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Overview of Corrosion Monitoring Technology

1. INTRODUCTION

This report presents an overview of electrochemical corrosion monitoring technology
and intellectual property relating to the Pepperl+Fuchs CorrTran device and was
complied at the request of Pepperl+Fuchs Inc.

2. BACKGROUND OF THE MEASUREMENT TECHNIQUES
2.1 Electrochemistry of mixed potential electrodes.
Corrosion of metals usually occurs as an electrochemical dissolution process.

At the anode, metal atoms oxidise to metal ions. The metal anions then either react
further with the surrounding electrolyte to form soluble or insoluble corrosion products
or simply diffuse away from the metal surface. Electrons are produced by the anodic
process.

In general: M—M" +ne”

At the cathode, a corresponding reduction reaction takes place, consuming the
generated electrons. The rates of the anodic and cathodic process, the anodic and
cathodic currents (not current densities) must match, as there can be no net build-up of
electrons in the metal.

The anodic and cathodic reactions cannot occur at the same point on the electrode
surface. In the case of uniform corrosion, they will normally occur at microscopically
adjacent points on the metal surface, the anodic and cathodic areas will move in time
across the electrode surface. In the case of pitting corrosion, the pit will form the anodic
area whereas the surrounding surface will be predominantly cathodic.

The relative sizes of the anodic and cathodic areas are important as the rate of
penetration is determined by the current density (current per unit area). In the case of
pitting corrosion a large cathodic area of a relatively small cathodic current density may
support a high anodic current density (and hence penetration rate) in a small anodic
area of the active pit.

In acid aqueous environments, the cathodic reaction is usually that of hydrogen
evolution.

2H" +2e” > H,

In neutral and alkaline aqueous environments, the cathodic reaction can be that of
oxygen reduction.

0, +2H,0 + 4e” — 40H"

There are two aspects to electrochemistry: thermodynamics and Kkinetics.
Thermodynamical considerations determine whether a reaction can occur at particular
pH and overpotential levels, kinetic considerations then determine the rate of that
reaction. For example, at a particular pH and overpotential, the oxygen reduction
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reaction may be thermodynamically possible but due to a very low concentration of
oxygen in the solution, its rate could be very low. Overpotentials are measured with
respect to a reference electrode (a half-cell).

Each of the anodic and cathodic reactions will have a reversible potential — at some
potential the rate of the forward process (e.g. metal oxidation and dissolution) will equal
that of the reverse process (e.g. metal ion reduction and re-deposition onto the metal
surface).

Hence, even in the simple situation where the anodic process is metal dissolution and
the cathodic process is hydrogen evolution there will in fact be four processes possible.
In practice, the anodic and cathodic reactions will be polarised away from their
reversible potentials to some common potential — the mixed or ‘free corrosion’
potential, E.or. This causes the metal dissolution direction of the anodic reaction to be
preferred and similarly the hydrogen evolution direction of the cathodic reaction will
predominate.

Assuming that both the anodic and cathodic corrosion processes can be described by
the Butler-Volmer equation and that the free corrosion potential is sufficiently far from
the reversible potentials of the two partial reactions, then the potential-current response
of a corroding electrode is given by:

I=1_,.|ex E —ex —ﬁ
— Tcorr p ba p bC

where AE is the applied overpotential from E, and b, and b, are the anodic and
cathodic Tafel constants (related to the Tafel slopes B, and B; by b =/In10).

The Tafel slopes are relate to temperature etc. by:

RT RT
o SR

where R is the universal gas constant, T absolute temperature, F the Faraday constant,
Z, and z. the number of electrons transferred in the anodic and cathodic reactions, and
a,, 0. the reaction symmetry factors. In practical terms, 3 is about 120 mV at room
temperature for a single electron transfer, 60 mV for a two electron process etc.

Expansion of the exponentials as series, neglecting higher power terms and
rearranging gives:

1 AE
Bch x—, where the polarisation resistance Rp = E

o = 2.3, +B.) R,

This is the Stern-Geary equation, which forms the basis for the linear polarisation
resistance method of corrosion rate measurement. It simply states that the corrosion
current may be calculated from the slope of the potential-current curve at the free
corrosion potential (polarisation resistance); the proportionality constant being related
to the Tafel slopes.
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In practice, pure activation control assumed in these calculations may not exist — the
rates of the anodic, cathodic or both processes may be limited by for example the rate
of diffusion of reacting species to and from the electrode surface. The above equations
may be modified to take diffusion (also termed concentration) control of one of the
reactions into account - the Tafel constant of the diffusion limited process will tend to
infinity.

For example, if the cathodic process is diffusion limited then:

ICOI’I’ Ba X1_
23 R,

It is important to note that these forms of the Stern-Geary equation also assume that
the areas of the anodic and cathodic processes are equal — this will rarely be the case
in practice.

In practice the Stern-Geary constant is often determined by comparison to weight loss
data, it usually lies somewhere in a relatively narrow range of between about
10 and 50 mV.

The potential-current response of an electrode corroding under activation control is the
difference between two exponential curves, that describing the anodic process and that
describing the corresponding cathodic process. The response is near linear at the
corrosion potential; the amount of curvature depends on the values of the Tafel
constant parameters.

In such a situation it is possible to use a measurement of the curvature of the curve to
calculate the values of the Tafel constants and hence the corrosion current and the
rate of metal loss. The harmonic distortion and harmonic intermodulation techniques do
just that.

2.2. Corrosion Potential Measurements

Perhaps the simplest measurement that can be carried out on a corroding test
electrode is that of the free corrosion potential measurement, Ecorr. As explained
above, Eq is a potential at which the currents of the anodic and cathodic processes
occurring on the test electrode equal. It will lie somewhere between the reversible
potentials of the anodic and cathodic reactions. Its precise value depends on the rates
of the anodic and cathodic processes, on the nature of the control of these processes
(e.g. activation, diffusion etc.) and on the relative sizes of the anodic and cathodic
areas.

Measurement of E.,; does not give any information as to the rate of the dissolution
process.

Measurement of the fluctuations (short term changes) of E forms the basis of
electrochemical potential noise (EPN) measurement. The principle is that localised
dissolution events, such as pit initiation, result in a short term increase in the anodic
current at the active locations on the electrode surface and hence in a corresponding
change in Ecor.
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2.3.

E.r and EPN may be measured against a true reference electrode (an electrode which
has a well defined and stable potential, e.g. a calomel or Ag/AgCI electrode), or against
a second electrode, ‘identical’ to the test electrode. In the latter case, the observed
fluctuations may originate from either of the two electrodes. Measurement must be
carried out using a high input impedance voltmeter as not to perturb the test and
reference electrode potentials by the measurement current.

Zero Resistance Ammetry

Zero resistance ammetry (ZRA) uses a current to voltage converter to measure the
current flowing between two electrodes. The ZRA circuit minimises the voltage drop
across the current measuring device by the gain of the ZRA ampilifier.

As outlined above, the anodic and cathodic reactions on a corroding electrode cannot
occur at the same points on the electrode surface. In practice, at any point in time,
parts of the electrode surface will form an anode and the remainder of the surface will
be the cathode. With time, the anodic and cathodic regions will move and change. This
is especially true in situations of low corrosion rate or when concentration or diffusion
effects, such as oxygen diffusion or passive film formation, limit the corrosion rate.

The ZRA technique is normally used to measure galvanic currents between dissimilar
electrodes. When applied to a pair of nominally ‘identical’ electrodes, no current should
flow between the electrodes. In practice, due to the separation and constant movement
of the anodic and cathodic areas on each of the electrodes, a measurable current will
flow and its polarity and magnitude will change in time.

Perhaps the best way to visualise the effect is to consider a single electrode with
separate anodic and cathodic areas. A current will normally flow through the metal
between these two regions. The ZRA technique then effectively physically divides this
electrode into two and measures the current flowing between the two halves. Most of
the current will flow between adjacent anodic and cathodic sites on each of the
electrodes, but a proportion will flow between say an anodic site on one of the
electrodes and a cathodic area on the other electrode.

