxygen was considered
to be CO2 = 0.284 mol  m−3 and five ionic species were assumed to
be present in the solution: K+, NO3-, Fe2+, H+ and OH−.

ik,Fe = (1 − �) · K0,Fe · exp
[

2.303
ˇFe

(˚m − ˚0)
]

+ � · ip,Fe (3)

Calculations were performed both at the corrosion potential
(open-circuit) and at an applied potential using non-linear equa-
tions. Due to greater accessibility of oxygen, the cathodic area
dominates at the periphery of the droplet and extends to the center
similar to the results of Evan’s drop experiments. Ferrous ions pro-
duced by the anodic reactions at the center react with the hydroxide
ions from the cathodic reactions to form ferrous hydroxide. Fe(OH)2
reacts with the excess OH− to form Fe(OH)3, which is an insoluble
iron hydroxide complex that can dehydrate to form rust. Galvanic
effects were seen to result from the formation of precipitates. A
slightly alkaline region was seen at the periphery of the droplet
due to the cathodic region and the center showed slightly acidic as
a consequence of the formation of precipitates. The anodic region
showed active-passive transition as a consequence of the formation
of Fe(OH)3 precipitates, but the cathodic reaction was still active.
The shift of the passivated area can be seen in the changes of total
current density shown in Fig. 7.

Similarly, the droplet corrosion simulation model containing
dissolved CO2 was also developed and found that the species
FeCO3 accumulated in the anodic reaction dominated area because
the carbonate was the product of a homogeneous reaction [87].
Although the droplet corrosion model developed by Chang et al.
[86] provides a framework to study the interactions among chemi-
cal and electrochemical reactions, deposition of corrosion products
and transport, building an extension of the model to three-
dimensions including the spacio-temporal variation of species can

make it complete. In the atmospheric corrosion perceptive, the
model could be extended to include the effect of the evolution of
droplet size due to condensation and evaporation phenomena, the
variation of contact angle with the wettability of the surface.
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ig. 7. Radial distribution of total density at the electrode surface with time as
arameter [86,158].

The models [49,81,86,87] discussed so far focused on mod-
lling the Evans drop experiment and have made a significant
ontribution towards understanding and mathematically simu-
ating corrosion under droplet electrolytes. However, they only
onsider static conditions of the droplet electrolyte. It is impor-
ant to account for the dynamic evolution of the droplet geometry
ecause it was observed to have an influence on corrosion mecha-
isms [24,88].

Cole et al. [50] have focused on the development of a process-
ased model that defines the electrochemical and chemical
rocesses that occur on a metal surface under a saline drop as

 function of metal microstructure and oxide development [89].
t was found that the porous oxide layer in the zinc system pro-

oted longer wetting times, facilitating oxygen reduction reaction
90,91]. These oxide layers are effectively grown in alkaline condi-
ion of bulk electrolyte, yet they are formed under droplet in neutral
onditions [89,92,93]. This was expected to be due to the devel-
pment of porous oxide that promotes sufficient alkalinity at the
xide-metal interface to promote the formation of a compact layer
89]. Therefore, two models named ‘the droplet model’ and ‘the
orous oxide model’ were developed to account for the same pro-
esses. Additionally, the model developed by Venkatraman et al.
81] was extended to include variation of oxygen concentration as

 function of droplet size. Fig. 8 shows the oxygen concentration in
he droplet as a function of kR/D, where, ‘k’ is the cathodic reaction
ate constant, ‘R’ is the radius of the droplet, and ‘D’ is the diffusion
oefficient of dissolved oxygen. It was found that for a large drop,
epletion of oxygen leads to preferential cathodic activity at the
roplet edge. Whereas for a small drop, the oxygen concentration
emains relatively uniform, and therefore cathodic activity is not
ontrolled by the droplet geometry. Measurements by Cole et al.
92] on Zinc surface indicated that under a saline drop, a porous
xide thickness of around 1 �m was developed after 15−30 min. It
as also found that the formation of a porous oxide dramatically

nfluences the electrochemical activity on a metal surface as the
xide can, in some cases, support cathodic activity. The summary
f the discussed numerical models is described in Table 2.

