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DETECTION OF CORROSION RATES IN PROCESS PIPING AND VESSELS

FIELD OF THE INVENTION

16001} This invention is directed to improved detection and/or estimation of

corrosion within refinery pipelines.

BACKGROUND

[G302] “orrosion is a significant problem in petroleum refineries and other
industrial plants which process corrosive materials. Corrosion can cause deterioration
of valves, gauges and other equipment. Corrosion can aiso cause leaks with large
environmental and financial costs.

{3803} Corrosive species involved 1o the production and processing of crude oil and
hydrocarbons may cause metal-loss corrosion of production, transfer, storage, and
processing equipment. Erosive species typically involve fluid and/or solids turbulence
causing metal loss from mechanical actions rather than chemical. For example, these
corrosive/erosive species may be hydrocarbon, hydrocarbon containing materials, or
aqueous, or combinations thereof. Moreover, streams may be single or multi-phase
{solids, hquids, gases).

[6604] Various scnsers can be used to monttor corrosion. In most cases, a s¢nsor
detects corrosion based on a correlation between a measurable property of a sensor,
such as resonant frequency, and the corrosion rate. Typically a sensor will be connected
to a display which can be monitored to determine the relative corrosion rate which has
occurred on the seosor, and therefore potentially has occurred in an associated system.
The most common arcas of corrosion concern in a reaction system are at the interior
wall of a pipe or vessel. To soroe cases, internal vessel componeunts such as baffles or
cyclones may also be subject to corrosion and/or erosion,

[(0O5] An imaportant challenge in obtaining reliable corrosion estimnates using a
sensor disposed in a corrosive process fluid environment arises from the frequent
changes m the physical properties of the fluid — such as ternperature and viscosity -
which alter the measured values for a sensor independent of corrosion. For example, for

a sensor using a mechanical oscillator, changes in the resonant frequency that are
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unrelated to corrosion can be dithcult to distinguish frovo the corrosion-related changes.
This can lead to complications in attempting to determine a corrosion rate based on
analysis of measurcd values related to a corrosion sensor. For a scnsor using clectrical
resistance, changes in the element resistance that are unrelated to corrosion are

sitnilarly problematic.

SUMMARY OF THE PREFERRED EMBODIMENTS OF THE INVENTION

{3606} In an aspect, a method for determining a corrosion rate for a sensor in a fluid
flow in a corrosive or erosive environment is provided. The method includes exciting a
mechanical oscillator disposed 10 a fluid flow; monitoring the mechanical oscillator to
obtain a phuraiity of sampling values at a plurality of tivaes, a sampling value
comprising at least one of a resonant frequency f and a quality factor Q; forming
pattern window vectors having a first window size based ou the plurality of sampling
values, cach pattern window vector being associated with a time from the plurality of
timnes; deterrmining residue values for the pattern window vectors at the plurality of
times based on a mean vector and a vartance, the mean vector and the variance fora
pattern window vector agsociated with a time being based on at least a portion of the
pattern window vectors; identifying one or more residue values greater than a threshold
value; excluding sarapling valucs from the plurality of sampling values that correspond
to times assoctated with the one or more identified residue values; determining a
resonant frequency decrease in the mechanical oscillator based on sampling vahies
from the plurality of sampling values that are different froro the exchuded saraphng
values; and determining a corrosion rate based on the determined resonant frequency
decrease.

{Hi In another aspect, a methoed for determining a corrosion rate for a sensor in a
fluid flow in a corrosive or erosive environment is provided. The method inchudes
exciting a mechanical oscillator disposed in a fluid flow; monitoring the mechanical
oscillator to obtain a plurality of sarapling values at a plurality of times, 8 sarophing
value comprising at least one of a resonant frequency fand a quality factor Q; forming
pattern window vectors having a first window size based on the sampling values;

selecting a memory value y, where 1/ 1s greater than the first window size;
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determining residue values for the pattern window vectors at the plurality of tivoes
based on the selected memory value, a moving mean vector, and a moving variance, the
moving mean vector and the moving variance for a pattern vector associated with g
time being based on at least a portion of the pattern window vectors; identifying one or
more restdue values greater than g threshold value; excluding sampling valucs from the
plurality of sampling values that correspond to times associated with the one or more
identified residue values; determining a resonant frequency decrease in the mechanical
oscillator based on sampling values frow the plorality of samphing values that are
different from the excluded sampling values; and determining a corrosion rate based on
the determined resonant frequency decrease,

HHEIRT In still another aspect, a method for determining a corrosion rate for a sensor
i a fhad flow in a corrosive or erosive environment is provided. The method includes
monitoring a corrosion sensor disposed in a fluid flow to obtain a phurality of sampling
values at a plurality of times, a sampling value comprising one or more racasured
values of the monitored sensor; forming pattern window vectors having a first window
size based on the phurality of sarapling values, cach pattern window vector being
associated with a time from the plurality of times; determining residue values for the
pattern window vectors at the plurality of tirnes based on a mean vector and a variance,
the wean vector aud the vanance for a pattern window vector associated with a time
being based on at least a portion of the pattern window vectors; identifying one or more
residue values greater than a threshold value; excluding sampling values frov the
plurality of samipling values that correspond to times associated with the one or more
wdentified residue values; deternuning a change in at least one measured value of the
monitored sensor based on sampling values from the phurality of sampling values that
arc different from the excluded sampling values; and determining a corrosion rate based
on the determined change in the at least one measured value. Optionally, the monitored
COTTosion sensor can comprise an electrical resistance probe, a mechanical oscillator, or
a combination thereof,

13609) In vet another aspect, 2 method for determining a corrosion rate for a sensor
i a fhad flow in a corrosive or erosive environment is provided. The method includes
determining a change in at least one measured value of the monitored sensor based on

sarapling values frovo the plurality of sampling values that are differcot from the
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exchuded saropling values; and determining a corrosion rate based on the determined
change in the at least one measured valucforming pattern window vectors having a first
window size based on the sarapling values; sclecting a memory value y, where y is
greater than the first window size; determining residue values for the pattern window
vectors at the plurality of times based on the selected memory value, a moving mean
vector, and a moving variance, the moving mean vector and the moving vartance for a
pattern vector associated with a time being based on at least a portion of the pattern
window vectors; 1dentifying one or more residue values greater than a threshold value;
excluding sampling values from the plarality of sampling values that correspond to
times associated with the one or more identified residue values; determining a chaoge
in at least one measured value of the monitored sensor based on sampling values from
the plurality of saropling values that are different from the excluded sampling values;
and determining a corrosion rate based on the determined change in the at least one
measured value. Optionally, the monitored corrosion sensor can comprise an clectrical

resistance probe, a mechanical oscillator, or a combination thereof.

BRIEY DESCRIPTION OF THY DRAWINGS

[60106] The attached Figures represent alternative embodiments of the overall
wvention, as well as coraparative examples. The Figures pertaining to the ioveuotion
arc intended to be viewed as exemplary embodiments within the scope of the gverall
mvention as claimed.

16011 FIGS. 1 — 5 show examples of analysis of frequency measurements of
mechanical osciliators i g thuid flow.

[6012] FIG. 6 shows an example of a corrosion sensor.