The effect is more pronounced if localised corrosion, such as a pit initiation, occurs on
one of the electrodes. The small anode of the pit will draw current not only from the
adjacent cathodic area on the same electrode but also from the cathodic areas of the
other electrode, resulting in current flow through the ZRA.

This is the basis of the electrochemical current noise measurement (ECN).

The ECN technique uses measurement of both the fluctuations (noise) of the ZRA
current and the ZRA current mean (dc) to estimate the degree of localisation of the
corrosion attack. The localisation ‘factor’ is usually defined as some ratio of the
standard deviation of the current fluctuations to the mean (dc) ZRA current. As can be
seen from the above considerations, neither of these values accounts for all of the
anode-cathode current flow at either of the electrodes and hence any such calculated
parameter will be only qualitative.
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2.4, Electrochemical Resistance Noise

It is possible to measure both EPN and ECN at the same time. This involves a
measurement of the ZRA current, as described above, together with a simultaneous
measurement of the potential of the ZRA coupled electrodes against a reference
electrode.

An additional, often employed, step is an attempt to relate the potential and current
fluctuations, usually by computing the ratio of the standard deviations of the potential
fluctuations to that of the current fluctuations — electrochemical resistance noise (ERN).

This only makes sense if the two are causally related, i.e. if any change in the potential
and current is caused by the same localised corrosion event occurring on one or other
of the ZRA coupled electrodes. In order to ensure that this is true, the potential noise
must be measured using a ‘noise-free’ reference electrode, otherwise localised
corrosion events could occur on the ‘reference’ electrode, giving rise to potential
fluctuations, which would have no corresponding related current changes.

Also, since as outlined above, not all of the current between an anodic site and the
corresponding cathodic area is intercepted by the ZRA, it is difficult to see how the
computed ERN values can be anything more than quantitative estimates and how the
ERN value could be used in place of the polarisation resistance parameter to compute
the corrosion current and penetration rate.

2.5. Potential-Current Response Measurement

The third possible electrochemical measurement is that of a determination of the
voltage-current response of the corroding electrode.

Either a current or potential perturbation is applied from an external source to the test
electrode and the resulting change in the potential or the resulting current flow is
measured.

The potential-current response of a corroding electrode is in principle described by the
mixed potential Butler Volmer equation. This indicates that the E-l response should be
the difference between two exponential curves (anodic and cathodic reactions). It can
be shown that at a potential (Ecorr) where the anodic and cathodic currents are equal
(and equal to Icorr) and at potentials nearby the total E-I response will be
approximately linear, the slope being R,, the polarisation resistance.

It is crucial to be aware of the assumptions made in the usual mathematical derivation
of the Stern-Geary equation. The following are three of the most important:

Firstly, it is normally assumed that both the anodic and cathodic processes are
activation (charge transfer) controlled. The derivation may be extended to cover
concentration (diffusion) control of the rates of either the anodic or the cathodic
processes — essentially the appropriate Tafel constant tends to infinity in that case.

Secondly, the derivation assumes that the corrosion potential is far removed from the
reversible potential of either the anodic or the cathodic reaction. This implies that the
rates of the back half reactions of these processes (e.g. metal deposition etc.) are so
low as to be negligible. This will be true in many practical situations and the derivation
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can be expanded to include situations where E.,; lies near one of the reversible
potential. However, the activities of the reacting species must then be considered —
these are in general difficult to determine exactly in practice.

Thirdly, the simple derivation assumes that the corroding electrode is both an anode
and a cathode at the same time or that the anodic and cathodic areas are exactly
equal. This is nearly true in cases of uniform corrosion at a high rate, but not true for
localised corrosion attack.

In its basic form the measurement of linear polarisation, resistance simply involves the
application of a small overpotential (10-20 mV) and a measurement of the resulting
current. If the applied overpotential does not polarise the electrode outside the ‘linear’
region then the slope of the potential-current curve (polarisation resistance) may be
determined and the corrosion current estimated.

In order to convert the estimated corrosion current to penetration rate it is then usually
assumed that all of the electrode area undergoes corrosion attack (conversion to
current density) and that the electrode material is homogeneous and a given number of
electrons are transferred in the dissolution reaction (conversion to mass loss using
Faraday law).

A further measurement complication arises due to the existence of the electrochemical
double layer and the time dependence of any diffusion processes. The double layer
capacitance (usually of the order of 30 pyF.cm? for aqueous systems) appears in
parallel to the polarisation resistance, any diffusion related time dependent terms
appear in series with the polarisation (or more accurately, charge transfer) resistance.
This means that it is the electrode impedance, which is actually being measured -
electrochemical impedance spectroscopy is a field of electrochemistry devoted to the
study of the variations of the electrode impedance at different frequencies.

The response of the test electrode current (or potential) to a voltage (or current)
perturbation will hence depend not only on the shape of the dc E-I curve but also on
the impedance of the test electrode at the measurement frequency (or range of
frequencies if the perturbation is for example a voltage step or a voltage ramp).

2.6. Harmonic analysis

The techniques of harmonic distortion or intermodulation analysis (HAD or HIA) attempt
to measure the curvature or shape of the E-I response and hence to calculate the
constants controlling the equations describing the anodic and cathodic processes.

It can be shown that in cases where both the anodic and cathodic processes are
activation controlled the values of the Tafel slope constants and the corrosion current
may be calculated either from the amounts of harmonics generated when the
perturbation is a low amplitude sine waveform, or from the magnitudes of
intermodulation products, when the perturbation is the sum of two sine waveforms of
differing frequencies.
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For example:
2
_ I

|COIT VY TR
48211, —12)
o Jasi, — i)

l

where |1, 12 and |13 are the amplitudes of the fundamental, second and third harmonics
of the cell current.

Detailed derivation of the theory of the intermodulation measurement procedure,
including considerations of cases where either the anodic or cathodic process is
diffusion limited, are presented in Corrosion, 57, 1, pp 60-70.
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3.1.

INTELLECTUAL PROPERTY HISTORY
Electrochemical Noise

The first publication noting fluctuations of the natural corrosion potential
(electrochemical potential noise, EPN) was by Warren P. lverson (lverson W.P.,
J. Electrochem. Soc. Electrochemical Science, pp 617-618, June 1968). lverson noted
that fluctuations of the free corrosion occurred on metals, which were susceptible to
localised corrosion attack (e.g. aluminium) and did not occur on inert materials such as
platinum. Fluctuations of a lesser amplitude were observed on metals undergoing
general corrosion attack, such as steel.

The subject was independently re-visited by Hladky, Callow and Dawson in the late
70’s and early 80’s. Hladky and Callow were engaged as post-doctoral workers in the
Corrosion and Protection Centre at the University of Manchester Institute of Science
and Technology (UMIST) on two research contracts sponsored by the UK Ministry of
Defence and I.C.1., looking at novel corrosion monitoring techniques in a research
group lead by Dawson. In the course of their investigations using electrochemical
impedance spectroscopy, Hladky and Callow noted that measurements were often
degraded by fluctuations of the test cell potential and current. The fluctuations
appeared to occur mainly at low frequencies (< 1Hz) and could not be removed by time
domain averaging of the measurement signals.

Hladky and Callow decided to investigate the origin of these fluctuations in detail and to
determine whether analysis of the fluctuations could provide information relating to the
corrosion processes occurring on the test electrodes. At this stage Hladky, Callow and
Dawson were unaware of the prior lverson publication.

Tests and measurements were carried out on a variety of corroding systems of interest
to the sponsors of the projects and the results were reported in internal progress
reports. It soon became apparent that the fluctuations originated from localised
corrosion attack events, such as pit or crevice initiation. Hladky and Dawson (Hladky K.
and Dawson J.L., Corrosion Science 21, pp 317 to 322, (1981)) published the results of
the initial investigations. This paper describes an analog qualitative method of
measurement of the corrosion potential fluctuations relating to pitting corrosion
initiation.

