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Abstract

A comprehensive model has been developed to predict uniform corrosion rate of structural steel under the effect
of low pH conditions for example, acid rain. Acid rain is mainly caused by emissions of sulphur dioxide (SO,)
which reacts with the water droplets in the atmosphere to produce acidic solution which is the primary cause of
corrosion of steel structures such as bridges, high value assets, weathering of stone buildings and statues. A five-
stage approach was applied to mathematically describe the model as: (i) the growth rate of air-suspended water
droplets (i.e. moisture) depending on the condensation/evaporation rate, (ii) the absorption of gas phase SO, in
the droplets forming bisulfite HSO3 ions, (iii) the coalescence of these SO, absorbed water droplets under the
effects of wind speed and gravity, (iv) the deposition rate of SO, absorbed droplets on steel substrate depending
on the inclination and azimuth angles of steel surfaces and, (v) the corrosion rate of steel due to the deposition of
these SO, absorbed droplets. The incorporation of all of the above stages develops a comprehensive corrosion
prediction model which includes both the electrochemical parameters and large number of physical,
environmental and material parameters. Experiments were performed to analyse the corrosion rate of steel
samples by exposing them to moist SO, corrosion test. A comparative analysis between the modelled
predictions and experimental results was performed to verify the reliability of the model. The predictive trends
of corrosion rate of steel were also generated for various values of temperature, relative humidity and SO, mole
percentage. This research provides design solutions and guidelines against degradation due to aggressive
application environments. Enhanced corrosion resistivity within large structures, installations, automotive,
locomotives, aerospace and building with historic biography will aid longevity and cost savings.
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1. Introduction

Previous investigation of coating failures, i.e. blistering, delamination, micro-cracks and corrosion damage
measurement in real time has been reported [1-15]. Recently a simplistic model of variation in environmental
parameters to understand the effects of changing relative humidity and temperatures in terms of corrosion
initiation and propagation on bare steel samples has been published [8]. In this paper a predictive model for
corrosion of steel considering corrosive species i.e. sulphur, which has implications on the durability of products
and systems in the wider steel applications has been developed and presented.

The accumulation of water vapours as electrolyte on surfaces to initiate corrosion has been widely considered,
but little or no work has been conducted on dynamics of the accumulation of vapours such as pressure gradients,
gravity, speed and orientation of surfaces relative to vapour deposition. This research combines corrosion
initiation and propagation incorporating sulphur as an environmental pollutant, its effects on steel and considers
micro-dynamic vapour pressure concepts into its modelling techniques.

This paper is part of the wider project to obtain reliable data for long term service and a symmetric approach to
minimise structural deterioration because of chemical and mechanical wear [1-14]. Both mechanisms when
work alone or in combination poses risk of component failures in normal and/or aggressive environments.

Industrial atmosphere contains SO, as a major contaminant which poses a great threat in-and-around the larger
industrial sites, not only due to its toxic nature but also in terms of structural deterioration as a result of intense
corrosion under high acidic (low pH) conditions for example acid rain [16]. When acid rain and dry acid
particles fall to earth, sulphuric/sulphurous acid that makes the particles acidic can land on culturally important
objects such as statues and monuments, buildings, and other manmade structures such as bridges, and damage
their surfaces. The acid particles corrode metal and cause paint to deteriorate more quickly. Aircraft industry
also faces serious challenges, when it comes to the operating conditions of aircraft. For example, all aircraft are
liable to have dissolved solutions of acidic gases from pollution as well as engine exhaust gases [17]. The rate of
corrosion in the presence of SO, increases in the company of moisture. SO, in the presence of moisture gets
converted in to H,SO3 (eg. 1) which upon reaction with oxyhydroxide formed initially, gives corrosion product
FeSO, (eq. 2). Much of the SO, is converted to SO; in the upper atmosphere.

SO, + H,0 —» H,S0;  (Sulphurous acid) 1
2FeOOH + 2H,S0; — 2FeSO4 + 2H,0 + H, 2

Worldwide SO, emission data shows that the overall SO, concentrations in East Asia (China, Mangolia, South
Korea and Japan) show increasing trends [18] which in turn results in the increasing trends of acid rain (pH) in
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East Asia (major cause of corrosion failure). Moreover, a recent study showed that, between 2005 and 2014,
SO, emissions in India has gone up by an enormous 71 percent from what it was in 2005 [19]. Although, SO,
emission in US has decreased by 34 percent (according to department for US Environmental Protection
Agency[20]), and in UK by 65 percent in past 10 years (according to department for Environment Food & Rural
Affairs [21]), but still, SO, emission poses a great threat near industrial areas (for example parts of London and
Glasgow, Cardiff, Swansea and Port Talbot) in terms of high corrosive degradation of metal structures[16].

This research develops a comprehensive predictive model for structural steel corrosion in SO, contaminated
atmosphere. However, for simplicity, the present study is mainly focused on investigating the laboratory
experimental conditions related with the corrosion problems of structural steel AISI 1010 with SO,—0,—H,0
impurities. The model can be used to simulate the real industrial environments, as the model is equally
applicable for predications of wider steel types (such as Ferritic, Austenitic, and Martensitic) under multiple
gases pollutants (such as carbon monoxide, nitrogen dioxide and lower atmosphere ozone). This model also
helps in corrosion predictions by considering the dynamics of accumulation of SO, enriched water vapours such
as pressure gradients, gravity, wind speed and orientation of steel surfaces relative to vapour deposition. The
experiment was performed to analyse the corrosion rate of steel AISI 1010 in moist air containing SO,. The
model predictions were compared with the experimental results to verify the reliability of model.

Some models such as [22, 23] predict the corrosion of mild steel in thin water film with SO, diffusion.
However, these models only simulate the corrosion mechanism by assuming certain value of thin water film
thickness at the start of model. This assumption eventually evades the effects of many vital pre-water deposition
parameters (physical, environmental) which may directly affect the thickness of water film deposition on steel
surface and eventually could significantly change the corrosive reactions due to SO, diffusion. Our model fills
this gap by considering pre-water deposition parameters and linking them to post-water deposition corrosive
reactions.