6013} FIGS. 7 and 8 show examples of configurations for a mechanical oscillator,

DETALLED DESCRIPTION

Overview

[6014] In somce aspects, the invention relates to a metal loss measurerment system
for the detection of corrosion and for measuring the rate of metal mass loss from a
corrosion sensor, such as a mechanical corrosion sensor. Such a systemn can be used,

for example, measure a corrosion rate for the sensor, thereby allowing an estirnate of



WO 2015/057396 PCT/US2014/058722

the cotrosion and/or erosion rate within a processing environment that s exposed to a
process thuid. The invention may be applied generally to the detection of metal-loss by
corrosion and/or crosion specics in single or multiphase fluids. In particular, the present
invention relates to the on-stream detection of metal-loss corrosion and/or erosion
during an indusirial production process. The actual service environment may be
aqueous, solid (such as solids suspended in a hquid), hydrocarbon, chemical ora
combination thereof.

[6015] In various aspects, one potential goal of using a corrosion sensor is to reduce
or minimize the amount of lost processing time for a reaction system due to both
scheduled mantenance as well as unexpected shutdown events. o general, unexpected
shutdowns of a processing system due to corrosive fatlure of a portion of the system are
not desivable. In order to avord anexpected shutdowns, scheduled shutdown events can
be performed. In the absence of monitoring, the frequency of scheduled shutdown
cvents must be sufficiently high so that cven an unexpectedly high corrosion rate will
not lead to failure of a portion of the reaction system prior to the scheduled shutdown
event. Monitoring the corrosion within the reaction system can increase the time
between scheduled shutdown events by allowing the actual corrosion rate to be
montiored. However, when using conventional corrosion sensors, difficulfics in
obtaining accurate sensor data can limit the confidence m the sensor measurements,
meaning that scheduled shutdown events will still occur more frequently than is
desired. Hf the analysis of the sensor data can be improved to allow increased
confidence in the measured corrosion rate, the time between scheduled shutdowns can
be increased.

[8016] In a corrosive or erosive process fluid environment, 8 COrrosion sensor may
generate two types of data that do not relate to corrosion duc to the process fluid. One
type of data corresponds to data indicating deposition on the sensor. For example, a
hydrocarbon or petroleumn fluid environment can lead to deposition of tron sulfide
and/or other solids {(sometimes referred to as scale deposition) on a sensor. Fora
mechanical sensor, deposition of additional material can alter the physical properties of
the sensor, such as the resonant frequency. For example, if corrosion of the sensor
typically leads to a decrease in resonant frequency, deposition can instead lead to an

wmerease n resonant frequency. Such an increase 1n resonant frequency, when
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measured, corresponds to “uophysical” data that 1s not helpful in determuning the
corrosion rate. As another example, for a corrosion sensor based on clectrical
resistance, some deposited materials (such as iron sulfide) can be conductive and/or
semiconductive, leading (o a decrease in the resistance of the sensor, when an increase
n resistance 18 expected as an indicator of corrosion.

[68317] In these types of situations, data that is “unphysical”, or clearly indicative of
a process other than corrosion, can be excluded. In the case of a mechanical oscillator,
such “unphysical” data can be identified based on the change in slope of the resonant
frequency curve. When corrosion leads to a decrease in resonant frequency, the slope
of the resonant frequency over timae should be negative. When the slope becoroes
positive for a period of time due to deposition, the data during that time period can be
excluded. This allows the corrosion rate to be determined using ounly the portions of
data that match corrosion behavior.

[6018] Unfortunately, some types of events that are not related to corrosion or
erosion are more difficult to exclude. For example, changes in the temperature,
viscosity, or pressure within the process fluid roay lead to (possibly temporary) changes
i the resonant frequency that do vot reflect loss of waterial from the corrosion sensor.
Such changes in the resonant frequency due to other variables may still provide a
negative slope for the resonant frequency over tume, but are not representative of the
truc corrosion rate. Likewise, for electrical resistance probes, changes in process
temperature can cause a resistance change 1o the corrodible element that is not related
to corrosion. The windowed statistical analysis described herein provides a method for
wdentifying and excluding these data anomalics to further improve the calculation of a
corrosion rate for a sensor.

[3019] In various aspects, the measurerment of a corrosion rate for a corrosion
sensor can be enhanced based on use of methods that can automatically extract, and
thus cxclude from analysis, anomalous changes i the resonant frequency of a
mechanical osciliator that are not connected with corrosion and/or erosion of a
corrosion sensor disposed in a fluid flow. Such effects can occur due to temporary
issues with uncompensated noise interference on the sensors, transient remnant effects
from past anomalous cvents, or duc to other factors. A benefit of being able to exclude

anomalous event data is that automatic determination of corrosion rate estitnates can be

-8 -



WO 2015/057396 PCT/US2014/058722

wnproved. The improved estimmates can be based on frequency data that takes ioto
account recent data as well as historical data from the recent past.

[6028] As an exaraple, one or more mechanical corrosion scusors disposed i or
otherwise exposed to a fluid flow in a process environment are monitored over time.
The roonitoring of the corrosion sensors can include, for example, measurement of the
resonant frequency “f of the corrosion sensor(s). Uptionally, additional values can
also be measured, such as the guality factor “(¥” of the corrosion sensor{s}). Optionally,
at least one of the sensors can correspond 1o a reference sensor that is resistant to
corrosion {such as non-corradible) in the fluid flow. The behavior of the measured
valae(s) over time s analyzed using groupings or windows of data to wdentify
anomalous features in the time-average values. For examiple, anomalous features can
be identified based on a threshold value generated froma the analysis. These anoroalous
features are then excluded from the data when determining the change in resonant
requency {and/or other measured values) of the sensor, and therefore are also excluded
when determining the corrosion rate for the sensor within the process environment that
is cxposed to the tluid flow. This can facilitate and improve automatic determination of
corroston rates, so that the reaction system can remain in operation with reduce
concern of an unexpected failure in a reaction systern structure such as a pipcor a
reactor wall,

(6621} The anomalous features can be identified using a windowed statistical
analysis technique. For a monitored corrosion sensor, the value of one or more seusor
characteristics over time is measured. For example, the value of the sensor
characteristics can be measured periodically, such as by measuring at a desired
sampling frequency. Examples of suitable sampling frequencies include once per
sccond, once per minute, or another convenicnt samphng frequency. The measured
data can then be analyzed as a time series. The goal of the analysis is to identify
variations in the tirace series data that are sufficiently unexpected relative to the prior
bebavior of the time series within a given time window. By analyzing windows of data
instead of individual data points, time-dependent patterns can be identified in the data.
Avoroalous features can then bewdentified based on detection of unusual patters over a
time window. Because the anomalous features are detected based on a time window,

an anomalous feature can be detected even though none of the individual data ponts
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appear unusual by themselves. It is noted that the saraphng frequency will usually be
unrelated to any characteristic frequencies of the sensor, such as the resonant frequency
of a mechanical osciliator that is part of the sensor.