Further work was then carried out in order to quantify the measurements. This was
published by Hladky and Dawson in a second paper (Hladky K. and Dawson J.L.,
Corrosion Science 22, 3, pp 231 to 237, (1982)). This paper describes a digital method
of measurement of the corrosion potential fluctuations and their analysis in terms of
frequency spectra. The authors note that different types of localised corrosion attack
generate potential fluctuations of differing frequency content. They also note that the
standard deviation of the fluctuations seems to be directly related to the intensity of the
attack.

At this stage (late 1981), the sponsors of the project and UMIST decided, despite
objections from Hladky, that the technique should be patented. A provisional patent
application was submitted on 5™ January 1982, just prior to a publication of further
results at a research conference held at UMIST in January 1982. Further work by
Hladky covered measurements in a variety of other corroding systems, including I.C.I.
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chemical plant and MoD cavitation rigs. Hladky also improved the data analysis
technique by the use of the maximum entropy method of spectral analysis.

The electrochemical noise technique was also adopted by a second research group at
the Corrosion and Protection Centre, UMIST, lead by Scantlebury and including
Callow, Eden, Gill and others.

In September 1982, Hladky left the Dawson research group and joined the Corrosion
and Protection Centre Industrial Services (CAPCIS), a consultancy organisation owned
by UMIST and working closely with the Corrosion and Protection Centre academic
department.

Work on electrochemical noise continued in both the research groups (Dawson and
Scantlebury) and in CAPCIS. In the Scantlebury group, Eden further developed
measurement of electrochemical current noise (ECN) and Gill developed and applied
the harmonic distortion analysis (HDA) technique. Cox, Mok, John and others in the
Dawson research group applied the electrochemical noise technique to a variety of
corroding systems, including high temperature corrosion.

Between 1983 and 1986 other workers from the Corrosion and Protection Centre
joined CAPCIS (Eden, Cox, Aylott etc.) and electrochemical noise measurements were
made on a number of projects for external clients. Computer software was developed
to capture and analyse electrochemical noise data, both in terms of its statistical
parameters (means, standard deviations, skewness, kurtosis etc.) and in terms of
frequency spectra.

At the time the data analysis was severely limited by the power and storage capacity of
the then available computers and much of the analysis was carried out by visual
inspection of the plotted electrochemical noise traces (either as EPN or ECN plots with
time or as some of the statistical parameters plotted against time).

The electrochemical noise technique formed a part of the CAPCIS Multi-technique
corrosion monitoring system (MUSYC), together with two frequency ac impedance
measurement, ZRA coupling current measurement and others, using circuitry
developed by Hladky for CAPCIS.

At about 1986, a decision was made to commercialise the corrosion monitoring work in
CAPCIS and a separate company, CAPCIS-March Ltd., was set up for that purpose.
Eden, Cox and others joined CAPCIS-March Ltd. whereas Hladky remained in
employment of UMIST and on secondment to CAPCIS Ltd.

A second patent was applied for in 1986 by Eden, John and Dawson to cover ECN
measurements. This patent covered the simultaneous measurement of EPN and ECN
using a three electrode arrangement and a zero resistance ammeter (ZRA). It also
included the computation of electrochemical resistance noise.

In 1994, Hladky left CAPCIS to set up his own consultancy, KH Design and
Development. Eden, Cox and others continued working for CAPCIS-March Ltd. and
RTCML. Gill and Gill set up an instrumentation company of Applied Corrosion
Monitoring Ltd. (ACM).
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3.2.

CAPCIS-March Ltd. run into financial difficulties in 1993 and was purchased by
MacKenzie Investments, a Scottish venture capital partnership. The company was then
re-formed as Real Time Corrosion Management Ltd. (RTCML). RTCML went into
liquidation in 1997, owing substantial amounts to its creditors, and was recreated by
MacKenzie and his other technology company, Diagnostics and Measuring Systems
Ltd. (DMS), with a further injection of venture capital, as Integriti Systems Ltd. In 2003
Integriti purchased US based Intercorr Inc. with more venture capital, became Intercorr
International Ltd. and relocated to the US. At present (2005), Intercorr are being
purchased by Honeywell Inc.

Eden and others have applied for and have been granted a number of other patents in
course of their employment with CAPCIS-March Ltd. and its later incarnations. Clients
of CAPCIS and CAPCIS-March/Integriti/Intercorr have also been granted several
patents, mainly relating to specific applications of the technique. After 1991 further
patents were granted to companies such as Mitsubishi in Japan (connected through
Cox to the original research group), Baker Hughes (possible connection through Gill
and ACM) and Gamry (a competitor to ACM). Academic work also continued in the
Corrosion and Protection Centre UMIST under Cottis.

Harmonic Distortion Analysis

This technique is largely in the public domain. Following the initial publication by
Meszaros, a number of workers have used the technique. Workers in the Corrosion
and Protection Centre UMIST (Gill, Scantlebury, Callow and others) have published a
number of papers describing its use.

Two patens have been granted to McKubre and Syrett (1987 and 1991).

Currently the technique is commercially used in the Intercorr and P+F on-line corrosion
monitoring devices and is supported by laboratory equipment manufacturers such as
Gamry, Solartron and ACM in their hardware and software for laboratory corrosion
measurements.
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4.1.

PATENTS
Electrochemical Noise

The tables below list electrochemical noise related patents and patent applications
currently in existence. The following is a summary of the key features of the important
patents.

US 4,575,678 Hladky

This is the original patent on the electrochemical potential noise (EPN) measurement
technique. It describes the measurement of low level fluctuations of the free corrosion
potential of a single corroding electrode measured with respect to a second electrode.
The second electrode can be a similar corroding electrode, an inert electrode or a
reference electrode. The patent then claims that the standard deviation (or root mean
square) of the amplitude of these fluctuations may be used to provide a measure of the
rate of dissolution of the corroding electrode. Additionally, the patent claims that
localised corrosion such as crevice attack or pitting corrosion may be detected by
examination of the form of the fluctuations (e.g. sharp peaks etc.), after filtering the
signal with a bandpass filter. The output of the filter may be monitored and used to
control inhibitor injection or gas bubble injection (in case of cavitation corrosion).

In the body of the patent, the text describes the measurement and analysis of the
electrochemical potential noise signal using either analog filtering or digital frequency
spectrum analysis techniques. It is suggested that different forms of localised corrosion
attack give rise to frequency spectra of differing slopes and shapes and that the rate of
localised corrosion attack is directly proportional to the standard deviation of the noise
signal.

The patent priority date was 5" January 1982 and hence it had now expired.
US 5,139,627 Eden, John and Dawson

This is the original patent on the electrochemical current noise (ECN) measurement
technique. It describes measurement of both the fluctuations and the mean value of the
coupling current between two electrodes made of the same material and exposed to
the same environment using a zero resistance ammeter (ZRA) circuit. Additionally, the
electrochemical potential noise (EPN) of the two coupled electrodes and a third
electrode may also be measured. Several parameters may be calculated, these being
the ratio of the EPN/ECN magnitudes (resistance noise), the ratio of the ECN
magnitude and the magnitude of the dc component of the coupling current (pitting
index). Corrosion rate is also calculated from the foregoing.

The claims do not specify the method of determining the current noise magnitude; this
is implied in the body of the patent as being the standard deviation of the current
fluctuations.

The body of the patent includes a table of values of the ratio of ECN to the dc coupling
current value and a description of the ranges of these values relating to localised
corrosion and pitting. Some convoluted simple algebra is used in an attempt to show
how the corrosion rate can be calculated from the three measured parameters.

©2005 KH Design and Development Page 11 of 25 July 2005



KH Design and Development Pepperl+Fuchs Inc.

Overview of Corrosion Monitoring Technology

Note that this patent does not describe a situation where the electrodes are in under
potentiostatic control — i.e. where the potential between one electrode (test) and a
second electrode (reference) is forced to zero by the application of external current
through a third electrode (auxiliary).