From the considered literature, it is clear that the geometry of
he droplet electrolyte and its evolution play an important role and
an lead to a variety of corrosion mechanisms [21,23–25,37,93].
dditionally, there are experimental results that report a devia-

ion from the Evans drop behavior such as secondary spreading
10,23,25] and filiform corrosion [37], that has to be taken into con-
ideration by the model in order to simulate atmospheric corrosion

s it occurs. The holistic modelling approach for quantifying atmo-
pheric corrosion rate to a reasonable accuracy needs to consider
ll possible physical, chemical and electrochemical mechanisms as

 function of:
nce & Technology 62 (2021) 254–267

a) Dynamically varying droplet geometry [50].
b) Porous oxide layer and physio-chemical properties of the surface

[90,91].
c) Active-passive transition due to formation corrosion products

[86].
d) Environmental parameters [20] (such as humidity, temperature

and presence of salts) on formation, distribution and evolution
of droplet electrolyte [17,90,91,94].

Hence the subsequent sections are dedicated to an overview
of modelling approaches to describe the formation and geometric
evolution of droplet.

3. Modelling of formation and evolution of droplet

According to thermodynamics, the vapor to liquid phase tran-
sition occurs when the chemical potential of water vapor exceeds
the chemical potential of liquid water. This condition occurs when
the surface temperature is below dew point temperature or if the
vapor pressure is increased above saturation pressure. The surface
temperature of the metal exposed to the changing atmospheric
conditions can drop below the dew point during the night and
hence have droplet electrolyte adsorbed on the surface due to con-
densation.

The initial stage of condensation is a stochastic phenomenon at
an atomistic scale which involves nucleation of water molecules on
the surface to form clusters. These clusters diffuse along the surface
and aggregate to form nuclei of water droplets that are distributed
on the condensing surface. The nuclei are thermodynamically sta-
ble when the radius of the droplet reaches a certain critical value so
that the formation work of the condensate on the surface is positive
and hence the Gibbs free energy is negative [55,95]. These thermo-
dynamically stable nuclei are pinned on the surface and initially
grow in size by direct condensation of water molecules from air
onto the droplet nucleus and by aggregation of smaller clusters that
are less stable. During the vapor to liquid phase transition, the dif-
fusion of new vapor molecules onto the adsorbed droplet nucleus
is influenced by its curvature [96]. The curvature of the droplet is
determined by the contact angle which is a function of surface free
energy [55]. As the droplets grow in size, they come in contact with
adjacent droplets and merge to form a bigger droplet. The merging
frequency is propositional to the density of droplet distribution on
the surface and temperature difference between the environment
and the surface (termed as degree of subcooling). The merging of
adjacent droplets is due to the inter-molecular force of attraction
and is known as coalescence. In case of a flat surface, the growth
of droplets with time leads to a transition of dropwise to filmwise
condensation at total surface coverage, which is proportional to
degree of subcooling [18]. The condensation of atmospheric mois-
ture constitutes of nano, micro, meso and macroscopic processes
which have been modelled in a multiscale approach [61].

3.1. Nucleation and growth of droplet electrolyte

Depending on the approach used in the simulation of initial
stage of condensation, models can be categorized into two groups,
namely, atomistic and continuum models. The atomistic modelling
is a discrete approach which considers all kinds of nucleation.
Whereas, the continuum modelling approach considers instanta-
neous nucleation of droplets based on deterministic description.
3.1.1. Atomistic approach
In case of atomistic modelling approach, it considers adsorp-

tion of every single or a set of molecules on the condensing
surface known as monomers. The adsorbed monomers undergo a
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Fig. 8. Oxygen concentration in the droplet as a function of kR/D, where ‘k’ is the cathodic reaction rate constant, ‘R’ is the radius of the droplet, and ‘D’ is the diffusion
coefficient of dissolved oxygen [50].

Table 2
Comparison of key differences between numerical modelling approaches of corrosion under droplet electrolyte.

No. Approach Key considerations Key outcome Shortcomings

1 Numerical simulation by
Venkatraman et al. [50,81]

(1) Three-dimensional
transient finite element model.
(2) Droplet on bare zinc surface
in  the absence of oxide layer.
(3) Spatio-temporal variation
of ionic species concentration.
(4) Early stage of corrosion: no
formation of precipitates.

(1) Concentration profile of
zinc ions and plot of current
density vectors. (2)
Concentration of the zinc ions
was high near the metal
surface, with an accumulation
towards the cathodic region.