1. Experimental
1.1. Samples Preparation

A thin carbon steel (AISI-SAE-1010) substrate with thickness s = 0.05 cm was used to prepare three test
samples with dimensions 15 cm x 10 cm each. The reason for selecting AISI 1010 is its wide applicability for
numerous general engineering and structural applications. During the process of samples preparation, no
chemicals were used. The chemical composition of the AISI 1010, by % weight, is: C (0.13 %), Si (0.05), Mn
(0.60 %), S (0.050 %), P (0.040 %) and balanced Fe (99.18 %) [24]. The surface conditioning of steel samples
was performed by using polishing wheel with emery paper of 200 grit size to achieve an average roughness (Ra)
of 0.193um. After polishing, the conditioned samples were cleaned with a 35 min immersion into a constantly
stirred solution of 50g/L Turco 4215 NC-LT. After completing this alkaline cleaning the samples were rinsed
with deionized water and air dried. Weight was recorded to the nearest fifth significant figure and the steel
samples were stored in a desiccator. To ensure the repeatability, the experimental data was collected from three
samples each adhered with corrosion sensor with dimensions 40mm x 20mm x 0.1mm [25]. All the samples
were adhered with the corrosion sensors in order to monitor the corrosion rate in real time (fig. 1 (2)). The
sensors were connected to the data acquisition unit (DAQ) (fig. 1 (b)), from where the data was retrieved in PC
by using a wired interface (RS232). The software, installed in PC, converts LPR and resistance data into a
corrosion rate. The sensors consist of multiple plates made from the material of interest which form the three
electrodes. The electrodes are used in conjunction with a potentiostat for conducting LPR measurements. The
use of a relatively large counter electrode minimizes polarization effects at the counter electrode to ensure that a
stable reference potential is maintained throughout the experiment. Potential step-sweeps are performed by
applying a series of 30 steps over a range of £10 mV spanning a period of 2.6 s [26]. Corrosion sensors measure
the polarization resistance R,,(Q) between the corrosive agents (electrolytic solution) and the steel samples. The
polarization resistance is then used to calculate the corrosion current density ‘i at the interface by using Stern-
Geary equation as [27],

i =B/R, 3

Where, B is called Stern-Geary constant. The corrosion current density ‘i’ is measured from the polarization
resistance values by using a Stern-Geary constant of 30 mV for carbon steel [24]. The corrosion current density
‘1’ is used to calculate the corrosion rate (mm/year) by using following eq.

i KEw

CR = oA



Where, K is the constant that defines the units for the corrosion rate; Eyy is the equivalent weight in
grams/equivalent of steel; p is the density in g/cm®; A is the area of sample in cm®.

The sensor was adhered to the conditioned face of the steel sample with industrial strength epoxy. The bonding
agent (industrial strength epoxy) was placed on the opposite edges of the sensor so as to adhere the sensor to the
conditioned surface of the steel sample in a manner such that the ambient environment is allowed to rapidly
diffuse between the sensor and the steel. The sensor array includes at least two interlaced inert electrodes which
are manufactured of a noble metal. The noble metal could be Au, Pt and Pd because of the low contact
resistances. The noble metals are principally inert such that the sensor array does not readily corrode in typical
ambient environments.

Sensor thickness = 0.1 mm

Electrodes

Industrial strength
epoxy

Steel sample

(a) (b)

Figure 1. (a) The corrosion sensor (b) The data acquisition unit (DAQ) which is connected with the sensors and
is placed outside the chamber for real time corrosion rate monitoring

Accelerated Corrosion Testing

To evaluate materials ability to resist corrosion when subjected to moist SO, environment, all the samples were
exposed to an accelerated corrosion test (ASTM — G 87, Kesternich testing) in an environmental chamber as
shown in fig. 1 (c). The gas dosing is done manually with a special apparatus in which the paraffin oil is
displaced by the SO, gas or automatically with an electronic mass flow meter as shown in fig. 1 (d).
Strategically located sensors, mounted inside the chamber, monitor the climate continuously and convey this
information to the Human Machine Interface (HMI), where it is displayed digitally at the control panel.
Temperatures are monitored by precision temperature sensors and displayed to a resolution of 0.1°C. The
chamber is also equipped with a special design of corrosion resistant humidity sensor. This measures the relative
humidity electronically inside the chamber and displays this at the HMI as %RH to a resolution of 1%RH. The
water in the chamber must be refreshed after each test cycle. Moist air containing SO, quickly produces easily
visible corrosion on steel surface in the form resembling that occurring in industrial environments. It is therefore
a test medium well suited to detect deficiencies in corrosion resistance associated with unsuitable alloy or
composition which are frequently used in various engineering structures.

The samples were exposed to G-87 moist SO, test inside a chamber which had an internal capacity of 300 L, a
supply of SO, with metering device and a chamber heating system. The samples were positioned at a 60° angle
inside the chamber, as to avoid the direct pathway for condensate on to metals surface. Electrical connections
for the corrosion sensors were made to a data acquisition unit positioned outside the chamber by passing
extension cables through a bulkhead. Average corrosion data from three samples was acquired at 2 hrs interval.
The experiment was performed for constant conditions such that the chamber was heated to 313 K + 3 K and, 2
+ 0.2 litre of distilled water was introduced into the base of chamber along with SO, mole percent 2.5 %,
introduced in to the chamber through a gas inlet pipe by using dosing setup. The relative humidity inside the
chamber was maintained at 100 % in order to ensure high moisture content for SO, absorption. A total test of 48
hours test was performed. One test cycle was 24 hours of constant exposure. The water in the chamber and SO,
in the air of chamber was replaced before the beginning of each 24 hours cycle with a minimum disturbance of
the test samples.



1.2. Experimental Observations

The corrosion sensors adhered to the steel samples determines the corrosion rate based upon temperature,
relative humidity and mole percent of SO,. The corrosion rate of samples with passing time is shown in fig. 2.
The plotted corrosion rate is the average of the two exposed samples for the entire period. The data points in fig.
2 show the decline of corrosion rate of steel samples with immersion time. The decline in corrosion rate might
be related to the accumulation of corrosion product over the sample surface due to the increasing thickness of
corrosion product. When the samples surface is not covered by corrosion products, the reactants easily can reach
the samples surface; therefore, the control procedure of the corrosion rate should be the charge-transfer process.
As the corrosion process progresses and corrosion products accumulate, the corrosion product scale thickens,
hinders reactants reaching reaction surface, and may change the rate control step gradually to the diffusion
process, which reduces the corrosion rate. For a certain specie’s concentration in the water film, a thicker
corrosion product scale would reduce the concentration gradient value between corrosion product scale surface
and the base metal, which effectively reduces the flux of reactants and products through the corrosion product
scale and leads to a lower corrosion rate if the corrosion rate control step is the diffusion process. At the same
time, it was noted that because the chamber was a closed system (meaning there was no continuous H,0/SO,/O,
input in the chamber), H,0/SO,/O, was consumed gradually along with the corrosion reaction. After mass
conservation calculation, it was found that the reduction rate of H,O and SO, were less than 4% and 1.3%
respectively, and the calculated maximum reduction rate of O, was about 12.6%.