This patent had expired on 18" August 2004 due to non-payment of fees.
US 5,425,867 Dawson, Eden and Carr

This patent covers what was at the time prior art, namely the computation of EPN and
ECN spectra from data obtained using a three electrode ZRA arrangement. The body
of the patent describes a situation where one electrode of the ZRA connected couple is
a coated sample, the second electrode is then made of an inert metal and in placed in
the electrolyte outside the coating. A third (reference) electrode is also placed in the
electrolyte outside the coating. A procedure is described whereby the impedance
spectrum of the coated sample is determined from the EPN and ECN spectra, these
spectra being computed using the maximum entropy method. The specific application
described is that of coatings evaluation. There is some doubt as to whether the
described frequency and impedance spectra actually relate to those of the tested
specimen or whether they are an artefact of the spectral analysis method.

This patent had expired on 20" June 2003 due to non-payment of fees.
US 5,151,163 Miller

This patent describes the measurement electrochemical noise between a pitting
sample and an inert electrode. It is not clear whether EPN or ECN is measured (the
patent terms electrochemical noise as ECN). The patent claims that by plotting the
frequency spectra of the measured noise signal and computing their range (max — min)
the pit initiation rate may be estimated.

US 6,015,484 Martinchek and Yaffe

This patent describes a three electrode arrangement with a ZRA between two of the
electrodes to be used to measure EPN and ECN. A dc current bias is applied in order
to promote pitting corrosion on the test electrode. Of the three electrodes, two are
made of the test material; the third may be an inert reference electrode. Alternatively,
the test electrode may be the plant item itself. Either statistical processing or transform
into the frequency domain are used to relate the EPN and ECN signals to localised
corrosion propensity.

US 6,264,824 Reid and Eden

This 70+ page patent relates to the analysis of EPN and ECN signals using neural
networks with a view to recognise signal patterns corresponding to the various forms of
localised corrosion attack.

Measurement of ECN is carried out using a pair of similar electrodes connected
through a ZRA, EPN is measured using a third (reference) electrode. The resulting
noise time variations are digitised and their statistical properties (mean, standard
deviation, skewness and kurtosis) are computed.
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The body of the patent describes in some detail the process of training a neural
network for the recognition of the signal patterns, which is a standard procedure used
in neural network design. The process of computing the higher statistical parameters
(skewness and kurtosis) is also a standard practice and had in fact been used by
Hladky and other workers in CAPCIS since approximately 1983.

The originality of the patent only appears in Claims 22, 24 and 27, which claim the
means of computation of the higher statistical parameters to be a neural network. This
is somewhat misleading, since in practice a neural network would not be used for the
computation as such, but rather for the differentiation between sets of parameters.

WOO0034759 Eden

This patent is a precursor of the approach used in the SmartCET and CorrTran
devices. The patent describes the use of a two electrode system where one electrode
is formed by the surface of the plant item itself and the other if an electrically insulated
probe element made of the plant material.

The measurement procedure uses a cycle of three techniques. Firstly, ECN
measurement is carried out either with or without added dc bias. The ECN response is
analysed in terms of its statistical parameters or by frequency domain analysis and
localised corrosion rate is calculated from the mean dc current and ECN. After a period
of time, a low frequency sine waveform is applied to the two electrodes and harmonic
distortion analysis is used to determine corrosion current density and the Tafel slope
constants. Finally, a high frequency (2 kHz) waveform is used to measure the
conductivity of the environment.

The patent does not include any details of the measurement circuitry.
US 6,280,603 Jovancicevic

This patent was assigned to Baker Hughes Inc (Petrolite). Petrolite has a long history
of supply of corrosion monitoring equipment.

This is the first patent, which uses a three electrode potentiostat arrangement to
measure ECN. The method used is that of a three stage cycle. The free corrosion
potential of a test electrode is measured with respect to a reference electrode for a
period of time to obtain an EPN response. The corrosion potential at the end of the
EPN period is stored, the cell is brought under potentiostatic control and the potential is
held at the stored value while the resulting cell current is recorded as ECN. In the third
period of the cycle, the potentiostatic control is removed and the test electrode is
allowed to recover. The cycle is repeated as necessary. Corrosion rate is computed
from the changes in the dc values of the potential and current at various points in the
test cycle.

It should be noted that the patent text and figure numbering are somewhat unclear in
parts and that the claims are poorly formulated.
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US Patent Application 2004/0149594 Eden

This is a patent application for the technology used in the SmartCET and CorrTran
devices, namely the measurement of corrosion rate using harmonic distortion analysis
and electrochemical noise measurement using a three electrode potentiostatic circuit.

The sequencing of the measurement, i.e. the measurement of the harmonic distortion,
followed by a measurement of electrochemical noise and a measurement of the
electrolyte conductivity, is described in the body of the patent but is not included in the
claims.

Close examination of the 42 claims of the patent reveals nearly all of them to be prior
art.

Claim 1 is a combined description of electrochemical noise measurement (ECNM) and
harmonic distortion analysis measurement (HDAM), both being prior art at the time of
submission of the application. Claims 2 and 3 expand the scope of Claim 1.

Claim 4 is possibly innovative in that it describes a comparison of the results of the
ECNM and HDAM techniques. However, the comparison of results obtained by
different measurement techniques is normal practice in scientific investigations.

Claims 5 and 6 define the probe electrode arrangement and are self-evident.

Claim 7 defines that potential difference between two of the three electrodes shall be
maintained at zero volts during the measurement. This is what a ZRA measurement
does and hence this is prior art.

Claims 8 and 9 and 12 describe measurement of EPN and ECN by periodic sampling
of the signals. This is a standard practice in analog to digital conversion and prior art.

Claims 10 and 11 describe the computation of statistical descriptors of the current
noise signal. This is a standard practice in the statistical analysis of experimental data
and not an innovative step.

Claims 13 and 14 describe the same process relating to the EPN measurements.
Claims 15 and 16 describe the application of a low frequency sinusoid to the test
electrode. This is a standard practice in electrochemical impedance spectroscopy and

not an innovative step.

Claim 17 covers a situation where the perturbing signal is applied during the noise data
acquisition. It would not make sense to do this in practice.

Claim 18 describes the measurement of a current response by measuring the current
flowing. This is a standard and a self-evident method of current measurement.

Claims 19 and 20 describe the computation of the standard deviations of the EPN and
ECN signals. This was already described in foregoing claims and is prior art.
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Claim 21 describes the analysis of the harmonic content by periodic sampling of the
signal. Periodic sampling of a signal is a standard practice in digital measurement and
alone cannot provide harmonic content information.

Claim 22 describes analysis of the current response signal in terms of its harmonic
components. This is the principle of harmonic analysis and is prior art.

Claim 23 describes the Discrete Fourier Transform (DFT) method, a well established
prior art.

Claim 24 is possibly innovative as it describes a comparison of the measured ECN
standard deviation to the current response of the test electrode at the fundamental
frequency of the applied sine waveform.

Claim 25 is as Claim 23 prior art, here applied to the second harmonic frequency.

Claim 26 is as Claim 24, again possibly innovative and concerning the second
harmonic of the applied sine waveform.

Claim 27 is as Claims 23 and 25, here concerning the third harmonic.

Claim 28 involves the computation of the corrosion current from the harmonic data.
This is well established prior art.

Claim 29 involves a comparison of the calculated corrosion current and the standard
deviation of the ECN signal. In some aspects, this could be considered innovative.

Claims 30, 31 and 32 describe the calculation of Tafel and Stern-Geary constants from
the harmonic data. This is well established prior art.

Claim 33 describes a comparison of the Stern-Geary constant to the standard deviation
of the EPN signal. This could be considered a novel step, although in practice it
equates to comparing two physically unrelated quantities.

Claim 34 describes the standard method of corrosion rate calculation using the linear
polarisation resistance technique.

Claims 35 to 41 describe additional mathematical manipulations of the measured data,
being an attempt to patent a set of mathematical formulas.

WQ0O3106976 Cottis

This patent describes an innovative electrochemical noise measurement technique,
which may however be difficult to implement in practice.

