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Abstract

This paper presents two approaches to modelling atmospheric corrosion across
regions of Australia. One is based on a purely statistical analysis of a large
database of corrosion rates and climate. The other is based on combining such a
statistical approach with modelling the sources and distribution of airborne
salinity. The statistical approach is applied to data derived from a corrosivity
survey of the State of South Australia. In this survey, corrosion rates were
measured over 475 sites scattered over 420,000 km? The corrosion data was
combined with climatic data and a model developed by regression analysis. This
model proved highly accurate at describing the variation in corrosion rate across
the state. Unfortunately, when the model was used to estimate corrosion rates
across the Australian continent it proved highly inaccurate. As a response, a
second model was developed. In this model, the role of the sea as a source of
airborne salinity was explicitly included as were the factors (including wind
direction) controlling the distribution of airborne salinity across the continent.
This model was found to have reasonable accuracy, although additional factors
(notably the effect of industrial pollution) still need to be incorporated.
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1 Introduction

Many authors have conducted exposure programs in which climatic
parameters are monitored and statistical procedures (usually regression analysis)
are used to derive relationships between the measured corrosion rates and the
climatic parameters (Atteraas and Haagenrud 1982; Haynie 1982; Benarie and
Lipfert 1986; Spence and Haynie 1990). Unfortunately, despite the detailed work
carried out in this area and the many models proposed the scientific community



has accepted no uniform model. In this paper, a model is derived from the
combined analysis (multiple regression) of the results of an extensive corrosivity
survey of South Australia and climatic data. It will be shown that this model can
comprehensively account for the variation observed in the corrosion rate of the
exposed plates. However, when the same model was applied to data from the
whole of the Australian continent, it failed dramatically. This failure was
instructive in a number of ways. Firstly, it underlined the limitations of models
derived from “limited” data sets. In fact, the South Australian data set was the
most extensive and reliable ever derived in Australia and in its scope exceeded
that of the maor European and American programs. However, the model
contained intrinsic assumptions regarding a number of key characteristics of the
climatic (including wind) patterns and pollutant patterns which, although valid for
South Australia, were not valid for the rest of the continent. The key point isthat a
statistical model can only incorporate sources of variation that are relevant for the
data set analysed. The converse is that climatic factors that can cause variationsin
zones outside the data set, if constant in the analysed data, will not occur in the
models.

Given these limitations of statistically derived models, an attempt was made
to develop a model more firmly based on understanding the processes controlling
corrosion. In fact, the processes controlling corrosion across a continent are
complex and it proved impossible to develop a pure process-based model. Thus,
this paper presents a composite model where, athough the generalised
formulation may be based on an understanding of processes, many of the details
of the model are derived from empirical methods or from fitting procedures (such
as regression). The development of this model has been very informative in
defining factors that may control the extent of corrosion across Australia.

2 A model of South Australian corrosivity

An initial corrosivity model for the State of South Australia was derived
from statistical analysis.

2.1 The South Australian data set

South Australia is a southern/central sate of Australia, located between the
latitudes of 38° and 26° south and the longitudes of 141° and 129°. The south-east
of the State is moderately populated and has a temperate climate, while the
majority of the rest of the state is semi-arid or arid. From 1991 to 1993, a
corrosivity study was conducted over the whole state (420,000 km?) using 475
sites. The site density varied considerably with the vast mgjority of sites in the
coastal regions. At each site, duplicates of a low-alloy copper-bearing mild steel
(BISRA) were exposed on brackets fixed to low voltage electric power supply
poles at a height of 3.7 m above the ground and facing north. Corrosion rates over
periods of one or two years were determined, however only the two-year data (in
micron/year) is analysed in developing the models. Full details of procedures are
given by King (1993).