[6022] After removal or exclusion of data that is anomalous relative to the expected
corrosion behavior of the mechanical oscillator, analysis of the changes i the measured
values over time should be facilitated. In particular, fewer outlier points should remain,
allowing for an improved fit of a functional form to estimate the rate of change in, for
exarnple, resonant frequency over time. The rate of change in resonant frequency over
time can then be used to determine a corresponding corrosion rate for the corrosion
SETS0T,

[6023] Another option 18 to use an electrical resistance probe as a corrosion sensor.
For electrical vesistance probes, corrosion of the probe 1s measured based oun changes
the resistivity of the probe. Corrosion of the probe leads to loss of cross-section for the
probe, resulting in a corresponding mercase in resistivity, The windowed analysis
technique can be used in a similar manner for an electrical resistance probe in order to
exclude anomalous data when determining the rate of corrosion for the probe. His
noted that deposition from the process fluid environment can lead to a decrease in
resistivity due to deposition of a conducting or semiconducting material, such as iron
sulfides. More generally, the windowed analysis technique can be used with any type
of corrosion probe where a time serics of @ measurable quantity for the probe can be
correlated with a corrosion rate using a predictable functional form, such as a
polynomial functional form.

[6024] After deterroining the change in a measured parameter over time, such as
the resonant frequency of a sensor based on a mechanical oscillator, the change in
resonant frequency can be used to caleulate a corrosion rate for the sensor. In some
aspects, the corrosion rate can be correlated with the change in resonant frequency
based on prior fitting of a functional forrn for the correlation. For example, for
sufficiently small amounts of mass loss from a mechanical oscillator {or from
conductive clement in an electrical resistance sensor), a linear functional form may be
adequate to {it the change in measured property with the change in roass of the sensor.
More generally, a polynomial data fit can be determined based on prior test data to

rovide a correlation between change tn a measured property of a sensor with a change
Yy L)
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w1 mass over time. Of course, if desired other types of functional forms can be used for
the data fit as well, such as cxponential functions, logarithmic functions, or any other

convenicnt type of function or combination of functions.

Befimtions

[B825] In order to clarify the description of the inveution, the following definitions
are provided. The following definitions should be applied throughout the description
herein unless otherwise specified.

[6026] In various aspects, one or more sensors can be used that consist of or
otherwise include a mechanical oscillator. In the roost geveral embodiment, the
gscillator has a vibrating clement such as tuning fork tines or a rod. As examples, the
cross-sectional shape of the tines or rod may be circular, rectangular, or as otherwise
determined by finite element analysis described subsequently. These vibrating clements
are attached to a diaphragm. The vibrating elements {c.g. tines or rod) have regions that
respond to exposure to a fluid flow of a process or service fluid at different corrosion
rates. The vibrating clement includes a base and a tip region. The oscillator has a
resonance frequency, , and the guality factor associated with the resonance, Q. The
resonance factor Q is inversely proportional to the total system damping. The
mechanical excitation may be provided by the flow of the process or service fluid or by
active excitation at the diaphragm. As an example, this active excitation may be
provided by a piczocerarnic driver. Wheo driven by an exterval cuergy source, such as
a piczoceramic driver, it is not required to continuously provide the excitation. The
cxeitation can be applied at the times it 18 desired to interrogate the corrosion scusor.
Preferably, the regions are selected so that the regions with higher corroston rates will
lead to a reduction in the resonant frequency for the oscillator as corrosion increases.
For example, a region on the base of a tuning fork can have a greater corrosion rate in a
fluid flow than g region on a tine of the tuning fork.

[827] It is well established in the literature that a lightly damped harmonic
gscillator with single degrec of freedom can be mathematically expressed by a second
order differential equation. In general, the resonance frequency can be represented by f
=(1/217y*V(k/m) and the quality factor, Q, can be represented by Q=(1/cy*V(k*m),

where m is the system mass, k is the system stiffness, ¢ is the velocity dependent
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damping, fp 18 the resonance frequency, and Q 1s the quality factor (a measure of the
system darnping and energy dissipation}, There is an implicit assurmption that the
damping 1s light so that the mechanical resonance can be observed. Based on the
changes in fy {and optionally Q) over time, changes in mass of the oscillator can be
wdentified which allow for prediction of corrosion rates.

[G828] In some aspects of the invention, reference is made to performing analysis
using data vectors. Unless otherwise specified, in this discussion the term “vector” is
explicitly defined to include multi-dimeunsional vectors, which could also be referred to
as matrices. Similarly, it is noted that a matrix can potentially have only a single row
or columin of values. As a result, unless otherwise specitied, the terms vector and
matrix can be used interchangeably herein. As an example, a I-dimensional vector can
be represecuted as a matrix that has a single row or a single column. A 2-dimensional
vector can correspond to a matrix that has both a plurality of rows and a plarality of
columns,

[(3329] In various aspects, the corrosion rates of sensors disposed in a process fluid
will be referred to. Unless otherwise specified, i 18 understood that a corrosion rate
refers to any rate of loss of material frovo a sensor. Thus, as used herein, a cotrosion
rate can represent loss of material from a sensor due to corrosion, crosion, or by any
other convenient roechanism,

[6030] In various aspects, a corrosion-related value for a sensor will be referred to.
A corrosion-related value is any value that can be used to determine and/or infer an
amount of corrosion for a sensor. A corrosion rate 18 one example of a corrosion-
related value. More generally, a measured value for a sensor over time, or a value that
can be derived from the time measurements of the sensor can also be a corrosion-
related value. For example, for a mechanical oscillator, the resonant frequency over
time is a value that can be tracked. Even for a mechanical oscillator with ne prior
calibration relative to an aroount of corrosion, the rate of change in the resonant
frequency can be observed. If the rate of change in the resonant frequency over time
increases or decreases, that can correspond to a corrosion-related value, as such a rate

of change at least qualitatively 1ndicates a change in the corrosion rate.
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Corrosion Detection Using Mechanical Qscillators

(3031} In some aspects, a single tuning fork with two regions of differing corrosion
resistance 1s used. Regions of differing corrosion resistance include the case where one
of the regions does not corrode at all. In a preferred embodiment, both regions are
subjected sirnultancously to the corrosive environment. In other aspects, a second non-
corrodible tuning fork is used as a reference fork to provide a corrosion sensor based on
nultiple mechanical oscillators. For both types of corrosion sensors {single oscillator
and multiple osciliator), the corrosion rate can be determined based on the change in
resonant frequency over time, or both resonance frequency and (@ can be used in the
determivation of corrosion and/or erosion.

(3632} In some aspects, at lcast two oscillators can be used, with one of the
oscillators being a reference oscillator composed of a von-corrodible (such as highly
corroston resistant} material. FIG. 6 shows an example of a system for measuring a8
corrosion rate within 4 systern containing 4 fluid flow, such as g pipe or another volume
that is surrounded by a pressure containment boundary. The fully compatible
mechanical oscillator (non-corrodible) 18 used as a reference measurement, as it can be
used to track process fluid changes (such as viscosity, density and temperature) that
would mfluence the observed changes in the oscillator not attributable to corrosion. The
secound oscillator (with a portion of the material being affected by the process fluid, as
in the casc of corrosion) experiences the same changes, but in addition 1t would
experience the changes due to the corrosion caused by the fluid. This difference in
behavior is then translated into a metal loss rate for the material at the process
conditions, and is used to monitor the corrosion/erosion rate to determine safe
operation, effectiveness of corrosion inhibitors, inhibitor dosage control and/or
predicting remaining wall in piping and vessels. Other embodiments are also possible
and described. To minimize the impact of corrosion scale deposition, the corrodible
oscillator can be configured using clements with different corrosion rates as describe in
the single oscillator embodiment.