(1) Does not consider
heterogeneous or
homogeneous chemical
reactions in the droplet. (2)
Static droplet. (3)
Anode-cathode separation was
not described.

2  Numerical simulation by
Chang et al. [86]

(1) Two-dimensional transient
finite element model of droplet
on iron. (2) Contribution of
migration; primary
precipitates; local
electroneutrality and
homogeneous reaction. (3)
Anodic and cathodic regions
were not assumed prior. (4)
Active-passive transition due
to  corrosion precipitates. (5)
Simulated both at corrosion
and at an applied potential. (6)
Extended to simulate corrosion
in  the presence of CO2 instead
of O2.

(1) Galvanic effects due to
precipitates. (2) Alkaline
cathodic region at the
periphery and slightly acidic at
the center. (3) Active-passive
transition of anode due to of
Fe(OH)3 precipitates, with
active cathodic region. (4) With
dissolved CO2 found that the
species FeCO3 accumulated in
the anodic reaction

(1) Static droplet. (2) Needs
extension to include
parameters like surface
wettability and
spatio-temporal variation of
involved ionic species with 3D
model.

3  Combination of empirical and
numerical simulation by Cole
et al. [50]

(1) Multiscale model w.r.t.
production, transport, and
deposition of aerosols. (2)
Dynamic droplet. (3)
Spatio-temporal variations of
involved ionic species. (4)
Porous oxide layer.

(1) Oxygen concentration in
the droplet as a function of
droplet radius, cathodic
reaction rate constant,
diffusion of O2. (2) Porous
oxide promotes sufficient
alkalinity at the oxide–metal
interface, promoting the
formation of a compact oxide
layer.

(1) Empirical models
describing transport of
aerosols doesn’t give a general
understanding. (2) Droplet
model needs extension to
include surface energy and
evolution of anode-cathode
separation. (3) The porous
oxide model needs extension
to account for oxide layer
evolution due to corrosion
precipitates and pH variations
within the droplet.
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Fig. 9. Schematic of distribu

equence of processes such as adsorption, surface diffusion, desorp-
ion, agglomeration, transfer of energy, and formation of clusters,
ll occurring in parallel at different scales [97,98] as shown in Fig. 9.
lusters that reach a certain critical size will form a stable nucleus
f water which is in thermodynamic equilibrium with the surface
nd the surroundings, eventually manifesting as a distribution of
roplets on the condensing surface. Initially, the droplet grows in
ize due to direct condensation viz., attachment of water molecules
rom vapor onto the droplet surface. As the droplets grow from nano
nd microscale to macroscopic scale, the droplets grow mainly due
o coalescence.

During the earlier efforts of simulating condensation phe-
omenon, the understanding of nucleation of liquids from the
apor phase was dominated by classical nucleation theory (CNT)
98–101]. The CNT uses the capillary approximation where the
ree energy of the stable nucleus is determined by considering
t as a macroscopic droplet and free energies of the surface rel-
tive to the background vapor [102]. The surface free energy is
stimated from the surface tension of an equilibrium liquid-vapor
nterface. The effect of the solid surface on the nucleation process

as evaluated by considering the solid-liquid interfacial energy
nto the calculation of nucleation free energy. By doing so, the
eterogeneous nucleation rates were obtained from CNT model
103,104]. However, it was found that CNT fails to describe the
ucleation of clusters smaller than eight water molecules [105].
o overcome these limitations of CNT, in recent years, Monte Carlo
MC) and Molecular Dynamics (MD) methods have been developed
o simulate the nucleation process considering direct molecule
nteractions [106–108]. According to MC  simulation, the CNT over-
stimates the formation free energy of the critical cluster and
nderestimates the droplet size at temperatures near the triple
oint [109]. But in case of MD  simulation, the predicted critical
ize of the droplet nuclei matched the values from the CNT at low
emperatures.