The experimental findings were utilised to validate the correctness of predictive corrosion model developed in
the next section.
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Figure 2. Corrosion rate as a function of time for conditions when temperature was set at 313 K + 3 K, SO, mole percent was
kept 2.5 % and relative humidity was maintained at 100%

2.  Mathematical Model

In this section, a mathematical model is developed to simulate the effects of environmental gas pollutants
considering the process of wet deposition. This model is deployable for metal structures, which are stationed in
the outdoor environments containing SO, and other gas pollutants, For simplification in terms of modelling, the
model considers the effects of SO, only, although it is possible to extend to include other gas pollutants.



The prediction of corrosion rate of steel under the effect of relative humidity and diffusing SO, mole percent in
a non-uniform temperature is carried out in five stages as shown in fig. 3. In stage 1, the growth equations of an
air-suspended water droplet are solved to generate the expressions for the rate at which a droplet grows or
decays by condensation or evaporation of water vapour respectively. In stage 2, the transport equations for gas-
phase SO, to the droplet are solved which is followed by analysis including both the chemical dissolution and
the total flux of SO, in the liquid phase. In stage 3, the equations for vertical and horizontal coalescence of SO,
absorbed water droplet with neighbouring droplets are developed under the effect of wind speed and gravity. In
stage 4, the deposition equations of water droplets on steel are solved to measure the deposition rate which
depends on the inclination and azimuth angles of steel. Finally in stage 5, a mechanistic model has been
developed for the prediction of corrosion rate of steel due to deposition of thin water film providing a SO2-O,—
H,0O environment for steel corrosion.

Each stage has been modelled separately.
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Figure 3. Five-stage model developed in this paper

The interlocking of all five stages develops a holistic framework with large number of physical, environmental,
material and chemical parameters which then develop a governing law for predicting the corrosion rate of steel.
The corrosion of steel situated in a high relative humidity environment with SO,—O,—H,O pollutants not only
depends on the surface and sub-surface corrosion reactions, but also on the exposure factors of steel i.e. (i)
condensation/evaporation rate of air suspended water droplets, (ii) absorption rate of corrosive gas pollutants in
these droplets and, (iii) the deposition rate of these droplets on steel depending on wind velocity, gravity as well
as the inclination and azimuthal orientations of steel. All these factors have been incorporated to develop an
accurate stage-wise sequential corrosion model, which has not been developed in literature.

2.1. Water droplet formation — Micro-physics of water droplet

The water droplets in air act as a medium for the transport of corrosive species towards the bare steel therefore
causing the steel to corrode. The water droplet in air can nucleate and grow due to condensation process. During
this process, the water vapour diffuses from surrounding supersaturated environment towards the droplet
surface. Higher condensation rate results in large droplet growth and higher corrosion rate due to increase in the
medium for the transport of corrosive species towards steel. Contrarily, if the evaporation rate of droplet become
high compared to condensation rate then this eventually results in the decay of existing water droplet in
supersaturated environment. This decay causes the reduction of corrosion rate due to descent in the medium for
transport of corrosive species towards steel.



The micro-physics equations of both water droplet condensation and evaporation processes are developed as
follows:

2.1.1. Condensation of air-suspended water droplet

In supersaturated environment, the droplets can nucleate and grow by condensation process. The process
includes diffusion of water vapor to the surface of droplet, thus increasing the size of droplet. This section
models the growth mechanism of water droplet in air. The water droplet can act as a medium for the transport of
corrosive ions towards bare steel surrounded by supersaturated environment eventually causing the corrosion of
steel.

It is well known that the relative humidity (RH) of an air-water mixture is defined as the ratio of the partial
pressure of water vapour p,, in the mixture to the equilibrium saturation vapour partial pressure of water vapour
p; at a given temperature as,

RH = (py,/ps) * 100 5
7.5xT
ps = 6.1 % 102375+ 5(a)
7.5+Tq
Py = 6.1 % 102373+ Ta 5(b)

Where, p, rises with increase in temperature T while p,, rises with the increase in dew point temperature T.
Rise in p,, results in increase in concentration of water vapour in air. Water vapour concentration (Kg/m?) found
in air is given as,

Cip0 = 0.00216 + (—Bx ) 6

273.15+ T

Now, consider a single droplet having radius ‘r’. The droplet is located in a supersaturated environment in which
the water vapour concentration far-off from the droplet is Cy,o (o) and the concentration contiguous to the
droplet is Cyy, o (r). Itis assumed that the system is in equilibrium which means that air which is surrounding the
droplet has negligible accumulation of water vapour. Therefore the per unit time rise in the mass M of droplet is
equivalent to the water vapour flux across the spherical region of radius x having its centre on the droplet as
shown in fig. 4 (a). Hence, the water vapour diffusivity D in air can be related to the growth rate of the droplet
as,

dM x=codx _ CH,,0 ()

; x=r x_z —_ 47TD fCHZZO (T) chzO 7
Where Cy, o represents the water vapour concentration at distance x (> r) from the droplet. The droplet growth
rate dM /dt becomes independent of x under steady state conditions.

The aforementioned equation is integrated to find a relation between dM /dt and the vapour density difference
ACpy,o between the droplet surface (x = r) and the far-off environment (x = o). The equation can be simplified
as,

am

o 41D [Cy,o () — Cy,o (1] 8
It can be seen that dM/dt is directly proportional to ACy,o. The dM/dt is positive if ACy,o = Cy,o (0) —
Cy,o (r) is positive, i.e. the flux is towards the droplet if the far-off ambient vapour concentration is greater

than the vapour concentration at the droplet surface. This vapour flux adds to the mass of droplet by condensing
on its surface.

Substituting M = gnr3C1 into eq. 8, where C; is the water concentration of droplet,

dr _  AChyo
dt q

9

It is worth noting, that for the case when ACy,o remain constant, the rate of growth of droplet radius dr/dt
inversely relates to the droplet radius. Consequently, a droplet growing due to condensation, at first, grows
quickly in radius but its growth rate reduces with passing time.
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Figure 4 (a) Vapour diffusing radially inwards towards the surface of a spherical droplet from a higher
concentration in surrounding environment (b) Vapour diffusing radially outwards away from the surface of a
spherical droplet towards a lower concentration in surrounding environment.

2.1.2. Evaporation of air-borne water droplet

Now, consider the case when evaporation rate of spherical droplet is high compared to the condensation rate.
The vapor formed at the surface of the droplet is assumed to diffuse into the large body of air that surrounds the
droplet.