(6633} This embodiment of using two oscillators can potentially be used to account
for the effects of any corrosion scale or fouling deposition that is not excluded by the
data analysis method. The data from the two oscillators can be combined in any

conventent fashion, such as by subtracting the data of one oscillator from the other
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oscillator or by using a ratio of the data from the two oscillators. The approach also has
the benefit of directly accounting for minor variations in the service fluid impacting
temperature, density, and viscosity that are not excluded by the data analysis macthod. In
the absence of any corrosion, the change in resonance parameters of both oscillators
can be directly atiributable to paramcters other than mass loss (e.g. deposition, density,
eic.). Any divergence between the resonance parameters of the two oscillators is
attributable to mass loss in the oscillator fabricated with the corrodible components. If
the two oscillator approach is to be deployed, the effects of corrosion scale deposition
can be minimized using an osciliator design that involves using multiple corrodible
clerments. There are two reasons the multiple tuniug fork approach roay be less
desirable than the single oscillator approach of the preferred embodiments. One reason
is the cost of materials and installation of the second oscillator. The other reasoun is the
assumption that both oscitlators will be exposed to the same corrosion and process
CRVIFOBTCHHS,

[6834] FIG. 7 iHlustrates the tines of an example of a commercial tuning fork level
sensor (FORK A} The figure identifies a "diaphragm”, "tip” and "base™ portion of the
tuning fork. FIG. & shows a simtlar plan view of another commercial tuning fork level
sensor {FORK B). The tine shape of FORKS A and B are ditferent. The tine shape can
have an impact on the sensitivity to measure corrosion. The vibratory excitation for
tuning FORKS A and B is achicved with a piczoceramic driver attached to the

diaphragro.

Data Monttoring and Accumulation for Reaction Svstems

[3035] In various aspects of the invention, one or more valaes for a ¢orrosion
sensor {(comprising one or more mechanical oscillators) can be measured on a periodic
basis. Values that can routinely be measured include the resonant frequency {o and
optionally the quality factor . Optionally but preferably, just the resonant frequency
of the mechanical oscillator(s) can be used to determine a corrosion rate.

[(3036] The sampling rate for measuring a value can be any convenient rate. In
some aspects, the sampling rate can be sclected based ou an expected relevant timoe
scale for the measured value. Thus, the sampling rate can be on the order of

milliseconds, seconds, minutes, or hours, depending on the nature of the monttored
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process. [t is noted that the measurement rate for measuring a mechanical oscillator
does not have fo be the same as the sampling rate for use in data analysis. For example,
the resonant frequency can be measured once a sccond, but the data analysis may use
only one out of every two measured values. More generally, any convenient
relationship between the measurerment rate and the sampling rate can be used.
Additionally, if the sampling rate is lower than the measurement rate, averaging or
blending of the measured values to generate average sample values can also be
performed.

[6637] it is noted that for cach measurement and/or sampling value, a plurality of
valaes can actually be coliected. In thus type of embodiment, at each sampling point,
more than one measurement value is available. For example, both a resonant frequency
and a quality factor can be roeasured for an oscillator that is being monitored. This

would result tn cach sampling point corresponding to a vector containing two values.

Anomaly Detection to ldentify Corrosion

[GO38] The followimg techuiques can be referred to, in part or collectively, as
windowed statistical analysis. To various aspects of the inveotion, either before or afte
sclecting the measurement rate and/or saropling rate, time windows for performing
analysis on the data cau also be selected. Oue type of tivae window can be a “pattern
window”. The pattern window describes the number of data points that are considered
together as a grouping. For example, if the pattern window has a size of 10 data points,
when the measurement data is analyzed, the data can be used as groups of 10 data
points. Preferably, the pattern windows for a data set can overlap. For example, for a
pattern window of 8 data points, a first window can contain measurements | — 8, while
the next window can correspond to measurements 2 — 9. By using the data set within a
pattern window as the smallest chunk of data that is analyzed, the analysis can capture
more than just the instantancous states of a reaction system. Instead of focusing just on
individual data points, use of pattern windows allows short term behavior (such as
process dynamics) of a system to also be captured.

[6639] The size of the patiern window can be auny conventent size. The size for the
pattern window can be selected based on several factors. A larger pattern window size

is beneficial for detecting anowalous patterns that are expressed over a larger number
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of data points. However, use of a larger pattern window can reduce the speed with
which a shorter anonaly is identified. Suitable pattern window sizes can be at least
about 5 sampling points, such as at lcast about 8 sampling points or at least about 10
sampling points. Additionally or alternately, the pattern window size can be as large as
desired. From a practical standpoint, the pattern window size can be about 50 sampling
points or less, such as about 25 sampling points or less, or about 20 sampling points or
less.

[6046] Another type of time window 1s the sarapling or memory window. The
sampling or memory window should be substantially larger than the pattern window.
The samplhing window corresponds to the namber of rocasurements that are considere
in determining whether a subset of the measurements {(such as the pattern window)
corresponds to unusual or anomalous data. The samphiog window cau correspond to an
explicit number of patiern windows that are considered when calculating properties for
a time serics of data. Alternatively, the sampling window can be approximated by
using a weighting factor for blending a new pattern window vector into the existing
analysis. By using a weighting tactor, older pattern vectors become progressively less
fraportant o the accurnulated data, which has an effect similar to having a fixed size for
the sampling window.

[6041] In soroe preferred aspects of the invention, the size of the sampling window
can be substantially larger than the size of the pattern window, such as having a
sampling window that 1s at least about 5 times the size of the pattern window, or at least
about 10 times the size of the pattern window, or at least about 20 times the size of the
pattern window. Onc of the goals of the pattern window analysis can be to identity
anomalous patterns in a data set. If the sampling window is not sufficiently large
relative to the pattern window, the sampling window may not incorporate enough of the
pattern history for a system. This can lead to, for example, false positives in
wlentification of anomalous patterns when g common but infrequent pattern may be
identified as anomalous. If a memory parameter w is used instead of an explicit
samipling window, the value of p can be selected so that 1/u is substantially larger than
the size of the pattern window. Depending on the aspect, a suttable value for p can be
about 0.1 or less, such as about 0.05 or less, or about 0.01 or less, or even about §.001

or less.
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[6042] Iu soroe aspects of the wnvention, data analysis can be performed using a
plurality of sampling windows and/or pattern windows based on the same data. As
described in more detail below, changing the size of the samphing window and/or
pattern window can impact the types of anomalies that are detected. Additionally,
changing the size of the sampling window and/or pattern window can irapact how
quickly an anomaly is detected.

[(3043] After selecting a pattern window size and a sampling window size {or
alternatively a sampling weighting factor), the analysis technique can be applied to the
data. The analysis inchudes several steps which are repeated for cach new measurement
mcluded in the analysis,

[(044] At the beginning of the analysis, an initial vector of values is formed for
each measureracut or data point. In the exarople below, data corresponding to a
resonant frequency will be discussed, so the vector for each data point in the example
will have a length of one. However, it is understood that the discussion below can
equally apply to data point vectors of an arbitrary length, such as data point vectors
comprising a plurality of data values.

[G045] The data point vectors for cach data point can then be used to form patiern
window vectors. The pattern window vectors have a width corresponding to the size of
the data point vectors and a length corresponding to the patiern window size. Inan
example where the data point vectors correspond to frequency value, and where the
pattern window is of size 10, the pattern window vector has a width of 1 and a leogth of
10. Such a pattern window vector corresponds to a one-dimensional vector, or a matrix
corresponding to a single row or coluron.