During the vapor-liquid phase transition, the saturated
olecules in contact with surface cooled below the dew point are

dsorbed on the surface by losing their latent heat and diffuse along
he surface. Some of these active molecules go back to vapor phase
ecause of the desorption due to the combined effect of temper-
ture, vapor pressure, surface wettability and roughness. During
his initial stage, the attachment of water molecules to the clusters
dsorbed on the surface has to dominate the desorption process
o have a net nucleation of the molecules. The energy barrier for
ucleation depends on the surface wettability, surface tension and

inding energy, which are characterized by the droplet contact
ngle on the surface. Higher contact angle results in higher adsorp-
ion energy barrier, which means that the surface requires higher
egree of cooling to have an adsorption of water molecules [55].
f cluster on substrate [98].

The surface tension at the liquid-solid interface and inter-molecular
interaction between two adsorbed water molecules drive the for-
mation of aggregates and eventually a stable nucleus [97]. Wang
et al. [110] described the aggregation process on the basis of mean
chemical potential of the active molecules and fundamental equa-
tion of self-aggregation thermodynamics in 1D, 2D and 3D. It was
found that there exists a critical aggregation concentration (CAC)
of active molecules below which all the active molecules exist as
monomer. When the monomer concentration equals CAC, aggre-
gation of active molecules is initiated, and the concentration of
aggregates increases rapidly with the increase in total concentra-
tion. The aggregation of active molecules will lead to formation of
cluster. The cluster can either grow further by addition of more
active molecules or decay, depending on the thermodynamic sta-
bility of the cluster. From the transient nucleation size distribution
model, Xu et al. [111] found that the cluster growth/decay was sig-
nificantly affected by the surface free energy of condensing surface.
As the stable nuclei of droplets grow in size, the dimensions of
consideration shift from nanoscale to micro, meso and macroscales.

To simulate the condensation phenomena that occur at differ-
ent scales, Sikarwar et al. [61] developed a multiscale modelling
of condensation where the critical radius of the droplet during
condensation of saturated vapor on a sub-cooled substrate was esti-
mated using the population balance model. The model predicted
the distribution of stable cluster sizes under steady-state condi-
tions. However, the nucleation regime was modelled by neglecting
the effect of evaporation of molecules back to the vapor state. Equa-
tions that depict the time rate of variation of number density of
monomers, cluster density with atoms and of saturation island
density were used for numerical simulation of nucleation regime
[112–114]. The largest stable cluster size in the number density
distribution was  taken to be representative of the minimum drop
radius (stable nuclei) formed in a dropwise condensation process.
Results show that the number density distribution was sensitive to
the surface diffusion coefficient of the clusters and the rate of vapor
flux impinging on the substrate [61]. The minimum drop radius
increased with the diffusion coefficient and vapor flux but with
rather weak dependency [61].

Later, Xu et al. [111] developed a transient nucleation model to
describe the nucleation process based on first principles. The evolu-
tion of cluster/droplet size distribution based on molecular kinetic
theory was  modelled and the influence of the contact angle on
the condensation phenomena based on classical capillarity approx-
imation was  taken into account. In this model, the attachment

and detachment frequencies of molecules to/from the cluster sur-
face were used to describe the growth/decay of the cluster size
and subsequently the evolution of cluster size distribution was
obtained. The main assumptions in this model were that the nucle-



ls Scie

a
t
g
n
k
r

n

g
t
a
a
o
t
o
e
s
f
m
i
r
t
d
c
t
s
[
d
f
s
t
o
n
q
e
a

3

t
d
f
s
T
d
[
w
c
i
p
h
l
d
t
d

t
d
e
f
t
c
e

B.G. Koushik et al. / Journal of Materia

tion occurs only at the nucleation site and physical properties of
he cluster were described by classic capillarity approximation. The
rowth of the cluster was considered as a binary reaction between
-sized cluster and monomer as shown in Eq. (4). Where, k+

n and
−
n are the attachment and detachment frequencies of monomer
espectively to/from the n-sized cluster surface.

 cluster + monomer
k+

n�
k+

n+1

n + 1 cluster (4)