The described technique involves a simultaneous measurement of the test electrode
EPN or ECN together with a measurement of the test electrode impedance. A single
test electrode is used made of the plant item material together with a reference
electrode and an inert auxiliary electrode. The circuit arrangement is that of a
potentiostat or galvanostat. When under potentiostatic control the ECN signal is
measured and the EPN signal is calculated using the measured test electrode
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4.2.

impedance. In the case of galvanostatic control the situation is reversed, i.e. EPN is
measured and ECN calculated.

In the potentiostat arrangement, the potential of the test electrode is held at some level
(which could be equal to the free corrosion potential) and a small perturbation is
applied around this potential. The current response of the test electrode is filtered as to
recover the response at the perturbation frequency and the test electrode impedance is
computed using standard techniques. The remaining current signal is analysed using
ECN analysis techniques. EPN is calculated from the ECN data and the test electrode
impedance (which will vary with frequency).

Other Patents

The remaining patents tend to deal mainly with specific applications of the
electrochemical noise technique and range from interesting to completely bizarre
(US6524466 and US6551491). The Mitsubishi patents are only available in Japanese.

Harmonic Distortion Analysis
There are two relevant patents in existence, both by Syrett and McKubre.
US 4,658,365 Syrett and McKubre

This patent relates to the measurement of harmonic distortion on cathodically polarised
electrodes. A sinusoidal voltage is superimposed onto the cathodic protection voltage.
The resulting current is analysed in terms of the rectified dc value and the amplitudes
of the harmonic components (0 to 5). An iterative computation method is then used to
calculate the anodic dissolution current at the cathodic protection voltage and hence
the metal dissolution rate.

US 5,006,786 McKubre and Syrett

This follow-up patent extends the applicability to general corrosion rate measurement
at any overpotential, including freely corroding electrodes.

The body of the patent presents a derivation of the harmonic distortion analysis
equation arriving at the Meszaros formula. A similar equation is derived for the case of
overpotentials other than zero. The body of the patent carefully notes the scope of
applicability of the technique — i.e. only to systems under activation (Faradaic) control.
In as far as it is possible to patent a mathematical formula this patent covers the
measurement of corrosion rate using harmonic distortion analysis.

Similar European and Japanese patents have also been granted to the authors.

©2005 KH Design and Development Page 16 of 25 July 2005



Pepperl+Fuchs Inc.

KH Design and Development

Overview of Corrosion Monitoring Technology

‘UBWIDY) U| "S[9A3| Op |eulblio 8y}
JOBJIXS 0} UOIJED1}1}08) SNOUOIYDUAS Buisn usy) ‘vz
e pue Jajow)joA e usamiaq Apides asayy Buiyoyms

poyjew

Aq s9p0Jj08[d 0M) WOJ) NDT pPuUB Nd3 4O Juswalnses|y| Juswainseaw uoisolioD) J9|1Y2S 9661 A €0 [2661 Bny 82 9067196130
ifusy
|elsyew ‘lwnzesep
"asaueder u| "opo.}0d|e 8ouUBlRl B UM NdJ pue 2l||e}8W JO UOISO0JI00 dion weayn ‘oablysg
VHZ & pue S9po1jos|e om} Wwoljy NOT Jo Juswainses|y| Buunsesw Joj snjeseddy 1ysignsyiiy ‘B)BINA 9661 1dv 0¢ 8661 Uer £ 9286100Ldr
uoneswJad
uaboipAy Buissesse
‘Aym auns JoN "opis Buisuas uaboipAy ay} uo Joj sseo01d pue ZoWo9)
V¥Z e pue ND3J sasn "Josuas uoneawsad usboipAH| Josuss |eodiwayo0.309|3 seigoliad ‘oquier 9661 1elN 1 |6661 uer gl $028585SN
'S||89 J8oued s}09)}e( Ajnoe oljogelaw
“WINIPBW 8JN}IND Ul PasJaWW| S9PO0JJ03|] "9ouUaId)al pue JnoiAeyaq Jejnj|ao
e se pJiy} ‘vz e Ag pajdnod om} ‘sapoJjos|e 9aly}| SSasse 0} Juswainseaw uap3 ‘Asjoop
Buisn Juswalnseaw aoue)sisal asiou pue NOJ ‘Nd3 9SI0U [B2IWBYD04}09[] 1SINN ‘Ralean) ¥661 dos 0¢ [000Z ver #0 68801L09SN
‘jusjed suoneJsjouad
9qo.d "Bupjoelo ssaljs $}09)9( '|9SSOA |enjoe jsuiebe |[9SSsaA jo Buuoyuow 0D 2U09|3
Bunseaw aqoud e Buisn NO3J pue Nd3 Sainseap [eolwayooujoal3| esnoybunsapn| usp3 ‘Aueoy €661 Uer gL |ye6lL unr Lz 627£2ESSN
‘swia)sAs ainjesadws) swia)sAs alnjeladwsy
ybiy Joy Jusjed aqoud e Ajuiepy Juswainsesw ybiy ui Burioyuow NOW ‘X0D
Ok 0S|y "9p0.j09|d 92UdIB4AI B UM Nd3 pue UOIS0JI0D SWI} [eal Joy 09 21399|3 ‘Joybejen
VHZ B pUe S9p0Ijos|e oM} Wolj NOT JO JUBWaINSES|  poyjsw pue snjeseddy| asnoybuisapn| ‘@87 ‘Mojyim 2661 AON 0¢C [¥661 INf 60 29821 1760M
‘jusied 8qo.d ‘8SIou |EDIWBYD0J109[0
10} pasn 8q pP|N0Y 'S8P0JJ08|8 UO-4ols Wil uly | SJOSUSS UOIS0LI0D P11 avd X0) ‘Uews 2661 Bny 10 (7661 994 G1 1G€9825SN
sa)el uoneniul
ud Aojje wniuiwnje
‘uoneniul jid sujwialap| jo uoneulwis}ep BY} IO}
pue eJjoads asiou jojd 0} ] 44 S9SN "9p0III9|D }sB}| anbiuyos} Juswainsesw
B pue 9poJjoaje aoualajal e Buisn Juswainseaw Nd3 9SI0U [B2IWBYD04}09[] AneN sn JB|IIN 1661 AeN 9z |z661L dos 62 €9115L5SN
anbluyos)
ININ BU) JO sioejole sainseaw A[aAoayg -eouepadwl eJjoads eouepadwil
9SI0U SOALIBP pue asiou Uo sisAjeue |eJjoads |e0IWaY00I}08|0
NI\ S90Q "9p0J}09|8 82UdIBJaI B UM Nd3 pue Buionpoud Joy P J1e) ‘uap3
VHZ B pUE S8p0Jjos|e oM} WoJdy NOT Jo Juswainses|y|  snjesedde pue poydN|  yose sioded ‘uosmeq|€00g unr 0Z |1661 1IN €2 |S661 Unr 0Z 19852+¥SSN
"xapul Bunyd pue asiou aouejsisal
S9)e|nojeD "9p0I}0a|e SoUdlaRl B YIM NdJ pue
VYZ B YlIIM SBp0Jj0a[e OMm} Wodj NDT JO JusWwainses|y| uosme(
‘Jusjed asjou soueysisal pue NOJ [eUIBLO Bulojiuow uoIS0LI0D P¥1S10dVD|  ‘uyor ‘usp3|#00z Bnv 81 |9861 Ae Z| |2661 Bny 8l 1296€L5SN
‘AJIAlIOR Pas|edo| JO Junowe o} paje|al
uoleinap pJiepuejs sysebbng -esjoads asjou ashjeue
0} 144 S8SM "9p0.J108|d 92UBIBLAI B pUB BpO0JI09Id
1S9} B Wouj Nd3 seJnses|y ‘Jusjed Nd3 [euibuo Burioyuow uoisoLI0D 1SINN ApeIH|200z ver S0 |Z861L uer S0 |9861 JEN LI 8/95/.5¥SN
Arewwns aaubissy J01UBAU| paJidx3 Aiold| areganss|| Jaqunp juared

July 2005

Page 17 of 25

©2005 KH Design and Development



Pepperl+Fuchs Inc.