[(3846] For cach new data point vector (1., cach new measurement(s) point}, a new
pattern window vector 1s created. In the exaraple of a single measured value and a
pattern window of 10, a new vector is created by using values 1 - 9 from the prior
pattern window vector as values 2 — 10 for the new vector. Element 1 of the new
vector corresponds to the new measured value(s). Element 18 from the prior vector is
not directly used in forming the new vector. As additional data point vectors are
obtained, additional pattern window vectors are formed. i is noted that for the fivst few

data points, a sufficient number of data peint vectors will not be available to form a
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pattern window vector. o order to initiate the process, a defanlt set of data point
vectors can be provided.

[6047] Equation (1) shows an cxample of using data point vectors x to form a
plurality of patters window vectors y. The plurality of pattern window vectors y shown
in Equation {1} represent the number of pattern window vectors that are contained
within a sampling window of window size W,

[z ] =@ | x07)
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(048] In Equation (1), x{t) corrcsponds to the rocasurcment value or values at time
t. In equation (1}, x{t} is shown as a single value for convenience, but it could also
represent a plurality of measured valucs at the time t. W, corresponds to the size of the
pattern window. W, corresponds to the sample window size. y{x{t3] corresponds to
the pattern window vector for each time t.

[3349] Formation of the pattern window vectors can allow for analysis of the data
point vectors based on groups of the data point vectors, as opposed to analyzing
mdividual data points. Usiog Hquation (1), values such as the mean, second moment,
and variance could be directly calculated at each time “t” based on the preceding
pattern vectors within the saraphng window. Alfernatively, rather than explicitly
performing a calculation on the collection of pattern vectors in a sampling window at
cach time t, the samphing window can be approximated using a weighting factor u.
This results in calculation of a moving mean, moving second moment, and moving
variance. Bguations (2} — (5) correspond to the transformations that cuable
determination of a moving mean, moving second moment, and moving variance based

on pattern window vectors in order to wdentify unusual or anomalous behavior.
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[B056] Equation (2} in is an equation for calculating a mean vector m at a given
time {t). The mean vector m provides an estivnate of the mean for a time series of
values. As shown in Equation (2), the mean vector m(t) is determined by blending the
patiern vector y{t) with the mean vector for the prior ime instance m{t-1). The
blending of the pattern vector y{t} with the prior mean vector m{t-1} is performed by
using a weighting factor p to blend the two vectors. The weighting factor p can be
referred to as a memory parameter. As shown in Equation (2), increasing the vahie of
memory parameter p will increase the weight of the current pattern vector y(t) in the
new mean vector mit). The value of memory parameter p provides a mathematical way
to implicitly select the size of the memory window W, for the analysis without having
to explicitly use all of the pattern window vectors within a window in the calculation of
the mean vector. As the value of memory parameter g decreases, the effective size of
the memory window W, increases.

6051} Equation (3) provides a method for determining a second moment A(f) at a
given point 1o the time series of data. As shown in Equation (3}, the second moment
A(t) s also determined using the memory parameter y to blend the cigenvalue (or sum
of eigenvalues) for the current patiern vector y(t) with the second moment for the prior
time A(t-1). It is noted that [v{t)]" refers to the transpose of the pattern vector.
Equation (4} then provides a mcthod for caleulating the vartance 241} based on the
second moment A{t) and the eigenvalue {or sum of eigenvalues) for m(t).

[6052] As measurement values or sampling values are accurnulated for various tirac
points “t”, Equation (1} allows for generation of correspounding pattern window vectors
v{t}, while Equations (2}, (3), and (4) allow for calculation of the mean m(t}, second
moment A{t), and variance £(t). Calculation of the mean and variance values then
allows for determination of an additional “residue value” R(t), which is defined in
Equation (5). As shown 1n HEguation {5), the residue value R{t) corresponds to a
difference between the current pattern vector y{t) and the mean vector for the previous
pattern vectors m{t-1}. In other words, the residue value R{t) provides a rough

mathematical estimation of the amount of difference between a current patiern vector
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y{t} and the previous pattern vectors that have been blended together to form the roean
vector,

[(053] The residuc value R{t) can be used to identify potentially anomalies or
outhiers within the pattern vectors y. Instead of attemipting to identify an individual
time point t where an individual sct of measured data points 18 anomalous, calculation
of the residue value R{t) allows for determination of when a time series of measurement
data points is anomalous relative to the prior patterns of the measured data points. An
anomalous patiern vector at a time 17 can be identified based oo deterroination of a
conventional standard deviation (o) for the serics of residue values R{t) leading up to
time 1”7, A threshold can then be set based on the calculated standard deviation for the
residue values, such as having a threshold of 1o, 20, 5o, 100, or any other convenient
value based on the standard deviation.

6054} 1t is noted that for Equations (2} — (5}, by using a memory parameter g, the
pattern window vectors within a memory window Wy, do not need to be cxphicitly
retained and used in a calculation. Instead, only the current pattern window vector (at
time t) and the vectors or values for the immediately preceding time “t-17 need to be
retained in order to calculate the new analysis vectors or values at time 7. This
sitaplifies the calculation as well as improving the speed of the calculation. It desired,
the calculation of the mean vector, second moment, and vartance in Equations (2} — (4)

can be explicitly performed on all pattern vectors within a sampling window.

Application of Residue Calculation — Pineline Corrosion Detection

[B055] Based on Equations (1} — (5), anoraalies in time series of measurements can
be identified based on patterns in the time series, as opposed to being based analysis of
individual measured values. This can be usetul, for example, in situations where an
anomaly corresponds to a change in the sequence of measured valies generated by a
system, as opposed to an anomaly where the absolute magnitude of a measured value 1s
unusual.

[(3056] One application for using a residue calenlation can be for determining a
corroston rate. The principle of operation is the change in resonant frequency of the
fork as material is corroded from its prongs, which are exposed to the flow in the

pipeline or other process equipment used tn a refinery. However, absolute

- I8 -



WO 2015/057396 PCT/US2014/058722

measurements of resonant frequencies are wnherently noisy to make a measurement of a
low corrosion rate in a short period of time. To compensate for this, a corrosion sensor
that includes two mechanical oscillators can be used. The two oscillators can be (i a
non-corroding reference fork and (i1) a corroding sensing fork.

[6857] A comparative evaluation of the sensing fork and the reference fork is
shown in FIG. 1. The y-axis in FIG. 1 corresponds to resonant frequency while the x-
axis is time. In FIG. 1, each demarcation line on the x-axis corresponds to 30 days of
measurerments of the sensor in a refinery hydrocarbon streara. The bottom curve,
corresponding to the sensing fork, shows a steady downward drift due to corrosion,
while the top curve from the refercuce fork hold relatively steady except for
fluctuations induced by operating conditions. It is noted in FIG. 1 that the sensing fork
and the reference fork have substantially differcot resonant frequencies. This 1s due to
the differences in construction of the two forks. In particular, the sensing fork includes
a corrodible mnsert that serves as the corrodible portion of the sensing fork. The
corrodible insert increases the overall length of the fork, resulting in a different
resonant frequency for two forks with an otherwise similar shape.