From the considered literature, it is clear that the formation and
rowth of droplet nuclei at an atomistic scale are mainly a func-
ion of concentration of adsorbed monomers, surface free energies
nd surface diffusion coefficient of the clusters. Moreover, the MC
nd MD  simulation results were highly dependent of the choice
f molecular interaction potential model [115]. The implementa-
ion of atomistic scale models to simulate the condensation process
n large surfaces can be both challenging and computationally
xpensive. Therefore, to be able to efficiently simulate the corro-
ion process under droplet electrolyte by considering the process of
ormation and evolution of the droplet, it is important to know the

inimum droplet size above which corrosion is significant. More
nvestigations are required to be done to estimate the corrosion
ate at different droplet sizes for a given metal, pH and salinity of
he droplet. Based on the relevant droplet size, appropriate con-
ensation modelling approaches have to be carefully chosen. The
omputational cost is also of prime importance because, in practice,
he holistic corrosion model should be able to estimate the corro-
ion rate of an essentially varied and larger surface area. Cole et al.
93] studied corrosion of zinc surfaces caused by fine size acidified
roplets of diameter ranging from ∼0.1–5 �m.  The corrosion was
ound to be a function of surface area to volume ratio, oxygen diffu-
ion and microstructural features of the metal. Whereas, according
o the experimental investigation of corrosion due to NaCl droplets
n carbon steel done by Li and Hihara [24], the corrosion was sig-
ificantly reduced for droplet diameter less than 45 �m which is
uite a big dimension at atomistic scale. Hence, it is worth consid-
ring computationally inexpensive, yet well descriptive continuum
pproaches in relative to atomistic approaches.

.1.2. Continuum approach
The continuum approach is based on the assumption of instan-

aneous nucleation and focuses on describing the growth of the
roplets with thermodynamic equations of heat and mass trans-
er [116–118]. Definite number of randomly distributed nucleation
ite density is considered based on experimental findings [79,80].
he evolution of the droplets’ distribution on the surface is
escribed by various random distribution functions and algorithms
57,79,80,118]. The droplets initially grow by direct condensation of
ater molecules from the vapor until they reach the critical coales-

ence radius and then grow mainly by coalescence effect [61]. This
s because smaller droplets offer less thermal resistance and thus
romote rapid condensation. On the other hand, the larger droplet
as higher thermal resistance and hence grows mainly due to coa-

escence [65]. Coalescence plays a major role in determining the
rop size distribution during condensation. It was demonstrated
hat coalescence is also affected by contact angle, especially for two
roplets with significantly different sizes [65].

Early simulation of dropwise condensation to estimate the heat
ransfer coefficient was done by considering active nucleation site
ensity between 105-109 sites/cm2 [119–121]. The models consid-
red the condensation as a steady process and omitted the influence

rom contact angle variations at macroscopic level. They assumed
he drop to be always hemispherical in shape. However, dropwise
ondensation is inherently a transient phenomenon involving the
volution of the size and distribution of the droplets. To account for
nce & Technology 62 (2021) 254–267 263

the inherently transient nature of dropwise condensation, Tanaka
[122] developed a transient numerical model to simulate the drop
size distribution and the growth rate of droplets by taking the sta-
tistical and geometrical conditions into account. It was seen that
the drop-size distribution curve had a characteristic profile in the
range of comparatively large drops after a certain time, which was
referred to as a ‘universal distribution of large drop range’. The
growth rate of individual droplets was  modelled using the heat flux
through a single droplet including contact angle [61,123]. Spatial
droplet distribution and surface coverage at different angles of sub-
strate inclination was  estimated by the simulation [61]. The drop
size distribution was seen to follow the power law.

Later, Qi et al. [124] proposed random fractal models to describe
the drop-size distribution of direct condensation drops and coales-
cence drops on a condensing surface. The effect of the contact angle
and its hysteresis, the nucleation site density, the fractal dimen-
sion for drop sizes and, maximum and minimum drop radii were
considered. The simulation results also indicated that the fractal
dimension for drop size distribution decreases with increasing con-
tact angle.

Recently, Barati et al. [79] developed a model to simulate the
spatial distribution of droplets during dropwise condensation. The
effect of surface temperature (Ts) and initial nucleation site density
(ND) on the area occupied by the droplets was studied. The simu-
lation algorithm was initiated with distribution of droplets based
on p̈oisson point processänd investigated the spatial coverage of
droplets using Ripley’s function method with experimental com-
parison. The minimum radius [125] (critical radius) of the droplet
that is able to grow is given by Eq. (5). The evolution of aver-
age radius and density of droplets simulated by the model was
a function of initial nucleation density assumed and was  in good
agreement with the experiments. It was  noted that the surface
coverage of the droplets was a strong function of initial nucleation
density considered in the model and less dependent on surface tem-
perature. However, the model assumes homogeneous distribution
of droplet which may  not be the case in reality because the surface
defects on the surface act as a preferential nucleation site.