KH Design and Development

Overview of Corrosion Monitoring Technology

" Jojoey uoneanoe,
sejndwo) "Juswieal) Jejem jo8lul pue uoIS0.I0

UOIS0.I00 PazI|edo] Jo
uoIgIyul pUE UoNOS}ep

ps8sl|ed0] 10818p 0] NO3 PUE ¥d7 JO uoljeuiquo) 8ull)-|eal 1o} ss8d0.d 0J J9)jl4 SN uiep 0002 unr ¢g (200 1elN 21 /G1GSE9SN
sjuswainNseaw asiou
"ysiul} 80BHINS JUBIBYIP B BABY S8PO0JJ03|8 |eoiwayo0.4309|e Buisn
OM} 8y "9p0.J}09]o 9ouaIdjal B YIM Nd3J pue Buojyuow uoIso1I00 adod “uelq
YdZ B pue S8poJjog|s OM] Wodl NO3 JO Juswalinsesiy Joj ubisep apoJjos|3| obeolyd jo lun| ‘uep IS ‘ur 000Z AeN 81 [L00Z dos Gz ¥,01¥629SN
pini
‘asaueder U] "elpaw aAloNpuod| olueblo snosnbe-uou ul
-UOU Ul 8SN 104 "9p0.J}09]0 99UdJ8)al B YIM Nd3J pue| uoiso.i0o Buunseaw Joj diop wayn oeye|
V7 B pue s8poJjos|e om) wol NOT Jo Juswainsesyy| snjesedde pue poyia lysignsyiy ‘lwnzesep 000Z ver 9z [1L00z Bny €0 €1/.82100¢dr
adid [eyow e jo Jaquiaw
Bunensul Ajjewsayy
"jusjed 8qoid "9sIou |edIWBY0I}08|8 U] UIYlIM paulejuod| py sluawisanu|
10} pasn aq p|no) ‘aqoud uoisouoo buibbel-lepun SJIOSUSS UOIS0LI0D) nubayu| MIND 6661 Uer 9z 1000z Bny €0 8¥7LS¥000M
*AjjoaJIp 8)el UOISOLI0D 8}e|Ndjed 0} 8|ge aq 0} swie|D
‘'sjeaday "ND3J pue jualind sainseaw pue apo.os[d
pJIY} B pueB 9p0.J109|o 1S9} Usamiaq jeisonualod
10 \V¥Z B S}O8UU0D UBY) ‘9p0J}os|d 80uUalajal| u0IS0LI09 1o} anbiuyoa) ou|
e Jsuiebe apou}o9|d 1S9} JO Nd3J pue [enusajod sainses|y asIou |eolwayo04}09|3| saybny Jexeg| olnsdoueAor 8661 920 0l [L00Z Bny g2 £090829SN
"Jeisonuajod
e pue Juswabuelie 8pojos|s 83y} B Yim NOJ
pue sisAjeue oluowiey Buisn YdT JO JuswainNses|y P17 SjuSWSaAU|
jusjed NDJ sisA|eue oluowley ayj Jo UoIsiaA AlJe] Bulojiuow uoIs0.1I0) nubayy| uap3 8661 220 20 |000Z unr G| 6S/¥7S000M
sassaooud
|eoIWay204}09[8
18Y}0 pue UoIS0.1I0D
"pasn S| 8SI0U |EDIWBYI04109]8 81aym aIns JoN| pasiieso| Buinseaw Joy
"V¥Z B 0} pPaj0suu0d yoes ‘sapoijosjaololw jo Aeury|  snjesedde pue poyisiy unj 8661 unr 80 (000Z 120 /1 £652€19SN
"AlIAlOe pasi|eoo] Jo sainjeubis J0a}ap 0} }Jomiau
|einau Sas( "8poJjoa|e adualaal B YIm Nd3J pue P17 SjusWisanu|
\YHZ B pue S8poJjos|e 0M] WoJ) NOIF JO Juswainses|\ | UoIS0JI09 JO JUSLISSaSSY nubs| usp3 ‘ploy 8661 984 0¢ |1L00¢ INr ¥Z ¥28¥929SN
‘|loA8| awos 0}
paselq op S| Y7 "9p0Jjos|e 80uaiajal B Yim Nd3 pue UOIS0.J0D| QU] SjUBWINIISU| aleA
\YHZ B pue S8poJjog|e OM] Wod) NO3 JO Juswalinsesiy Bunyd jo uonosie@ Awes|  “Yoyouiuep /661 AON 92 |000¢ ver gl 78¥5109SN
‘pajuaied
106 aABY pIN09 SIY} MOY 8.Ins JON "8SIou Uo siskjeue uoiso.1100 Bunud
|esjoads s80( "9p0JI08[e SduBIS8jal B UM NdJ pue| pasiieoo) jo Buuojuow Nueld ‘uiep
VYZ € pue $8poJjos|d OM} WOUi NO3 JO Juswainses|y 8y} Joy sseooud nys-uj| obeoly9 jo lun| 1S ‘ur ‘edod /661 1el\ 80 |6661 JeN 0E 7.£€8885SN
|eLajew
‘asaueder U] 'Nd3J ainseaw olj|e}aW JO d2IA8p diop way)n eyeinA
0] S9P0JJO9|9 JO Jaquinu B Usamiaqg Yoyms o0} sieaddy Buunseaw uoiso1i0) Iysignsyn ‘oablys 9661 990 60 8661 unr 9z 28%0.10Ldr
Arewwns 9L aaubissy 101UBAU| palidx3 Aiold| areqganss|| Jaqunp lualed

July 2005

Page 18 of 25

©2005 KH Design and Development



Pepperl+Fuchs Inc.