2.2 The South Australian model

The model is based on regression analysis of measured corrosion rate as a
function of a range of climatic and pollutant parameters. However, during the
corrosivity survey, climatic data was not measured at the sites and thus a data set
must be constructed. Site climatic data can be derived from data from
meteorological stations using a triangular irregular network, or TIN, model
(following the procedures of Okabe et al. (1992)). In addition to meteorological
data, data on solar radiation was aso derived following these procedures. The
climatic and pollutant parameters included in the regression modelling are: solar
radiation, average 3 pm RH (RHszpm), average 9 am RH (RHoam), average daily
maximum temperature (Tempnax), average daily minimum temperature, mean
temperature, rainfall (mm), and raindays.

In addition, each point is assigned an airborne salinity value. This salinity
value is estimated using a ssimple model. This model makes the following
assumptions:

- The salinity at the coast depends on the type of coast.

- A short-range (SRS) and a long-range (LRS) term can model the decrease in
airborne salinity with increasing distance from the coast.

- Both of these terms show an inverse exponentia decrease with distance from the
coadt.

- Therate at which the salinity falls off depends on the type of coast.

Formally the salinity factor (Sal) is defined as:
Sa =[LRS+ (SRS~ 9)]/(s+ 1) (1)
where s is an integer defined by the coast type, and the units of salinity are

mg/m.day. The values of s for different definitions of coast type, along with E,
aregivenin Table 1. Ein Egs (2) and (3) isameasure of the salinity at the coast.

Table 1: Parameters for salinity at different coast types

Coast type S E

Very sheltered bay 1 5

Partially closed bay 2 15

Sheltered surf or very open bay 3 45

Open surf 4 130
LRS and SRS are then defined as:
LRS=E"~ exp[-dist” (s+ 1.5)/275] (2)
SRS=E~ exp(—dist/Cy) (3)

In these equations, dist is the minimum distance from the point to the
nearest coast in an “alowable” direction. An allowable direction is one in which
wind is observed to originate for at least 5% of the year.

These equations formalise the assumptions listed above. The separation of
coast into different types and the assumption that there are long-range and short-
range salt distribution terms is based on both measurements of airborne salinity
(Cole and Ganther 1996) and on studies of salt production and wave mechanics.
The values used for the initial airborne salinity is again based on actual



measurements, however the exact formulation of rate of decrease and form of the
decrease has been derived as aresult of optimising the fit of the experimental data
points.

When the sdlinity factor is included with the climate data, multiple
regression yields the following approximations:

Ln(Corrosion) =A “~ LnN(RHgam) + B~ Ln(Tempma) + C~ Ln(Sal)  (4)
where A, B and C are constants derived from the regression analysis.

The mean average error of the model fit with the data is 0.143, which when
converted from log gives an error of 15%. All the variables are significant at the
99% confidence level; the accuracy of the model (using Eq. (4)) is represented
graphicaly in Figure. 1 which is a misfit diagram for South Australia. This
diagram presents the predicted/measured corrosion rates. It is apparent that 80%
of the predictions are within 20% of the measured data, and 97% of the
predictions within 40% of the measured data. The above model assumes no effect
of terrain. Variables were introduced into the regression analysis to test the
sengitivity of the data to terrain factors. Variables included are elevation at site,
highest elevation between the site and nearest coast, and the ratio of the last two
variables. None of these variables increased the fit of the model in a significant

way.
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Fig. 1: Misfit diagram for South Australia



3 Application of the South Australian model to the continent

A data set of the corrosion rate of copper-containing mild steel was derived
from a variety of published and unpublished data (Egan 1971; Martin 1973;
Martin and King 1981; Smith et al. 1994). This data set contained 75
measurements in all Australian climatic zones. The South Australian model was
applied to the Australian data set. A misfit diagram is given in Figure 2. Thefit is
extremely poor with over 41% of predictions being a factor of 2 greater than
measured. Further, the model is extremely unreliable along the north-west coast of
Austraia