rmin = 2�lvTs

Hlv · � · �T
(5)

Xu et al. [80] developed a simulation model which considered
the 3D profile of the droplet. They initialized the simulation with
fixed nucleation sites that were randomly distributed on a condens-
ing surface and nucleation sites are occupied by initial droplets. The
initial number of nucleation sites per unit area was considered to
be 109-1013 sites/m2. From both simulation and experiment, it was
seen that 3D profile of the droplet can change the spatial distribu-
tion of the droplets. The smaller droplets were found beneath larger
ones and these smaller droplets were also able to realize multi-
ple coalescence and re-nucleation due to the significantly different
sizes.

The continuum modelling approach for simulating the dropwise
condensation is been continuously evolving for higher accuracy and
efficiency of the algorithms for predicting the heat exchange coef-
ficient, evolution of droplet size and its distribution on the surface,
which are critical for heat exchanger design [79,111,122,124]. The
physiochemical properties of the surface influence the liquid-solid
interaction and hence the contact angle of the droplet. Additionally,
contact angle influences the growth rate of the droplet and hence
the heat flux. The random initial nucleation site assumed in the
model influences the drop-size distribution and the surface cov-
erage. The continuum condensation model does sufficiently well

in describing the formation and growth of the droplet of dimen-
sions for which the corrosion was significant [24]. The advantage
of continuum modelling approach is the lower computational cost
compared to the atomistic modelling approaches. Therefore, in
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Table  3
Comparison of key differences between modelling approaches of formation and
evolution of droplet.

No. Approach Features

1 Atomistic approach

Accounts for:
Adsorption of monomers.
Surface diffusion of monomers.
Agglomeration
Cluster formation
Droplet nucleation.
Mostly uses:
Random distribution functions to

describe the nucleation sites.
Monte-Carlo or molecular dynamics

simulations.

2 Continuum approach

Accounts for:
Instantaneous nucleation of droplets.
Growth of droplets further in

macroscopic scale.
Mostly uses:
Randomly distributed nucleation sites.
Heat and mass transfer formulations.
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3  Coupled approach Combination of atomistic and
continuum approaches.

rder to model atmospheric corrosion as a function of evolving
roplet geometry, the continuum approach of describing the for-
ation and growth of the droplet is computationally more relevant

han the atomistic modelling approaches.

.1.3. Coupled approach
To take advantage of both atomistic and continuum approaches,

 coupled modelling approach was developed by Sikarwar et al.
61] to account for nano, micro and macroscopic scales of the con-
ensation process. The size of the critical cluster estimated by the
opulation balance model at atomistic scale was  considered as
he minimum droplet size in the continuum approach. Mamme
t al. [126] developed a coupled model of finite element modelling
FEM) with random walk algorithm to describe the nucleation and
rowth process during electrodeposition. The model implicitly con-
iders surface free energy factor and inter-facial binding through a
o-called parameter m̈obility factor.̈  Using similar approach, the
odel can essentially simulate the nucleation and growth of water
olecules during condensation. Table 3 summarizes the main fea-

ures of the discussed condensation modelling approaches.

.2. Drying of droplet

Evaporation of droplet electrolyte increases the concentration
f dissolved salts in the electrolyte, which decreases the anode
o cathode resistance, total cathodic current and resistive losses
17,40,127,128]. To consider the corrosion due to atmospheric
xposure, the concept of time of wetness (TOW) is often used. TOW
s referred to as the period in which the metal surface stays suffi-
iently wet for corrosion to occur [31]. The drying rate of the metal
urface determines the TOW and hence the possible duration of
orrosion process. Therefore, it is important to model the evapora-
ion of the droplet electrolyte and understand its implications on
tmospheric corrosion mechanisms. Drying of droplet electrolyte is
aused by the evaporation of condensed water molecules from the
urface to vapor form. The electrolyte evaporates from the surface
hen the temperature of the surface rises above the dew point

emperature, which is likely to occurs during the daytime, when
he heat from the sun/surrounding heats up the metal surface. An

arly effort to model the evaporation of moisture from the metal
urface using classical mass transfer theory was done by Cole et al.
94]. Time taken for drying of metal surface was found to be depen-
ent on the airflow over the wet surface. For a lower airflow speed,
nce & Technology 62 (2021) 254–267