Consider a droplet with the same specifications as during condensation process. The mass flow of water vapour,
from the droplet in to the air, at any distance x centred on the droplet is shown in fig. 4 (b). For evaporation,
dM/dt is negative if ACy,o = Cy,o () — Cy,o () is negative, i.e. the flux is away from the droplet
(evaporating) if the far-off ambient vapour concentration is lower than the vapour concentration at the droplet
surface. This vapour flux results in the reduction of droplet mass by evaporating from its surface.

2.2, Diffusion of corrosive gas in water droplet

The derivation of partial differential equations which describe corrosive gas transport to an isolated droplet
undergoing condensation or evaporation is carried out in three phases.

First, the expressions for the SO, flux to the droplet are derived by solving gas-phase multicomponent transport
equations as shown in fig. 5. Secondly, the analysis for chemical dissolution and electro neutrality are shown
and the flux equation of SO, in the liquid phase is derived. The assumption behind this analysis is that the gas-
liquid interface is in equilibrium. This indicates that the diffusive resistance is higher in comparison to the
interfacial resistance of the gas, which remains valid excluding for very low pressures. Furthermore, the droplet
is assumed to be well-mixed all the time and the surface tension effect on vapour pressure is negligible and
ignorable. Lastly, all the equations are incorporated with the energy and droplet radius equations. The equations
for each phase are discussed as follows:

Liquid-phase
S diffusion
Corrosive diffusion W
gas 7 &7
® h
e ® Dissolution  Liquid-phase
reaction



Figure 5. The uptake of gas-phase species by a water droplet. Various processes (gas-phase and liquid-phase)
are highlighted.

2.2.1. Gas-phase equations for diffusion of SO, in air

The absorption of corrosive gas by water droplet in the atmosphere can be described by the ordinary diffusion
equation of multi-component gases at low density as [28],

d i 1
N; = —C¢ Dimd_}; +vi Z;g:l N; 10

Where, N; represents the flux of component i; Dy, is the diffusion coefficient of component i; y; represents the
mole fraction of component i; C; is the gas concentration which is surrounding the water droplet.

The above equation relates to a droplet which is located in a gas composed of g components. The component
g+1lis the inert gas and & is the distance from the droplet centre.

Consider the following boundary conditions,

yvi=yiandT= T at§=r 11
and

yi=y2andT= TBatf= oo 12

Where the symbols ‘*’ and ‘B’ represent the interfacial and bulk quantities of corrosive gas respectively; T
denotes the temperature.

Now, if the water droplet is moving in atmosphere, then eq. 10 can be modified to include the effect of droplet’s
motion on flux as [29].

—Ni, CeDim dyi = Nk, vi wg+l
N; = = 0+ AN 13
Where Ny, is the Nusselt number.

Now, if the system is assumed to be in pseudosteady-state, then the rate at which the component i is transferred
through a constant sphere & will be constant. Therefore, the flux J;at € = r can be related as,

2.

N = 14

Substituting eq. 14 in to eq. 13 gives,
_Nin C¢ Dim dy; Nin

]i=TNfr—z§2d—);+% VPN 15
Substituting,

§=1/n 16
and

dyi _ dyidn 17

g dn dg

into eg. 15 and then integrating to the boundary conditions given in eq. 11 and 12 gives,
N i(yiB eXp(—C_ff,rim)—yi* )

Ji= 2 exp(— Jr )—1

CtDim

18

Where,
J =50 19
Eq. 18 describes the general relation for multi-component diffusion of g+1 gases. Assuming SO, is the only

trace gas getting absorbed in the droplet then the expression for the SO, flux from the gas-phase to the interface
can be written by modifying eq. 18 as,



i[ pB Ir *
i P, exp| —=——|-P.
_ Ny '( 502 p( chSOz) S°2>

] B
SO
2 2 exp(— Jr )—1

CfDso,

20

2.2.2. Liquid-phase equations for aqueous absorption and chemical dissolution of SO,

The above expression describes the gas-phase mass transfer of SO,. However, SO, exists as physically dissolved
when considered in solution and takes the form as SO,. H,O, and in dissociated form as bisulfite (HSO3) and
sulfite (SO32). The analysis in this section will be restricted to a SO,. H,O and HSO3 system, although it is
possible to extend to include SO32 and other forms.

The following chemical reactions are considered for SO, absorption in the solution:

Dissolution of SO, in the solution:

S0,(g) + H,0 = S0,.H,0 21
SO, hydrate ionisation equilibrium:
S0,.H,0 = H* + HSO3 22
HSO; = H' + 503 23
Flux of SO,, H,O and HSO3 in solution can be expresses as,
. [S02 H20]* « « P d .
Nso,H,0 — % X (NSOZ.HZO + Niso; + NHZO) = Tk (Dl§02 [SO,.H,0] )|x=0 24
and
. [HSO03]" « « « d .
Nhso; — CT3 X (NSOZ.HZO + Niuso; + NHZO) = T (Dllflsog [HSO3]") <=0 25
Eqg. 24 and 25 can be incorporated to obtain total flux,
Where,
Ng = Nso, 1,0 + Niisos 27
The following boundary conditions can be applied if film theory assumptions are utilised,
atx=0, ¢=¢* 28
and
atx=6, ¢=¢° 29
Where
¢ = [SO,.H,0] + [HSO3] 30
the integration of eq. 26 gives,
Nj = 2 Ni,o +kP(d" — ¢P) — kPA([HSO3]" — [HS0,]®) 31
Where k? is the mass transfer coefficient of SO, gas in the liquid phase and given as,
10 = S0y 32
L 5
and
Dlits04-
A=1-——7=2 33
Dgo,
The equilibrium relationship at the interface is given by,
Ny = —J5o, 34

10



It is worth noting that eq. 34 combines the mass transfer processes for the liquid-phase (eq. 26) with the gas-
phase (eq. 15). The equation describes that the flux of SO,in the gas phase should be identical to the flux of
absorbed SO, and dissociated forms in the liquid phase. The coupling expression describing the composition
equilibrium on the liquid side and the gas-side of interfacial SO, is given as

H[SO,.H,0]* = [SO,(g)]" 35

Where H is the constant of Henry's law

2.2.3.  Final dynamic equation for SO, diffusion in water droplet

Till now, the equations describe the steady-state mass transport process of SO,. The above equations can be
used to establish a system which can be solved for 1502, [HSO3], [SO,.H,0] etc considering a water droplet of
fixed radius and specified initial conditions. This information can be used to develop a relation for the rate of
change in the bulk concentration of absorbed SO, along the water droplet of radius r as,

a9f _

3,8
dt _;]502 36

Eq. 36 describes the mass transfer of SO, combined with the droplet radius r (i.e. coupled to eq. 20).