EHESHY FIG. 2 shows the same data o FIG. 1, but replotted so that the data for the
two forks is closer together, This allows a smaller scale to be used for the two y-axes
w FIG. 2, so that the downward daft 1o resonant frequency for the sensing fork 18 more
apparent. In FIG. 2, the top curve now corresponds to the sensing fork and
corresponds to the left hand y-axis values, The reference fork data in the bottor curve
corresponds to the right hand y-axis values. As shown in FIG. 2, although the data for
the sensing fork shows a clear downward slope overall, corresponding to 4 reduction in
resonant frequency over time, the data is also noisy with large fluctuations.

[(059] FIG. 3 shows an cxample of one method for atterapting to use the reference
fork to mitigate data fluctuations. FIG. 3 shows a plot of the ratio of the sensing fork
data to the reference fork data. By plotting the ratio, changes m the fluid environment
that impact both the sensing fork and the reference fork are somewhat accounted for.
However, as shown in FIG. 3, substantial data fluctuations remain. In particular, FIG. 2
showed some short-hived variations in data that appeared in the data for either only the
sensing fork or only the reference fork. Combining the sensing fork and reference fork

data does not cure such variations encountered n the data for only one of the forks.
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[3060] FIG. 4 depicts avother potential conventional method to account for data
fluctuations. In FIG. 4, the top plot shows the resonant frequency data from the sensing
fork. The middle plot shows the corresponding teraperature data for the process fluid at
the same times, while the bottom plot shows the viscosity data for the process thud. As
shown in FIG. 4, there 15 no readily apparent correlation between changes in the
frequency of the sensing fork and the temperature or viscosity of the fhid flow. While
some of the sudden frequency changes correlate with ternperature and viscosity
changes, the actual relationships between these parameters and the frequency are vot
casily apparent from the data, and are also difficult to extract using analytical methods.
{6061 lustead of atterapting to analyze the mechanical oscillator data by divect
analysis of the measured values, analysis of pattern windows in time history data for
the measured values can be used. As described above, pattern windows can be formed
based on, for example, the ratio of resonant frequency data for the sensing and
reference oscillators over tirae, and a residuc value R{1) can be calculated at each
measurement {or sampling) point. Based on the variance in the calculated residue
valucs, unusual patterns or anomalies can be detected in the patterns of the frequency
data. Upon detection of an anomaly, the measured values corresponding to the
anomaly can be excluded from the calculation of the corrosion or erosion rate.

[6062] The data 1o FIG. 3 represents a tivoe series of measurements x{t) from the
forks. This time scries of data can be analyzed using the measurements x{t) to form
pattern window vectors similar to equation (1) above. Equations {2) — (5) above can
then be used to determine various guantitics for the time serics. For example, the mean
vector mit) n equation (2} automatically provides a historical trend of the data in the
recent past, and a simiple linear regression of the mean vector provides a robust
corrosion rate estiraate antomatically extracted as a by-product of the analysis sbove.
6863} FIG. 5 iHustrates the application of pattern window analysis on the data in
FIG.3. The top plot in FIG. 5 corresponds to the data shown in FIG. 3. |t is shown
again in FIG. 5 for convenience in comparing the time dependence of the data in FIG. 3
with the corrosion rate calculation shown in the middle plot and the residual value
calculation shown 1o the bottom plot. It is noted that the corrosion rate calculation 1u
the middle plot shows the negative of the slope of the mass of the oscillator versus

time. This should be a plot that is greater than zero at most times, as a stcady loss of
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mass over Hirne would be a slope less than zero, so the negative of such a slope would
be positive. The scale used in the middle plot may make the non-zero values harder to
visualize, but the middle plot does in fact show non-zero values at most points in time.
For the residual value calculation shown in the bottom plot in FIG. 5, equations {2} -
{(5) were applicd using & pattern window size of 20, a p of 0.01, and a threshold value
of 55. As shown in FIG. 5, the windowed statistical analysis method requires an initial
"raining period” when it learns the "normal” distribution of the data. Presence of
abnormal events in this period could alter the results, but generally does not have a
significant effect if most of the data in the training period is normal. Following the
training period, the algorithm can be used to automatically produce the middle plot of
the figure, which contains corrosion rate cstimates as well as values flagged for being
excludable as anomalies based on the windowed statistical analysis, and values flagged
as unphysical due to corresponding to an increase i mass rather than a decrease (i.e.
material accretion rather than corrosion). Such an output is convenient for an cngineer
or operator for fast and objective evaluation of equipment condition and subsequent
maintenance planning.

[6064] In the bottom plot in FIG. 5, the carly portion of the plot {(prior to about
500 hours of measured data) represents a learning period for the residue function. As
types of patterns exhibited by the ratio of resonant frequency measurements are
incorporated into the mean vector in Equation (2}, the resulting residue value R(t) from
Equation {5) becomes lower in valae., After this learning period, the value of the
residue R{t} drops below the 1o value for the residue and remains there, At this point,
the residue R{t} can be used for detection of anomalous patterns in the data,

[3865] In the bottom plot in FIG. 5, a 5o threshold is used to identify sampling
valucs as being anomalous. Using a different threshold can increase or decrease the
number of events counted as anomalies, if a higher or lower sensitivity to unusual
patterns 1s desired. More generally, any convenient multiple {or other mathematic
manipulation) of the standard deviation o in the residue can be used to establish a
threshold value for anomaly detection.

[6066] It is noted that the value of the residue R{t) is not dependent on the absohute
magnitude of the values in the raw data, such as the measured resonant frequency

values, For example, near the 5000 hour time starap, the bottora plot for the residue
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value shows a spike. This leads to identification of data that should be excluded when
determining the corrosion rate of the sensor, as indicated by the highlighted values in
the middle corrosion rate plot. However, the actual raw data in the top plot near the
5600 hour time stamp does not appear visually to be substantially different from the
other surrounding data. This 1s an cxample of the ability of the windowed statistical
analysis technique to identity patterns within a time series of data that are anomalous,
even though the individual raw data values may appear reasonable.

[6067] In FIG. S, only one residue plot is shown based on the rmeasured resonant
frequency data. Another potential advantage of calculation residue vahlies is that
multiple residue value plots can be generated by modifying the pattern window size and
the memory factor u. For example, two residue plots could be used to identify two
types of patterns within a data set. A first residue plot could be tuned to have a smaller
pattern window, such as a pattern window of 5, and a higher value of y, such as u = .05
or 0.1. This combination of pattern window size of memory factor ¢ would be suitable
for more rapid identification of shorter time scale patterns. The residue value for this
paramcter selection may be more noisy, so a 2o threshold could be appropriate for
identifying anomalous patierns. The same initial vocasurcment data could also be used
tor calculation of a sccond sct of residue values with a larger pattern window, such as a
window size of 20, and a lower value of p, such as p = 0.01 or pp = 0.005. This second
type of residue calculation will require a longer induction time. Additionally, due to
the size of the pattern window, this second residue calculation will tend to take longer
to identify an anomalous pattern. However, this second type of calculation will also be
suitable for detecting patterns that require a longer window to observe. In general,
using a larger pattern window size can reduce the amount of natural variation in the
residue, so g smualler 1o or 2.55 threshold can be suitable for identifying an anomalous
pattern. More generally, any convenient number of residues can be calculated based on
a set of measurerent values, in order to provide residucs with differcut sensitivity fo

different types of pattern anomalies.