the drying time was significant (6–12 h) and was influenced by the
humidity. Whereas, a higher airflow speed led to faster drying (less
than 1 h). The difference between surface temperature and ambi-
ent temperature also has a significant influence of drying time and
is strongly influenced by presence of moisture on the surface, wind
speed and cloud cover [129]. Mathematical models describing the
variation of surface temperature of a metal due to different ther-
mal  processes such as conduction, convection and radiation, and
their dependence on climatic parameters were developed by Cole
and Paterson [35]. The heating of metal surface during the daytime
depended on whether the sky is cloudy or not, evaporation rate,
ambient relative humidity and temperature. When the sky is clear,
the solar heating of a metal was  initially observed to be suppressed
by the cooling effects of evaporation which lead to a slower dry-
ing and contracting of droplets and films, while corrosion occurs
[35,129].

Generally, there are two modes of droplet evaporation
[130–132] (i) constant contact radius (CCR) mode, characterized
by reducing of contact angle and pinning of contact line [133]. (ii)
constant contact angle (CCA) mode, characterized by shrinking of
contact line and extremely small variation contact angle [134]. The
modes of evaporation are mainly determined by the surface rough-
ness and contact angle of the droplet [135]. The CCR and CCA mode
are generally observed when the droplet contact angle � < 90◦ and
� > 90◦ respectively [136].

Numerical simulation of droplet lifetime (evaporation) is an
ongoing research due to its variety of applications such as thin
film coating, ink-jet printing and spray coating [137–141]. Most
recent articles [142–144] discussed various approaches for theoret-
ical estimation of evaporation rate considering evaporative cooling,
marangoni flow [145] and contact line dynamics (stick-slip behav-
ior) which has large influence on droplet evaporation. Marangoni
flow is a thermocapillary-driven convection of water molecules
within the droplet from a region of lower to higher surface ten-
sion [83,146,147]. The localized surface tension gradients within
the droplet are a result of evaporative cooling of free surface. The
continuous evolution of the free surface (the liquid-air interface)
makes the droplet evaporation a transient phenomenon which is
difficult to model as it involves complex moving boundary prob-
lem. Due to this complexity, a simplified steady-state evaporation
model has been developed by considering the effect of latent heat of
vaporization, thermal marangoni convection, and Stefan flow in the
surrounding gas [148]. Results of modeling allow the characteristic
droplet sizes to be estimated when each of the above-mentioned
phenomena becomes important.

The transient nature of the droplet evaporation process was
approximated by decoupling the free surface evolution from heat,
momentum and mass transfer equations. This way, the moving
boundary problems are converted to time series of fixed bound-
ary problems [149,150]. Later, a transient and coupled numerical
model considering transport process in solid, liquid and gas phases
along with evolution of free surface was developed based on arbi-
trary Lagrangian-Eulerian (ALE) formulation [145]. It was  noted
that the evaporation flux was  found to be inversely proportional
to the droplet’s contact angle [151]. Further improvement to the
ALE based numerical model to include natural conversation for both
heat and mass transfer was done [152] and found that the contribu-
tion of natural convection is significantly high of total contribution
of convective mass transport in droplet evaporation.

The evaporation process is influenced by number of parame-
ters such as contact angle, natural convection, marangoni flow,
topography and thermal conductivity of the surface [145,151,152].

Significant efforts have been done to model and accurately predict
the evaporation rate of a droplet [153–155]. Linking the corro-
sion mechanisms under droplet electrolyte with the models that
describe evaporation and condensation of the droplet will possi-
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ly give a complete understanding needed to better predict the
tmospheric corrosion rates.