2.3. Water droplet coalescence and deposition on steel

Next, the water droplet which has absorbed SO, from air will coalesce and deposit on the surface of solid
structure. In this study, the solid is bare steel which is surrounded by these air suspended droplets. It is assumed
that all droplets have the same concentration of absorbed SO,. The deposition rate will depend on droplet
vertical and horizontal coalescence, inertial impaction, wind speed and gravitational settling.

Consider a collector droplet having terminal speed v;. The radius of droplet is r;. Assume that this droplet is
moving in space which has identical sized homogeneously distributed droplets of radius r, which are moving
with speed v,. It is assumed that these droplets are uniformly collected with the same collection rate by the
collector droplet. This collection mechanism is demonstrated in fig. 6. The growth rate of the collector droplet
as a result of coalesce is given by [30],

dm
T = nr? (vi — vp) wiE, 37

Where

vy = \/u% +g%t2 — 2u, gtsin®,, and v, = \/u% + g%t2 — 2u, gt sin@,, 38

Where the coalescence efficiency E. of a droplet of radius r, with a collector droplet is defined as the fraction of
collisions that result in a coalescence [30]. Substituting M = %nr3 C, ineq. 37 gives

m _ (v1—v2) w E¢ 39

dt 4Cy
If v; > v,, then the coalescence efficiency is assumed to be equal to unity, so that E. = E. Eq. 39 becomes

dr viw E
dry _viw 40

dt 4C,

As v; and E both increase with growing r, it can be seen from eq. 40 that dr, /dt also increases with growing ry,
i.e., the droplet growth by coalescence is a catalytic process.
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Figure 6. Schematic illustrating the constant growth of a collector droplet due to coalescence

In eq. 40, w; is the liquid water content, LWC (liquid water content) of the droplets of radius r,. The rate of
change in LWC can be given by using advection-diffusion equation as [31],

S = —U.Vw; + V(ky. VW) — Spy — S 41
Where Ky denotes the eddy diffusivity of heat; S;y and Sg respectively are the water deposition terms by inertial
impaction and gravitational settling of droplets on bare steel [32]. Inertial impaction is normally the main
deposition mechanism, but gravitational settling can play important role under low wind speed conditions; U is
the horizontal wind component. Therefore,

Sim = Apkyemm|Ulw, 41 (a)
SS = ALkZVIWl 41 (b)
du d du

w = (Kng,) 41(0)

Where, A}, represents the one-sided area density of bare steel; g is the inertial impaction efficiency; Ky is the
eddy diffusivity of momentum; k, and k; are respectively the portions of the effective steel area for deposition
of droplets (coverage area) by inertial impaction and gravitational settling. These can be written as [33],

2 2 -
Ky = Jo 0o Jore o bo, o, Sin O |cos b.| O, dep, 42
Kk, = erL/:o o, cOs 0, dO, 43

Where 6, and ¢, are respectively the inclination and azimuth of steel as shown in fig. 7; dg, and ¢, are the
steel angular densities associated with each angle. The angular densities are given as,

O N C R ’
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1
¢¢L (aL) = E ,ap € [OI Zﬂ] 45

[ is the Euler Gamma-function, y; is a parameter depending on the location of steel. For simplification, it was
assumed that all steel orientations are equi-probable, i.e., p,, is set to be 1.

The inclination and azimuth angles of steel show the amount of steel surface area occupied by the water film.
The effects of deposition rate by inclination and azimuth orientations play a vital role in large complex
structures, in which, the surface/or walls have complex geometry and do not exist as complete vertical or
horizontal planes. In this model, the coverage and thickness of water film are decided by the user.

z

Inclination angle of steel

N

N\

~

-

.

T )

Azimuth angle of
steel

%
.

e

Yy

Figure 7. The inclination and azimuth angle of steel which decides the orientation of steel having water droplet
deposited on its surface.

2.4, Corrosion of steel due to SO, absorbed water droplets deposited on its surface

The deposition of water droplets on steel surface results in the formation of thin water film. The coverage area
of water film is positively associated with the inclination and azimuth angles of steel in addition to relative
humidity, as discussed already. This section focuses on the development of a mechanistic model to analyse and
predict the uniform corrosion of steel in SO,~0,—H,0 environment.

2.4.1. Variables and assumptions

The influences of four variables on corrosion rate are investigated: temperature (293-366K), SO, mole percent
(0.2-2.5%), O, mole percent (0-2.5%) and time. The complete corrosion process was distributed into four
regions as shown in fig. 8.

Consider the following three assumptions to simplify the problems:

1. The inclination and azimuth of steel are such that the surface is perfectly horizontal with no inclination and
possible azimuth orientation.

2. The mass transfer is assumed to be independent of the effect of electro-migration because the influence of
electro-migration to the overall flux of species is negligible.

3. The non-continuous thin water film exists due to droplets on the surface of steel under non-saturated
conditions.
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Figure 8. Schematic of the four regions constituting the model (water, corrosion product, electrode region and
steel)

2.4.2. Chemical reactions

A thin water film is assumed to exist on steel surface during the corrosion process. According to the sequential
modelling, the dissolution of SO, and hydrate ionisation in a water droplet has already taken place before the
deposition of water droplet on steel surface, as discussed in previous section (see eq. 21, 22 and 23). However,
post deposition of droplet, the oxidation of sulfite and formation of FeSO5;and FeSO, takes place as,

Oxidation of sulfite:

2HSO3 + 0, » 2H* + 2505 46
Formation of FeSO3and FeSO,:

Fe’* + S0%~ » FeSO, 47

Fe’* + SO5™ — FeS0; 48

Based on eq. 21, 22, 23, 46, 47 and 48, the model accounts for eight solution components, namely, SO, - H,0 ,
HSO3, SO3~, H*, 0,, Fe?*, SO3~ and OH~. The model ignores other negligible trace components during
calculations.

2.4.3. Electrochemical reactions

Anodic reaction:

Fe — Fe?" + 2e~ 49
Cathodic reactions:

2H* +2e” - H, 50

0, + SO, + 2e” - S03~ 51

The experiment confirmed that the hydrogen evolution reaction existed in this system. The experiment also
confirmed that the oxygen depolarization due to cathodic reaction accelerated the corrosion reaction. The SO,
containing environment can result in the cathodic reaction on steel during corrosion process as shown in eq.51,
which has also been considered in this model.