4 Assumptions within the South Australian model

South Australia lies just above the latitude known as the “roaring forties’
which is subject to strong westerly winds. The Great Australian Bight lies south
of South Australia and is contiguous with the Southern Ocean. The bight is
subject to high seas and the exposed coast of South Australia to significant surf.
Further, the wind patterns across South Australia are relatively constant, with
dominant westerlies shifting to south-westerlies and, in inland regions, to north-
westerlies. Thus, for South Australia it is reasonable to assume that for a given
beach type, airborne salinity is constant (that is the ocean state around the coast is
constant) and that detailed modelling of wind direction is not required. These
assumptions are invalid when applied to the Australian continent, as sea activity
generally decreases further north while the weather patterns on the west and east
coast of Australia are very variable and seasonal.
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Fig. 2: Misfit diagram for South Australian model applied to Australia



5 The Australian model

The failure of the South Australian model when applied to Austraia
necessitated the development of a new Australian model. In this model, the effect of
sainity sources and the effect of wind on salinity distribution are included explicitly
in the model.

5.1 Basic formulation
The model maintains the partition of pollutant and climate effects, and is of
the form:

Corr=A" (Sd)®” C” (Climate)® (5)
The climate factor may be replaced by time of wetness.

5.2 Effect Of climate
Two climate models are proposed:

Climate= E~ RHzm = Raindays® (6)
Climate=H "~ (TOW-1SO)' @)

where TOW-ISO is time of wetness defined by the 1ISO Standard 9223, i.e. the
surface iswet if RH is>80% and temperature is >0°C. This condition is applied to
three-hourly data on RH and temperature derived from ten years of
meteorological data following the procedures outlined in the South Australian
model.

5.3 Salinity

5.3.1 Sources of salinity

Studies of wave activity and airborne salinity over oceans indicate that
relationships exist between sea state and salt production on the one hand, and sea
state and latitude on the other. Salt aerosols may be generated either by the ocean
or from surf, through bursting of bubbles generated by ocean whitecaps, particles
torn from the crests of ocean whitecaps by the winds, and breakers on the shore.

An estimate of the sodium (and thus chloride) concentration in the air above
the surf zone (Nasyf) can be given by (McKay et al. 1994):

Nasurf — e(0.23U -16.72) (8)
where U isthe wind speed at 2 m above sealevel (ms™).

Monahan (1980) demonstrated that the production of aerosol by the bursting
of bubbles generated by whitecaps (dF,/dr) is given by:

dFy/dr = Wt™ dE/dr (9)

where r is aerosol radius, W is instantaneous fraction of the sea surface covered
by whitecaps, t is the time constant characterising the exponential whitecap decay
(measured in seconds), and dE/dr is the differential whitecap aerosol productivity,



i.e. the number of droplets per increment droplet radius produced by the decay of
aunit area of whitecap.
However, Monahan et al. (1982) found that Eq. (9) could be approximated

by:
dF, = 1.373U34 3 1019 (10)

where B = (0.380 — logr)/0.650.

Monahan et al. (1986) found that aerosol is aso produced from spume drops
that form as the result of mechanical disruption of wave crests by the wind. This
mechanism becomes particularly effective at higher wind speeds and can be
approximated by:

dFy/dr=6.45" 1074 &% 2 g™ (11)

where D = 2.18 (1.88 —logr).
Total aerosol production is then given by:

DF/dr = dFy/dr + dF./dr (12)

To derive sat production, it is also necessary to know the relationship
between whitecap coverage and air speed which, according to Monahan et al.
(1982), isgiven by:

W=384" 10°U** (13)

The monthly distribution of whitecaps around the globe has been derived
from satellite observation (Monahan et a. 1982). From such data, the average
whitecap coverage in the ocean adjacent to the coast has been determined. Using
Egs (10)—(13), the salt production at any point of the coast due to ocean activity
can be approximated. From Eq. (9) the salt production from breaking surf can be
estimated.

The salinity concentration at the coast is dependent not only on salinity
sources, but aso the distribution of salinity across the atamosphere and the volume
of air which contains this salinity. It is a reasonable assumption that salinity
concentration above the cloud level is negligible and thus salt may distribute from
sea level to cloud level. The concentration of salinity thus depends on both
transport properties of air and cloud levels. At present we have not been able to
incorporate these factors into our model. In order to estimate airborne salinity in
the model, it is assumed that each coast type has a maximum airborne salinity
(according to Table 1) and that these values are then modified by Egs (9)—<13).