. Discussion

The current state-of-the-art of mechanistic modelling of corro-
ion under droplet electrolyte has been presented in this review
nd is summarized in Tables 1–3. The review highlights all the
spects required for comprehensive modelling of corrosion pro-
ess under droplets, to predict the corrosion rates due to long-term
tmospheric exposure. As noted in the review, modelling of corro-
ion under droplet electrolyte is in an infancy stage and requires
xtensive work to be done. For a given metal, corrosion activity is

 function of droplet dimension. There exists a certain dimension
radius/height) of the droplet electrolyte below which the corro-
ion is significantly reduced but does not stop [24,88]. Similarly,
here also exists a maximum dimension (radius/height) of droplet
lectrolyte above which the corrosion is similar to bulk electrolyte
orrosion. The range of minimum and maximum droplet diame-
er in which significant corrosion was observed [24] is between
03−426 �m,  where the cathodic diffusion-limited oxygen reduc-
ion current density was found to be inversely proportional to the
roplet size. A random distribution of anodic and cathodic sites
as reported in the droplet on steel alloys [22] and more serious

ocalized corrosion was observed when droplet size was  increased.
owever, relatively reduced corrosion activity was observed in fine

ize acidified droplets with diameter ranging from ∼0.1–5 �m [93].
long with existing work [22,24,88,93], precise mapping of corro-
ion rate at different droplet sizes and salinity for different metals
ust still be done to draw a sound understand of the cathode/anode

istribution and their evolution with time. The currently available
roplet corrosion models do not include the combined effect of time
n the geometry of the unstable droplets and corrosion, which is
efinitely a critical gap to be filled in order to proceed towards more
omplete atmospheric corrosion model.

The hygroscopic properties of the surface contaminants and
heir influence on the wetting/drying of metal surface are quite
omplex and are still to be considered in detail by the droplet
orrosion models [17,49,50,81,87]. Therefore, the future work in
odelling droplet corrosion also needs to consider both individual

nd consolidated effect of fundamental influencing parameters on
orrosion mechanisms such as,

1) Wetting of metal surface by aqueous droplets/films due to
condensation and chemical adsorption of moisture due to
hygroscopic properties of surface contaminant and salts.

2) Influence of droplet size, their distribution and surface coverage
on the corrosion activity.

3) Formation of corrosion products and their influence on passi-
vation and wetting/drying of the surface are yet to be clearly
obtained.

4) Influence of pH and porous/non-porous oxide layers on corro-
sion rate.

Additionally, as pointed out in the review, the corrosion rate
ncreases as the droplet evaporates due to increase in concentra-
ion of the dissolved salts and reduced diffusion path of ambient
xygen to reach the corroding surface. Hence it is necessary to
ouple the condensation and evaporation process of the droplet
lectrolyte with corrosion mechanisms to have a multiscale holistic
tmospheric corrosion model.
The existing droplet corrosion models [17,49,50,81,87] don not
onsider the surface energy factor and its influence on wettabil-
ty of the surface. Therefore, future models must also consider
he surface energy factor that dictates the wettability and contact
nce & Technology 62 (2021) 254–267 265

angle of the residing droplet and hence the uniformity of diffusion
of ambient oxygen in the droplet which influences the corro-
sion rates. Additionally, electrochemical active-passive transition
due to the precipitation of corrosion products and oxide layers
must also be taken into account as it can influence the prediction
ability of the model. The precipitation can also alter the physico-
chemical properties of the surface, which possibly can change the
contact angle of the droplet electrolyte and influence the conden-
sation/evaporation rates. As seen from the overview of different
modelling approaches to describe the droplet condensation and
evaporation process presented in this review, the rate at which the
geometry of the droplet is changed depends on multiple environ-
mental factors such as temperature, humidity and surface energy.
The variation of surface temperature and its mutual dependence on
condensation and evaporation of surface droplets/film should also
be investigated and modelled further at all possible atmospheric
scenarios such as day/night, cloudy/clear sky and varying wind
speeds. Findings from the condensation and evaporation models
in the field of thermal energy applications along with pollutants
and marine aerosol transport and deposit [156,157] can be brought
together with droplet corrosion models to have a realistic descrip-
tion of the atmospheric corrosion mechanisms. Since the ultimate
goal is to extrapolate the model to predict the lifecycle of a real
structure exposed to atmospheric corrosion damage, it becomes
critical to account for all the parameters influencing droplet cor-
rosion mechanisms. Therefore, in our opinion, to ensure correct
estimation of atmospheric corrosion rates, the influence of forma-
tion and geometric evolution of the droplet electrolyte, material
microstructural and surface energy factors on the corrosion mech-
anisms needs to be considered in detail with a multiscale modelling
approach and integrating the existing models together. Thus, pre-
dicting the component life to ensure materials are designed against
relevant corrosive environments.
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