Additional Embodiments

13068] Embodiment |. A method for determining a corrosion-related value {such

as a corrosion rate) for a sensor in a fluid flow 1 a corrosive or crosive environment,



WO 2015/057396 PCT/US2014/058722

comprising: exciting a rocchanical oscillator disposed m a fluid flow; monitoring the
mechanical osciliator to obtain a plurality of sampling values at a plurality of times, a
sampling value comprising at least one of a resonant frequency fand a quality factor Q;
forming pattern window vectors having a first window size based on the pharality of
sarapling valucs, each pattern window vector being associated with a time from the
plurality of times; determining residue vahies for the pattern window vectors at the
plurality of times based on a mean vector and a variance, the mean vector and the
variance for a pattern window vector associated with a time being based on at feast a
portion of the pattern window vectors; identifying one or more residuc values greater
than a threshold value; excluding sampling valoes from the plurality of sampling values
that correspond to times associated with the one or more identified residue values; and

etermining a corrosiou-related value based on samphing values from the plurality of
sampling values that are different from the excluded sampling values.
[6069] Embodiment 2. A method for determining a corrosion-related value for a
seusor in a flutd flow in a corrosive or erosive environment, comprising: exciting a
mechanical oscillator disposed in a fluid flow; monitoring the mechanical oscillator to
obtain a plurality of samphing values at a plurality of times, a sampling value
comprising at least one of a resonant frequency {and a quality factor €; forming
pattern window vectors having a first window size based on the samphing values;
sclecting a memory value g, where 1/u is greater than the first window size;

etermining residue values for the pattern window vectors at the plorality of times
based on the selected memory value, a moving mean vector, and a moving variance, the
moving mean vector and the moving variance for a pattern vector associated with a
time being based on at least a portion of the pattern window vectors; identifving one or
more residuc values greater than a threshold value; excluding sampling values from the
pharality of sampling values that correspond to times associated with the one or more
wdentified residue values; and determining a corrosion-related value based on sampling
values from the pharality of sampling values that are different from the excluded
sampling values.
[60706] Embodiment 3. The method of any of the above Embodiments, wherein a

sampling value comprises both the resonant frequency and the quality factor.
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(6071} Embodiment 4. The method of any of the above Embodiments, wherein
monttoring the mechanical oscillator further comprises monitoring a reference
oscillator disposed in the fluid flow to obtain a plurality of reference sampling values,
the reference oscillator being resistant to corroston in the fluid flow.

[6072] Embodiment 5. The method of Embodiment 4, wherem the reference
oscillator is non-corrodible.

6673} Embodiment 6. The method of Embodiment 4 or 5, wherein the plarality of
refercoce sampling values are obtained at the plarality of times.

16874] Embodiment 7. The method of any of Embodiments 4 to 6, further
comprising excluding reference sampling valaes from the phurality of reference
sampling values that correspond to times associated with the one or more identified
residue values, wherein deterrmining the corrosion-related value 1s further based on
reference sampling values from the phurality of reference sampling values that are
{3875] Embodiment 8. The method of Embodiment 7, wherein determining the
corroston-related value based on the sampling values and the reference sampling values
comprises determining the corrosion-~-related value based on a ratio of the samphing
values and the reference sarapling values.

[8076] Embodiment 9. A method for determining a corrosion-related value for a
sensor in a fluid flow in a corrosive or crosive cnvironment, Comprising: monitoring a
corrosion sensor disposed in a fluid flow to obtain a plurality of saraphng values ata
plurality of times, a sampling value comprising onc or more measured vahues of the
monttored sensor; fornung patiern window vectors having a first window size based on
the phurality of sampling values, cach pattern window vector being associated with a
time from the plurality of times; determuning residuc values for the pattern window
vectors at the plurality of times based on a mean vector and a variance, the mean vegtor
and the vartance for a pattern window vector associated with a time being based on at
feast a portion of the patters window vectors; identifying one or more residue values
greater than a threshold value; excluding sampling values from the plurality of
sampling values that correspond to times associated with the one or more wdentified
residue values; determining a change in at least one measured value of the monitored

sensor based on sarmpling values from the plurality of samphing values that are different
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from the excluded sarapling values; and determindng a corrosion-related value based on
the determined change in the at lcast one measured value.
(66771 Embodiment 18, A method for determining a corrosion rate for 4 sensor in
a fluid flow in a corrosive or erosive environment, comprising: determining a change in
at least one measured value of the monitored sensor based on samphing values from the
plurality of sampling values that are different from the excluded sampling values;
forming pattern window vectors having a first window size based on the sampling
values; selecting a memory value g, where 1/p is greater thao the first window size;
ictermining residuc values for the pattern window vectors at the plurality of times
based on the selected memory value, a moving mean vector, and a moving variance, the
moving mean vector and the moving variance for a pattern vector associated with a
time being based on at least a portion of the pattern window vectors; identifying one or
more residue values greater than a threshold valug; excluding sampling values from the
plurality of sampling values that correspond to times associated with the one or more
identified residue values; determining a change in at least one measured value of the
monitored sensor based on sampling values from the plurality of sarophing values that
are different from the excluded sampling values; and determuniong a corrosion-related
value based on the deterrined change in the at least one measured valuc.
{3878] Embodiment 11, The method of Embodiments 9 or 10, wherein the
monttored corrosion sensor comprises an electrical resistance probe, a mechanical
oscillator, or a combination thereof,
16879] Embodiment 12. The method of any of the above Embodiments, further
comprising excluding onc or more additional sarapling valucs frora the plurality of
sampling values, the one or more additional sampling values having correspounding
residue values lower than the threshold value,
HHEA Embodiment 13, The method of Embodiment 12, wherein the one or more
additional excluded sampling values are excluded as sampling values corresponding to
an increase in mass for the corrosion sensor.
G081} Embodiment 14, The method of any of the above Embodiments, wherein
etermining a residue value comprises: determining a mean vector based ou the pattern
window vectors; calculating a variance for the pattern window vectors; and calculating

the residue value based on the determined mean vector and the calculated variance.
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[B082] Embodiment 15. The method of Embodiment 14, wherein the determined
mean vector comprises a moving mean vector and the calculated variance comprises a
MOVIRG VATance.
{6083} Embodiment 16, The method of Embodiment 15, wherein a plarality of
residue values are calculated based on each pattern window vector, cach residue value
calculation being based on a different memory value p for forming pattern window
vectors.
(6084 Embodiment 17. The method of any of the above Embodiments, wherein the
threshold value is selected based on a standard deviation of the determined residue
values,
HHIREY Embodiment 18. The method of any of the above Embodiments, wherein a
plurality of pattern window vectors are formed based on cach sampling value, at least
two of the phurality of pattern window vectors having a different window size.
{3686} Embodiment 19, The method of any of the above Embodiments, wherein
the mean vector and the variance for a pattern window associated with a time are based
on pattern window vectors within a sampling window, the sampling window having a
second window size, the second window size being larger than the first window size.
{3087} Embodiment 20. The method of any of the above Embodiments, wherein
the cotrosive or erosive euvironment meludes a deposition environment.
HHIRE] Embodiment 21. The method of any of the above embodiments, wherein
etermining a corrosiou-related value comprises: determining a resonant frequency
decrease in the mechanical oscillator based on sampling values from the plurality of
sarapling valucs that are ditferent from the excluded sampling values; and determining
a corrosion rate based on the determined resonant frequency decrease.
[(089] The principles and modes of operation of this invention have been described
above with reference to various exemplary and preferred embodiments. As understood
by those of skill in the art, the overall invention, as defined by the claims, cncompasses