2.4.4. Corrosion model

The physical zone of corrosion model was distributed into four regions as shown in fig. 8. (water film, corrosion
product, electrodic and steel regions). The equations derivations of the chemical and electrochemical processes
for these regions are discussed below. The steel region was not included in this model.
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2.4.4.1. Water film region equations

The diffusion of all the components (SO,-H,0, HSO3, SO5*", H*, O,, Fe**, SO,*, and OH") in water and
corrosion product film is considered. The equation for the mass transfer of these components is expressed by
incorporating eq. 36 for the mass transfer of the bulk concentration of absorbed SO, with time along the water
film,

dedj _ _ d( 1575 b _ _ 8dr) 595
T - dx (C Di gx) + gRi (CR St) X 52

Where, j in ¢; represents the components and ¢ represents the mole concentration for component j; CR
represents the corrosion rate (mm/year); ¢ is the permeability of porous corrosion product; ds is the corrosion
product thickness (m); R; is the chemical reaction rate. The first term on the right hand side represents the
diffusion term without the consideration of electro-migration influence. The second term represents the
chemical reaction source. The last term considers the convection effect which solves the moving boundary
problem due to the formation of corrosion product.

The turbulent diffusion in the water film Dy depends on the thickness of the pseudo-laminar boundary layer p
and the corrosion product thickness ds as [34],

- _ 4
D =0.18v [x b] 53
The turbulent diffusion in corrosion product is ignored.

The total diffusivity D; (shown in eq. 52) now becomes the sum of turbulent diffusion and molecular diffusion
Dy as [35],

The thin water film ultimately becomes a concentrated solution, wherein the water film species deviate from
their ideal characteristics.

The ionic strength I significantly influences the activities of components as well as the corrosion rate. Where | is
given as [36],

1 .
1= mlz() 55
Where, m; is the molality of component j; z is the component charge number.

The ionic strength I further affects the activity coefficient y for SO, and O, which are given as respectively [36],
For SO, [37],

0.0997-22.3

Iny (S0,) = (222224 56
Where, T is the temperature.
For O,, [37],

Iny (03) = 2m(S)Ao, s + m(S)cm(S), Qo, s 57
Where, the other two parameters can be calculated as [38],

0.4341-255.5911 45132.321
)\02‘5 = T T2 58
QOz,S = _00187 59

Normally the daily-use steel (e.g. AISI 1010) contains a significant amount of Mn, which can be corroded into
Mn®" ion. This ion has a catalytic oxidation effect on sulfite [39]. The catalytic oxidation rate of sulfite is
generally expressed as [40],

— m n .4
R= kcso%‘ €0, Cppnz+

60
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2.4.4.2. Corrosion product region equations

The corrosion products are mainly composed of FeSO; and FeSO, crystalline hydrates. FeSO5 does not dissolve
in pure water rather it easily dissolves in the presence of SO,. Despite the fact that sulfite oxidation produced
sulfate but FeSO; was also produced at the initial stages of the corrosion reaction [41].

The reason that FeSO, product film is not produced at the initial stage of corrosion reaction was its high
solubility in water. However, the advancement in corrosion reaction resulted in the significant production of
FeSO, at later stages. Further, as the water film reached the super saturation state, FeSO, started to deposit in
the form of solid product film.

The formation rate of product film can be calculated as follows [42],
RG = k(; Ac"s 61

Parameter ng defines the crystals size and morphology (with value between 1 and 2), normally taken as 1.6 [42];
Ac is the variable term denoting the change in mass concentration for FeSO; or FeSO,. This variable can be
calculated as,

Ac; = ¢y — Speso, 61 (a)
Ac; = iz — Speso, 61 (b)

The concentration difference and super saturation are related as [42],
Ac = S(Sg—1) 62

The same type of ion from multiple solvents can provide difficulty in direct measurement of the mass
concentration difference Ac. Thus, super saturation Sg is incorporated in eq. 61 to develop the following
precipitation rate formula,

R¢ = k¢[S[Ss — D]" 63
Ss can be calculated for both FeSO3; and FeSO, by using,

2-
Sg; = 2= H50] 63 (a)

SP1

2-

S5, = [2=_H504] 63 (b)

SP2

K, relates with the mole solubility S, as [43]

Ksp = S% 64

As per the solubility data of FeSO5 and FeSO, in water [42], the variation of solubility product with temperature
can be used to determine the solubility product. The precipitation rates of FeSO; and FeSO, are denoted as
precipitation rates, Rg; and Rg,, respectively. The precipitation amount of FeSO; and FeSO, can be respectively
given as,
t Rg, A
Yresos = J. ——L_—dt 65

0 MFeSO3 .3H20

Y _ J.t RGZA
FeSO4 0 Mgeso, 4H20

66

Where Mgeso, Mpeso, are the molar masses of FeSO; and FeSO, respectively, the corrosion product thickness
of FeSO; and FeSO, can be respectively give as,

MFeso03 ¥Feso
dpy = —2037FeS03 () 67
PFesozA (1-5)
MFreso04 ¥Feso
dpp = —4 77504 ) 68
PFes04A (1-5)

The average volumetric porosity ¢ is determined by the user. The total corrosion product film thickness is
df = dfl + de 69

For the case when the amount of product film exceeds the sample surface, then the corrosion product may leave
the sample surface under the influence of gravity. This specific amount can only be calculated analytically in
this model.
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2.4.4.3. Electrodic region equations

Thizs section develops the equations for hydrogen electrode current density i 4. and the anode current density
i g [44, 45].

This model assumes that the diffusion process directly control the oxygen reaction at electrodes, because of the
reason that in addition to low diffusion coefficient, oxygen is also less soluble in water. The limit diffusion
current density of the oxygen reaction at electrode is,

iftmo, = 2FNo, 70

1im,0,

Where N, is the diffusion flux of O, and F is the Faradays constant. The oxygen electrode reaction should be
accompanied by SO,. Thus, it is equally important to compare the SO, flux with the O, flux to the electrode
surface. For the case, when the SO, flux is lower than the O, flux, then iﬂm,OZ becomes,

ifimo, = 2FNso, 71
Where N, is the flux of SO,. The current conservation equation states that,

ipe = iy+ + do, 72
The relationship between the corrosion rate, CR and the anode current density is as follows [46],

_ Kc(iFe EW)

CR 73

Where, K is the corrosion rate coefficient; the corrosion potential E and the anodic current density p can be
calculated according to procedure in [46].