5.4 Transport of aerosols

Aerosol particles produced by breaking surf tend to be quite coarse (10-50
nm) and are concentrated just above the surf. Particles generated from ocean
waves are finer and cover a wider range of sizes (0.5-5 mm). Coarse aerosol
particles associated with surf tend to deposit close to the coast, while the finer
particles from ocean waves may be carried higher into the atmosphere and
deposited further from the coast. In fact, aerosol salt can be distributed up to the



cloud layer and may be carried very significant distances, with final deposition be
a result of scavenging by rain drops (i.e. salt is deposited by rain). These
processes are complex and are being studied by the current authors using CFD
and other techniques.

The refined Australian model assumes that the deposition of airborne
salinity can be modelled by three terms, i.e. a short- (SRS), amedium- (MRS) and
long-range (LRS) term.

The incorporation of salinity sources and distribution mode into the salinity
formulation leads to the following definitions:

Sd =[MRS+LRS+ (SRS~ 9)]/(s+ 1) (14)
SRS=PS(W) " E~ 99" CcaSRS (15)
MRS=PO" [(E-G) ™% (+15/27) (16)
LRS=G "~ e (17)

where PS(W) is the surf salinity production term derived from Eq. (8), CaSRSis
a procedure that equates SRS to zero for coastline adjacent to very sheltered bays,
and PO is a term to take into account the variation in salinity produced from the
ocean, and is derived from Eqgs (10)—13). The values of G is determined by data
fitting to be 5, while H is derived from a combination of data fitting and reference
to existing Australian data. Keywood et al. (1997) proposed that the distribution
of salinity in rain as a function of distance could be modelled by a sum of two
inverse exponential terms (short and long range), with the long range having a
decay constant of 600 (in km).

5.5 Effect of winds

In the model outlined in Egs (14)—17), “dist” is to a given point on the
coast from the point for which the corrosion rate is being determined (the
modelled point). The Australian coast is represented by 5000 points and for any
modelled point, a radius of influence around the modelled point is defined. This
circle is then broken into wind quarters and the average salinity contribution
(AvSal) from the coastal points in each quarter is determined according to Eqs
(14)—17). The weighted salinity factor isthen given by:

Weighted salinity = aAvSal ~ Wind freq (18)

The wind frequency used is that of the modelled point derived from
meteorological observations at 3 m elevation. This method permits a
consideration of the effect of wind distribution on salinity.

5.6 Accuracy of the Australian model

When the new model is applied to the Australiawide data, it shows a
significant improvement over the South Australian model. In Figure 3 a misfit
diagram is presented, and the majority of points (64%) fall between 0.6 and 1.2.
The greatest number (19%) of outliers fall between 0.2 and 0.6. Of these, 10% are
associated with industrial, 5% with severe marine and 4% with other locations.
The model does not as yet account for effects of industrial pollutants, and thus the



high misfit is to be expected. Overall the mean average error of the model is 36%
and thus the model is reasonably accurate at predicting corrosion across a
continent. Further, the errors in the model are now informative and highlight
fields in which more work is required.
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Fig. 3: Misfit diagram for Australian model applied to Australia

6 Conclusions

Two approaches to developing atmospheric corrosion models for regions in
Australia have been outlined in this paper. The first is based on regression
analysis of large databases of corrosion and climate data, and the second is based
on combining such regression anaysis with a more detailed modelling of the
processes controlling salinity sources and distribution. The following conclusions
can be drawn.

- It was found that the regression approach produced models that proved an
accurate description of the variation in the data of the databases from which
they were constructed. However, these models could not account for the
variation observed in a data set derived from awider range of climates.

- In accounting for corrosion rate across the Australian continent, the role of sea
state in controlling salinity production should be considered.

- The use of a salinity distribution term that contains short-, medium- and long-
range factors gives rise to satisfactory estimations of corrosion rate.
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