KH Design and Development

Overview of Corrosion Monitoring Technology

$84NJONJ)S SAIONPUOD ou|
"8JnjoNnJ}s |ejJaW B Jo uoIsolioo sdojs asiou|  Jo UoIso4I00 Bunuaaald| Jojonpuooiwes soealdg
[BO1WBY00.}0818 IN0 Bulisy|y 1eym jusied Amelos | Jo walshs pue poylei palddy ‘Buimo( 1L00Z AON 60 [£00Z 4dV ZZ L6¥1559SN
‘assueder u| "|oJjuoo |elsiew [eyaw
e|d 0} )oeqpas4 "8poJ}oale adualalal B Yim Nd3 pue| Joj snjesedde Buiuoddns diop wayn
V¥Z B pue $8p0Jjod|d OM} WOJj NDIT JO JusWaInses|y -|0JjU0d UOIS0LI0D 1ysignsyi lwnzese 1002 190 €2 [200Z 120 €0 8/,9982200¢dr
‘asauede U] "9}el UOIS0LI00 pUB 8SIoU 90UE}SISal
S9)e|N0je) "9p0I}IB|e 90UBI9AI B UIM Nd3 pue 92IAap dion wayn
V¥Z B pue $8p0Jjod|d OM} WOlj NDIT JO JuswaInses|y Buunsesw uoisoLI0 1ysignsyi lwnzese 1002 190 €2 [200Z 120 €0 £299822002dr
"asaueder u| "asiou aoue)sisal |eusjew
S9)e|N0je) "9p0I}IB|e 9oUBI9AI B UIM Nd3 pue 2J||e}8W JO UOISOLI0D dion wayn
VHZ B pue $8p0Jjod|d OM} WO} ND3T JO JUSWSINSES|\ Bulnseaw 1o} 8d1re(Q 1ysignsyi lwnzesep 1002 190 €2 (2002 1°0 €0 22¢998¢200¢dr
‘ND3 sainsea|y
'0J9Z Je JuaInd Op ulejulew o} yjed juaiind sia)ji4 -op
anowal o} [eubis NdJ S18}|14 "Sep0.joa|d daiy} sasM Buliojuow UoIS0LI0 uopusyy L00Z I 80 |#002 Bny 2| 68892/9SN
‘jusjed 8go.id "UOISOII0D Pas|edo|
109)0p 0} 8s8Y} U0 NDJ S8INSeal) "Sop0.}0a|o0.oiw Buriojuow UoIS0.1I00 anysu|
Jo Aelse ue sasudwod apouoale Aleljixne |BOIWBYD0.1}09|9 yoJeasay
ay} Ing Juswabuelle opejsonualod apoIldd|e 3yl J0} Aeuse Josuag 1samuyinog| Jeypus ‘Buep 1002 4N 22 |¥00Z ver /g £9¥£899SN
"90I1A8p Ukl 110D AeDuewWS Ajlenjuassy jeysonusiod
e pue juswabuelie apoJjosle 9aly} e Yim NOJ uonjeJjouad U0ISOJI0D
pue sisAjeue ojuow.ey Buisn ¥d JO Juswainsesyy|  pasi|edo| Jo uojews3 usp3 1002 JeN 80 |#002Z Bnv 50| ¥656%10/#002SN
[[BUUODIN
sagn} Jsjl0q aoeulny Jo ‘uos|aliqen
‘uajed aqold ‘Buloyuow | uoisoliod Buljonuod pue|  p}] suonnjos ‘usp3g
U0IS0.100 8gn} 43]10g 0} NOI/Nd3 JO uoljeol|ddy Bupoyiuow jo poyely| uoisouog yS3|‘selqo] ‘usalg 1002 984 9¢ (2002 AON 1L 8¥68.79SN
Jusied
aqoud e Ajjeiued "nys-ul sbuneod jo Bunssy oy pasn
"|192 uo-dwe|d e Ul PauIBlUOD SBP0JJS|T "9P0IJIdID 9S|0U |BOIWIBYI04}09[D
1IXNE 18Ul Ue pue 9p0.jos|o 80ualalal e ‘9polosle uo paseq waj)sAs Jake ‘somog
}s9} 91buys e Buisn NOJ pue Nd3 JO juswainsesyy juswssasse bueon AneN sn|  ‘l1ensipany 000z das 1z |£00z bny 92 1G11199SN
suoijnjos aseydiynw
‘aseyd snoanbe-uou ul UOISO.LIOD ainseaw ul 9sn Jo} Wa)SAs| p1] Spuswinsu|
0} ¥d7 Payoums sesn -Jusjed asiou e A|jeal JoN Bulioyuow uoisol0) NOV o 000¢ Inr 61 |¢00¢C 994 L¢ 1/6G9€2499O
S8INJONJIS pue S80INSP oealdg
|e2Ipawolq JO UOISOJI0D ou| ‘Buiimoq
‘Buiyifue 1noge 1snf Jo uoisol100 8y} sjusaald asiou|  pue Buinoy Buuaaaid| JojonpuodIWas ‘odeub)
|e0IWayY001109|8 J0 N0 Busyly aiaym Jusied AMaIos 7|  Jo we)sAs pue poyis|y paiddy| ‘einjuseneuog 000Z INF 8L |£00Z 94 SZ 99%%259SN
‘pasn s| AInoud|  wiaysAs uawieal) Jayem
Jeym Jeajo JON juswieal) Jajem Joaful pue UOIS0LI0d| B Ul SBAIPPE [BDIWBYD
PpasI|e00] 108}8p 0} NOJ PUB Hd1 40 Uojjeulquio)| Jo uofeziwido olweuig 0D J8}lid SN ullep 000¢ unr ¢¢ |2¢00¢ Inr 9L /1861¥9SN
Arewwns ETIIE aaubissy 101UBAU| palidx3 Aiond| areqenss|| laqunp 1usred

July 2005

Page 19 of 25

©2005 KH Design and Development



Pepperl+Fuchs Inc.

KH Design and Development

Overview of Corrosion Monitoring Technology

seb anj} ul usp3
usjed aqold| eluowwe jo josuoo pue ‘uos|aLiges
"NOI/NdT Bunojuow Ag uoios(ul BJUOWIWE JO |04U0D| JuBWaINSesW ‘UoiosleQ ‘usa.g €002 4dv Z0 [£002 390 20 | 62£7810/£002SN
*AJIAI}OB PasI|eo0] }08}9p puUE UOISOLI0D
ainseaw 0} ND3/Nd3 PuUe siy} sesn "oeq oe 186 0} uoisos00 Buloyuow Joy
asuodsal sJa)|i4 "op uo pasodwiiadns abeyjjon oe sesn|  snjeledde pue poyisn 1SIAN sion Zooz unr /1 |£00z 224 2 9/690LE00M
1uajed aqoud e Ajented 1@ payeay ybnouyy a|eos oluebioul
-MOJ} B Ul UOI}BLIO} 8[BDS 109)ap 0} pas( ‘jejsonuajod| JO |0U0D pue uoios}ep
e pue juswabuelie apoIjoaje 931y} B Yum NOJ |eOIWBYD01}08|d 10} P17 sbuipjoH
pue sisAjeue ojuowley Buisn Yd7 0 Juswainses|y| poylew pue snjeseddy J100J83U| usp3 200z 1dv Zo |¥00z des gz 6¥712629SN
sagn} Jejeayal
pue Jajeaysadns oueAlBA
JO UOIS0.1109 Buljjonu00 “1soBusoalyog
‘jusjed agold pue Buuojuow ‘uos|alges
"sainjesadwa} ybiy 18 NOI/NJT JO Juswainsesy [ereds Jo poyleN ‘usalg ‘usp3 200z 4dv Z0 [£002 190 20 | 2£5£810/£002SN
Alewuwns ETNE 2aubissy 10JUBAU| pasidx3 Aioud| areq anss|| JaqunN jusared

July 2005

Page 20 of 25

©2005 KH Design and Development



KH Design and Development Pepperl+Fuchs Inc.

Overview of Corrosion Monitoring Technology

5. SMARTCET — CORRTRAN APPROACH ANALYSIS
The SmartCET and CorrTran devices appear to operate on similar principles.

Both use a test probe comprising three nominally identical electrodes. The circuitry
cycles through a measurement cycle comprising corrosion rate measurement,
electrolyte conductivity measurement and electrochemical noise measurement.

Depending on the configuration of the devices, the corrosion rate of the test electrode
and the localised corrosion propensity are computed from the measured parameters
and transmitted to the host device (via RS-485 in the case of SmartCET and 4-20ma
loop / Hart protocol in the case of CorrTran).

A circuit diagram of the SmartCET device was not made available for the purpose of
this report and hence the following discussion applies only to the CorrTran
implementation. It is understood that the SmartCET circuit configuration, operation and
measurement sequencing are similar to that of the CorrTran device, albeit using
different semiconductor devices and a slightly different circuitry.

5.1. Conductivity Measurement

The CorrTran device attempts to measure the conductivity of the electrolyte using a
1 kHz, 50% duty cycle square waveform, switched between 0 and 30 mV levels. The
test electrode is potentiostatically polarised to the potential of the reference electrode
and the polarisation current is applied using a third, auxiliary, electrode. All three
electrodes are made from the same material and are of identical shapes and surface
areas.

The polarisation current is measured as a voltage drop across a 1kQ resistor in the
auxiliary electrode path. This measurement is carried out asynchronously to the applied
waveform, at 1 second intervals, and the result is averaged over a 30 second period.

This measurement approach is somewhat unusual. Normally, electrolyte conductivity
would be measured using say a sinusoid voltage waveform of a sufficiently high
frequency (>1 kHz) as to minimise the effects of electrode processes, taking care as
not to apply a mean dc voltage to the measurement electrodes. The resulting current
response would then be rectified and averaged to give a dc value proportional to the
electrolyte conductivity.

The CorrTran approach polarises the test electrode by the mean of the applied
waveform (15 mV) for the duration of the measurement. This in itself would be of little
consequence, as long as an appropriate length of time was allowed at the end of the
measurement for the test electrode to depolarise. Of more concern is the measurement
method, which will be affected by any distortion of the perturbation signal by the test
cell impedance, by the dc current, resulting from the test electrode polarisation and by
the position of the analog to digital converter sampling window in time relative to the
applied waveform. The approach adopted is hence unlikely to result in a measurement
related to any degree of accuracy to the electrolyte conductivity.