3. Modelling Results and Discussion

The simultaneous solution of equations 9, 34, 36, 37 and 73, which comprise the basic model, yields the
corrosion rate of steel under the effect of relative humidity and diffusing SO, mole percent in a non-uniform
temperature. This model is being used to analyse the corrosion rate of steel due to deposition of air-suspended
water droplets on steel surface which have absorbed significant amount of SO, from air during their movement
under the effect of wind speed and gravity. The discussion of the results is presented in figs. 10-13 for the
variations of time, relative humidity, temperature and SO, concentration. These results are for a droplet with an
initial radius of 20 um and pH of 2 respectively moving with 2 m/s velocity under a horizontal wind/air speed of
1 m/s (as inside the climate chamber) through a uniform field of 2.5 % SO, by weight in an adiabatic
atmosphere with a relative humidity of 100 %, and a ground level temperature of 296.15 K. The droplet deposit
forming a thin water film on horizontal faced carbon steel with no inclination and possible azimuth orientation,
such that right after deposition, O, also starts to diffuse through water film, thus creating a SO,~O,—H,0
environment which accelerates the corrosion rate of steel. The model parameter and constant inputs are shown
in Table 1.

Table 1. Model parameter and constant inputs

Symbol Value Unit Definition Reference
Constants

F 96485.4 C/mol Faraday constant [47]

Ry 8.3145 J/mol K Molar gas constant [48]

G 9.81 m/sec’ Force of gravitation [47]

H 1.4 mol/kg bar Henry law constant for SO, [48]
Physical

E. 0.4 Coalescence Efficiency [49]
Electrochemistry
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iSif+ 0.05 A/m? Reference exchangeeci(L;(r;;(re(r;(tj gensity for hydrogen [44]
lg‘;fe 1 A/m? Anode reference exchange current density [45]
EFerev -0.488 \Y Anode equilibrium potential [44]
Corrosion product film
PFeso, 2096 Kg/m? Density of FeSO;-3H,0 [36]
Preso, 2290 Kg/m? Density of FeSO,-4H,0 [50]
Precipitation
kg 0.218 Effective crystal growth rate constant [42]
Diffusion Coefficients
Dy i+ 9.31x10° m?/sec H* diffusion coefficient [47]
Dimuso; | 1.54 x 107 m?/sec HSOj3 diffusion coefficient [47]
Dinsoz- | 0.95x10° m?/sec S02~ diffusion coefficient [47]
Dimso, 1.86 x 10°° m?/sec S0, diffusion coefficient [51]
Do, 1.96 x 10°° m?/sec 0, diffusion coefficient [52]
Dy, pez+ 0.71x10° m?/sec Fe2* diffusion coefficient [47]

The predicted corrosion rates and measured corrosion rates from experiments were compared to validate the
model reliability as shown in fig. 9. The predicted results of steel corrosion in SO2-0,—H,0 environment are in
agreement with the experimental results. In the simulation the model slightly over predicts the corrosion rates
for some data points, which makes some points in this graph deviate from the diagonal line.

Predicted Corrosion Rate (mm/year)

—— Predicted
X Measured

2 3 4 5

Measured Corrosion Rate (mm/year)

Figure 9. Comparison between measured corrosion rates and predicted corrosion rates
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Figure 10 (a) shows the predicted and experimental corrosion rates for steel with the variation of time. The
simulated results are in agreement with the experimental findings. The model results show that the predicted
corrosion rate is high during the initial stage. For example, when corrosion time is 1 h, the corrosion rate reaches
26 mm/year, and then reduces with passing time which is in agreement with the experimental result obtained by
corrosion sensor method. It can be seen that the corrosion rate decreases with the passing time. This decrease is
linked with the increase in pH of thin water film on steel due to corrosive reactions which slows down the
corrosion rate. The calculations from model show that the initial pH of thin water film is always less than 3.
However, with the progression of corrosive reactions with time, the pH of thin water film increases because of
the accumulation of HSO3, which results in the gradual formation of corrosion product film. The accumulation
of HSO3 is directly linked with the aqueous absorption and chemical dissolution of SO, in water droplet, as
modelled in eq. 21, 22 and 23. The development of corrosion product film also inhibits the corrosion process
significantly.

Fig. 10 (b) shows the corrosion rate with time variation for various values of inclination angles 6 of steel. The
inclination angle 0 directly affects the water deposition rate on bare steel as modelled in eq. 41. It can be seen
from the modelling results that in a supersaturated environment with high SO, concentration, as soon as the SO,
absorbed water droplet deposits on the surface of steel forming a SO,—O,—H,0 thin water film, the corrosion
initialises with a very high corrosion rate at the initial stage. For example, for the case when inclination angle of
steel 0 = 0°, initially at 2 hours of corrosion time, the corrosion rate is as high as 21 mm/ year. If the steel is
situated at certain 0 > 0° instead of flat horizontal facing 6 = 0°, then the effective steel area for deposition of
droplets will be low which will result in low deposition rate. Therefore the thickness of water film which acts as
an electrolyte for the corrosive reactions on steel will be low further accounting for low corrosion rates. At time
> 20, the inclination angle seems not to have effect on the final corrosion rates. The reason is that after this
particular time the process becomes more of pH dependent rather than film thickness dependent. It should be
noted that pH is not a function orientation rather it is only a function of chemical reactions. Only film thickness
is a function of orientation. Therefore, at initial stage, both parameters: film thickness and pH equally play their
part in corrosion rate therefore corrosion rate is high. However when it exceeds certain time >20 hours, the pH
becomes high and dominant. At high pH, the corrosion rate becomes lower; no matter high thick is the water
film depending on its orientation.

Figure 10 (c) analyses the corrosion rate with respect to time for various values of horizontal wind speed U. It
can be seen from eq. 41 that if the wind speed is as low as U = 1 m/s (which is mostly the air speed inside the
corrosion chamber), then the deposition rate of droplets on steel is high which further accounts for high
corrosion rate due to the formation of thick water film. For higher wind speeds U > 1 m/s, the corrosion rate
decreases. It should be noted that for the case when the wind speed is low and the droplet is in the air, then the
gravity plays an important role, as it becomes the dominant factor causing more vertical fall compared to the
horizontal movement of droplet in air.

19



Corrosion rate(mm/year)

Carrosion Rate (mm/year)

30

25 A

20 A

15 4

10 A

—— Predicted
X Measured

10

20
Time (h)

(a)

50

15 4

10 4

Time (h)
(b)

20



1 —— U=1mls
1 — — — U=4ms
%1 ]\I U=8m's

§ 20 \.

£ \

E

E 151 .I

3 \

T

E 10 4 |\ wind velocity, U {m/s)

5 \

2

S 51

8] %__

0 ==

0 10 20 30 40 S0

Time (h)
(c)

Figure 10. (a) The predicted and measured values of corrosion rate with respect to time for (b) various values of
inclination angles 0 of steel and (c) for various values of wind speed U.