other preferred embodiments not specifically enumerated herein.
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CLAIMS:

i. A method for determining a corrosion-related value (such as a corrosion
rate) for a sensor n g fluid flow 1n 8 corrosive or erosive cuvironracnt, ComMprising:

exciting a mechanical oscillator disposed in a fhud flow;

monitoring the mechanical oscillator to obtain g plurality of sampling values at
a plurality of times, a sampling value comprising at least one of a resonant frequency £
and a quality factor (;

forming pattern window vectors baving a first window size based on the
plurality of samipling values, cach pattern window vector being associated with a time
fror the plarality of times;

determining residue values for the pattern window vectors at the plurality of
fimes based on a mean vector and a variance, the mean vector and the variance fora
pattern window vector associated with a time being based on at least a portion of the
pattern window vectors;

identifying one or more residue values greater than a threshold value;

excluding sampling values from the plurality of sampling values that correspond
1o times assoctated with the one or more identified residue values; and

determining a corrosion-related value based on sampling valucs from the
plurality of sampling valoes that ave different from the excluded sampling values.

2. A method for determining a corrosion-related value for a sensor in a fluid
flow in a corrosive or erosive environment, COmprising:

exciting a mechanical oscillator disposed in a fluid flow;

monitoring the mechanical oscillator to obtain g plurality of sampling values at
a plurality of times, a sampling value comprising at least one of a resonant frequency £
and a quality factor Q;

forming pattern window vectors having a first window size based on the
sarapling valucs; sclecting a mermory value p, where /i 15 greater than the first
window size;

determining residue values for the pattern window vectors at the plurality of
tirnes based on the selected memory value, a rooving mean vector, and a moving

variance, the moving mean vector and the moving variance for a pattern vector
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associated with a time being based on at least a portion of the pattern window vectors;
identifying one or more residue values greater than a threshold value;

excluding sampling values from the plurality of sampling values that correspond
10 times associated with the one or more identified residue values; and

determining a corrosion-related value based on sampling valucs from the
plurality of sampling values that are different from the excluded sampling values.

3. The method of any of the above claims, wherein a sampling value
coraprises both the resonant frequency and the quality factor.

4. The method of any of the above claims, wherein monitoring the
mechanical oscillator further comprises wounitoring a reference oscillator disposed in
the fluid flow to obtain a plurality of reference sampling values, the reference oscillator

being resistant to corrosion i the fluid fow.

5. The method of claim 4, wherein the reference oscillator is non-
corrodible.
6. The method of claim 4 or 5, wherein the plurality of reference sampling

valucs are obtained at the plurahity of times.

7. The rocthod of any of claims 4 to 6, further corprising excluding
reference sampling values from the plurshity of reference sampling values that
correspond to times associated with the one or more identified residue values, wherein
determining the corrosion-related value is further based on reference sampling values
from the plurality of reference sampling values that are different from the exchuded
reference sampling values.

8. The method of claim 7, wherein determining the corrosion-related value
based on the sampling values and the reference sampling values comprises determining
the corrosion-related value based on a ratio of the sampling values and the reference
sampling values.

9. A method for determining a corrosion-related value for a sensor ina
fluid flow in 8 corrosive or erosive envirgnment, COMprising:

monitoring a corrosion sensor disposed in a fluid flow o obtain a plurality of
sampling values at a plurality of times, a sarapling value comprising one or more

measured values of the monitored sensor;
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forming pattern window vectors having a first window size based on the
plurality of sampling values, each pattern window vector being associated with a time
from the plurality of tires;

determining residue values for the pattern window vectors at the plurality of
times based on a mean vector and a vanance, the mean vector and the variance fora
pattern window vector associated with a time being based on at least a portion of the
pattern window vectors;

identifying one or more residue values greater than a threshold value;

excluding sampling values from the plurality of sampling values that correspond
to times associated with the one or more identified residue values;

determining a change in at least one measured value of the monitored sensor
based on saropling values from the plurality of sampling values that are different from
the excluded sampling values; and

determining & corrosion-related value based on the deterroined change in the at
least one measured value.

18, A mcthod for deternuning a corrosion rate for a sensor in g tluid flow in a
COTTOSIVE OF SrOsive environment, coraprising:

determining a change n at least one measured value of the monitored scusor
based on sampling values from the plurahity of sampling values that are different from
the excluded sampling vahies;

forming pattern window vectors baving a first window size based on the
sampling valucs;

selecting & memory value u, where 1/p s greater than the first window size;
determining residue values for the pattern window vectors at the plurality of times
based on the selected memory value, a mooving mean vector, and a moving variance, the
moving mean vector and the moving variance for a pattern vector associated with a
time being based on at least a portion of the pattern window vectors;

identifying one or more residue values greater than a threshold value; excluding
sampling values from the plurality of sampling values that correspond to times

associated with the one or more identificd residue values;
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determoining a change n at least one weasured value of the monitored scosor
based on sampling values from the plurality of sampling values that are different from
the excluded sampling values; and

determining a corrosion-related value based on the determined change in the at
least one measured value.

11. The method of claims 9 or 10, wherein the monitored corrosion scnsor
comprises an electrical resistance probe, a mechanical oscillator, or a combination
thereof.

12. The method of any of the above claims, further comprising excluding one
or more additional sampling values from the plurality of sarapling values, the one or
more additional sampling values having corresponding residue values lower than the
threshold value.

13, The method of claim 12, wherein the one or more additional excluded
sarapling valucs are excluded as sarphing valucs corresponding o an increase in mass
for the corrosion sensor.

14, The method of any of the above claims, wherein determining a residue
value coraprises: determining a mean vector based on the patiern window vectors;
calculating a variance for the pattern window vectors; and calculating the residue value
based on the determined mean vector and the calculated variance.

15. The method of claim 14, wherein the determiined mean vector comprises a
moving mean vector and the calculated variance comprises a moving variance.

16. The method of claim 15, wherein a plurality of residue values are calculated
based on cach pattern window vector, each residue value calenlation being based on a
different memory value p for forming pattern window vectors.

17. The method of any of the above claims, wherein the threshold value 1s
selected based on a standard deviation of the determined residue values.

18, The method of any of the above claims, wherein a plurality of pattern
window vectors are formed based on cach sampling value, at least two of the plurality
of pattern window vectors having a different window size.

19. The method of any of the above claims, wherein the mean vector and the

variance for a pattern window associated with a time are based on pattern window
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vectors within a sampling window, the samphng window having a second window size,
the second window size being larger than the first window size.

20. The mcthod of any of the above claims, wheretn the corrosive or crosive
environment inchudes a deposition environment.

21. The method of any of the above claims, wherein determining a corrosion-
related value comprises: determining a resonant frequency decrease in the mechanical
gscillator based on sampling values from the plurality of sampling values that are
differcot from the excluded samphing values; and determining a corrosion rate based on

the determined resonant frequency decrease.