The measured electrolyte conductivity does not always appear to be used in the
corrosion rate calculations.
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5.2.

Harmonic Distortion Measurement

The CorrTran device uses a 0.01 Hz sine waveform to measure the real part of the test
electrode impedance. Additionally, a measurement of the second and third harmonic
content of the cell current is used to determine the Stern-Geary constant and the
corrosion current using the harmonic distortion analysis (HDA) method.

The HDA method is not always used in practice and the device employs a ‘fallback’
user programmable or default value for the Stern-Geary constant.

The 0.01 Hz sine perturbation of 25 mV peak amplitude is generated using an accurate
digital to analog converter as a series of 100 voltage steps and is symmetrical about
zero. It is applied to the test electrode using a potentiostat circuit, as for the
conductivity measurement. The period of measurement is one cycle of the applied
waveform, i.e. 100 seconds.

Prior to each successive step of the applied waveform, the cell current is measured
using a 20 bit sigma delta analog to digital converter. A discrete Fourier transform
(DFT) method is used in real time to compute the amplitude of the fundamental,
second and third harmonic components of the current response by multiplication of the
individual current data samples by the respective sin(wt), sin(2wt) and sin(3wt) values.

Although theoretically correct, there are obvious practical difficulties to this
measurement approach.

The harmonic measurement is started immediately following the conductivity
measurement. At that point, in the measurement cycle, the test electrode would have
been polarised to +15 mV by the conductivity measurement waveform and hence a dc
offset will be present in the sampled cell current measurement data, which will decay
over the 100 second measurement period. Additionally, any changes in the reactions
occurring on the test electrode surface will result in a slow drift of the measured current
— electrochemical current noise of 1/f spectral density. As no trend removal or
windowing are used prior to the DFT computation and the measurement is carried out
over only one cycle of the perturbation waveform, this will lead to severe errors in the
estimates of the magnitudes of the frequency components of the current response. In
particular, any discontinuity in the data (last — first data point difference) can give rise to
a considerable error in the estimate of the third harmonic.

It should be remembered that the harmonic distortion analysis formulae used for the
calculation of the corrosion current, Tafel slopes and Stern-Geary constant are
applicable only to activation controlled processes, a situation unlikely to exist in a
practical application. A simple simulation can also be used to show that the
approximations used in their derivation only hold true for a limited range of Tafel slope
values.
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5.3.

54.

Electrochemical Noise Measurement

The circuit arrangement for the measurement of electrochemical potential and current
noise is also somewhat unconventional and seems to show a basic lack of
understanding of the operation of a potentiostat circuit.

Electrochemical current noise measurement is carried out by polarising the test
electrode to the potential of the reference electrode (zero applied overpotential) and
measuring the resulting current between the test and auxiliary electrodes. Any
fluctuations of the reference electrode potential will result in fluctuations of the cell
current as the potentiostat circuit attempts to maintain the difference between the test
and reference electrodes at zero by injecting a current via the auxiliary electrode.

This is not the same as measuring the ZRA coupling current between two ‘identical’
electrodes in the conventional implementation. In the present case, there in no
measurable current flowing between the two electrodes (test and reference) being held
at the same potential, due to the high input impedance of the reference electrode
connection. The auxiliary electrode will be polarised to some indeterminate potential
dependent on ratio of it's and the test electrode electrochemical impedances,
electrolyte conductivity and the magnitude of the cell current. This is a basic effect of
the operation of the potentiostat circuit and is usually of no consequence as the
potential of the auxiliary electrode is usually of no interest. The auxiliary electrode is
normally made of an inert material and is simply used to inject a current into the cell
electrolyte and to the test electrode.

Electrochemical potential noise is measured as the potential difference between the
auxiliary and the test electrodes. However, as the potential of the auxiliary electrode is
being altered to some indeterminate value by its inclusion in current path of the
potentiostat circuit this measurement is largely meaningless.

The EPN measurement result is not used in any of the computations and is not output.

The ECN and dc current measurements are then used for the calculation of a
‘localisation factor’. The firmware employs a convoluted set of rules, presumably added
to account for situations where the noise and harmonic measurements do not give
‘acceptable’ results, and several ‘fiddle factors’ to compute this value and to place it
between the bounds of 0.001 and 1.

Conclusion

The present circuit arrangement and operation of the SmartCET and CorrTran devices
are unlikely to give reliable measurements of the corrosion rate of the test electrode.
Although the ‘localisation factor’ parameter, as output, will probably be related in some
way to the degree of localised attack propensity on the test electrode, the method of its
measurement and computation have little, if any, sound theoretical basis.

The actual corrosion rate measurement aims at a high degree of accuracy. It is
doubtful whether this is achievable using any electrochemical technique. In practice, it
is measurement reproducibility that matters — the user is often primarily interested in a
reliable detection of trends and changes of the corrosion rate. The present CorrTran
device gives an unacceptable amount of scatter in the corrosion rate output.
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6. COMPETING MANUFACTURERS AND TECHNOLOGIES

There are several manufacturers of on-line corrosion monitoring equipment for plant
use.

The ‘industry standard’ technique is that of electrical resistance measurement, since
advances in both probe construction and measurement circuitry have improved its
sensitivity and responsivity. Electrical resistance (ER) probes and instruments are sold
by Caproco, Baker Petrolite, Metal Samples and Corrmon.

Instruments and probes based on electrochemical techniques are usually sold by the
same manufacturers as ER devices. The LPR technique used is normally that of a
simple dc polarisation measurement using either two or three electrode probes.
Although a localised corrosion detection capability is often claimed, this is usually at a
very unsophisticated level.

Portable instruments predominate in the market — the choice of devices capable of
permanent installation and an easy integration into existing plant automation systems is
very limited.

Electrochemical corrosion rate measurements continue to be viewed as a ‘specialty’
technique and are perceived as being harder to interpret and being less reliable than
ER measurements. The corrosion monitoring market tends to be very conservative and
it can be difficult for new techniques to gain acceptance in the mainstream oil, gas and
chemical process industries.

Caproco supply a portable LPR instrument. It uses a very simple measurement
technique and operates on 2 and 3 electrode probes.

Baker Petrolite supply equipment made by ACM, a portable instrument with a
laboratory use origin. This is capable of diverse electrochemical measurements but is
not intended for on-line monitoring in a permanent installation. The company also
supplies simple LPR instruments.

Metal Samples supply hand held instruments and devices for permanent on-line
installation. The technique used is that simple dc LPR measurement.

Rohrback Cosasco supply a range of portable and field mountable instruments.
Although the company claims to measure electrochemical noise, in practice the
instrument simply measures the dc voltage between the two test electrodes.

Corrmon specialise in electrical resistance based instruments and supply some LPR
based equipment.

Corrosion Instruments supply LPR devices developed by the Southwest Research
institute, mainly intended to operate with their range of multi-element probes.

ACM supply a range of instruments, mainly intended for laboratory use.

Intercorr supply the SmartCET device.
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7. CONCLUSIONS

Although the individual measurement techniques used by the SmartCET and CorrTran
devices appear to be covered by a number of patents, close examination shows that
nearly all of the technology could now be considered to exist in the public domain.

The two key electrochemical noise patents have now expired and the harmonic
analysis technology had always been based on open scientific publications.

The innovative step is the use of the combination and sequencing of the various
electrochemical techniques for measurements on a single corrosion probe.

The implementation of the electrochemical noise and harmonic distortion measurement
and analysis in the SmartCET and CorrTran devices has a number of flaws and it is
unlikely that the present measurement circuitry and firmware can give reliable and
reproducible corrosion rate measurements. Further hardware and firmware changes
may be needed in order to make the device operate correctly.

The P+F CorrTran device concept is well suited to the corrosion monitoring market in
regard of its ease of installation, operation and interface to existing control systems. If
operating as intended, it would be technologically superior to any existing competing
products.
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