Fig. 11 presents the simulated corrosion rates of steel with the variation of relative humidity for various values
of time. It can be seen from the modelling results that initially the corrosion rate increases slowly until the
critical relative humidity of steel is achieved at 60 %. The critical relative humidity is a variable term which
depends on the water vapour pressure p,, in eg. 5. The critical humidity of steel is in the region of 60-62% if the
atmosphere contains SO, [53]. When the atmosphere contains impurities such as SO,, then the substrate’s
surface can be wetted (formation of water thin film) at lower relative humidity value therefore, reducing the
critical humidity level of steel (far below 100 %). Although super-saturation occurs beyond 100%, but
environment contains water vapours every time, even at lower relative humidity values. These water vapours
can be condensed at lower humidity values if the atmosphere contains impurities like in this case SO,. The thin
film which deposits on the surface at lower relative humidity then starts absorbing large concentration of SO,
ultimately initiating the corrosion reactions at early stage. Fig. 11 illustrates that there was only a small rise in
corrosion rate when the relative humidity grew from 5% to 60%, meaning when relative humidity was less than
the critical relative humidity = 60%. It is worth noting that for the lower relative humidity values (< 60 %), the
anodic process may be inhibited. The passivation of anodic sites in addition to difficulty of metal ion hydration
are the main causes of anodic process inhibition [53]. As the relative humidity increased beyond critical relative
humidity = 60%, a sharp rise in the corrosion rate was observed with the increasing relative humidity. The
prediction trend shows that for such environment, the corrosion critical relative humidity of steel, beyond which
the corrosion rate drastically increases lies in between 55% and 60% which is almost the same as was found in
[53] i.e. in the rage of 60 — 62 %. The experiment [54] with low relative humidity condition revealed that the
corrosion products are formed as disconnected points because of the distinct water droplets apparently deposited
on the steel surface.
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Figure 11. Predicted values of corrosion rate with the variation in relative humidity for various values of time

Fig. 12 shows the simulated values of corrosion rate with the variation of temperature. It can be seen from fig.
12 that initially, the corrosion rate increases with the increase in temperature until it reaches a peak value of 325
K. This increase in corrosion rate is due to the increase in water vapour concentration in air and droplet growth
which further accelerates the deposition and corrosion rate. When the temperature exceeds 325 K, the
evaporation rate of water droplets increases which decelerates the deposition and corrosion rate as modelled in
eq. 6, 7, 8 and 9. At this stage, the corrosion product film also becomes dense which effectively decreases the
corrosion rate due to barrier in O, diffusion which acts as catalyst for corrosion process. Another reason for
rising trend at the start is that with the rising temperature the diffusion rate of O, across the thin water film
increases. This results in the increasing chemical reaction forming large corrosion product on steel surface at
high temperature (325 K). At high temperature the corrosion product has protection effect for further corrosion
[54].

22



4.0

3.5 A

3.0 A

2.5 A

2.0 A

1.5 A

Corrosion Rate (mm/year)

1.0 A

05 T T T T T T T
280 290 300 310 320 330 340 350 360

Temperature (K)

Figure 12. Predicted values of corrosion rate with the variation in temperature for various values of time

Fig. 13 shows the predicted corrosion rates for steel with the variation of SO, concentration. The predictions
show the large rise in corrosion rate right from the start when the SO, concentration is even low, meaning that
SO, acts as a fuel for corrosion process. Fig. 13 shows the uniform corrosion rates of steel samples with
different SO, concentrations from 0.2 % to 2.5 %. For steel samples, the increase of SO, concentration resulted
in gradual increase of uniform corrosion rate, however beyond certain concentration, the increase rate was
slowed down. The reason for such trend is the gradual consumption of SO, concentration on steel surface during
corrosion process, which reduces SO, concentration on steel surface than that away from the sample. The
diffusion rates of all the dissociated ionic components of SO,, O, in thin water film and corrosion product film
are modelled in eq. 52. As the diffusion process continued, a film of corrosion product was formed on the
surface of sample, which effectively reduced the diffusion rate and eventually corrosion rate. With the formation
of corrosion product layer, the controlling process of corrosion reaction would gradually shift from the charge
transfer (chemical reaction based) control to the diffusion control. For large concentrations of SO,, the diffusion
rate of SO, due to large gradient is high which delivers more SO, to the surface of samples. However, because
the concentration of SO, in the chamber was limited therefore SO, was gradually consumed as the reaction
continued. This effect on corrosion test would be even greater when the concentration of SO, in the chamber is
low.
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Figure 13. The predicted values of corrosion rate with the variation in SO, concentration as a function of time

4. Conclusions

Continuous exposure of AISI-SAE-1010 steel samples to the moist SO, corrosion test (ASTM — G 87) has
resulted in the decreasing corrosion rate of the samples with passing time. SO, in the presence of moisture gets
converted in to bisulfite ion HSOZ which upon reaction with steel produces corrosion product FeSO,. The
accumulation of HSO3 increases the pH of thin water film on steel which results in the gradual formation of
corrosion product film. The development of corrosion product film also inhibits the corrosion process
significantly. Based upon the experimental data a five-stage holistic model to predict the corrosion of steel under
the effect of SO,—0,—H,0 environments is developed. This design considers the modelling of following stages
respectively: (i) the growth rate of air-suspended water droplets (i.e. moisture) depending on the
condensation/evaporation rate, (ii) the transport of gas-phase SO, to the droplets forming bisulfite ion HSO3
ions, (iii) the coalescence of these SO, absorbed water droplets under the effects of wind speed and gravity, (iv)
the deposition rate of SO, absorbed droplets on steel substrate depending on the inclination and azimuth angles
of steel surfaces and, (v) the corrosion rate of steel due to the deposition of these SO, absorbed droplets. The
incorporation of all the above stages develops a comprehensive corrosion prediction model which not only
includes the electrochemical parameters but also large number of physical, environmental and material
parameters.

The novelty in this model is the integration of micro-dynamic vapour pressure concepts into the corrosion
modelling techniques i.e. (i) condensation/evaporation rate of air suspended water droplets, (ii) absorption rate
of corrosive SO, gas in these droplets and (iii) the deposition rate of these droplets on steel depending on wind
velocity, gravity as well as the inclination and azimuthal orientations of steel. All these factors have were not
considered in the corrosion modelling of steel in literature and have the values of academic and industrial
applications. A comparative analysis between the model and experimental results showed that the model
provided the correct decreasing trend of the corrosion rate with time. The predictive trends of corrosion rate of
steel were also generated for varying values of temperature, relative humidity, and SO, mole percent.
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