EQUIPMENT CONDITION-BASED CORROSION LIFE
MONITORING SYSTEM AND METHOD

FIELD

[0001] The subject matter described herein relates to tmamg corrosion of

equipment, such as turbine engines or other equipme
BACKGROUND

[0002] Equipment that includes metal components can cerroder time. The

corrosion can develop pitting in the equipment,clireventually can lead to cracks in the
equipment and eventual failure of the equipmeniquifgment may be scheduled for
periodic inspection to check on the existence anplfogression of corrosion. But, this
periodic inspection of corrosion may only examihe propagation of cracks and/or may
only measure a single corrosion pit, and not exanather aspect of corrosion. As a
result, predictions of how much longer the equiphoam continue to safely operate (e.qg.,

the remaining useful service life of the equipmend)y be inaccurate.



BRIEF DESCRIPTION

[0003] In one embodiment, a system includes an analysiwralter configured to

determine multi-dimensional characteristics of @nanore corrosion pits in equipment
and to determine one or more stresses on the equoipbased on the characteristics of
the corrosion that are determined. The analysitralber also is configured to generate a
control signal to implement one or more remedidioas to one or more of remove the
one or more corrosion pits, repair the equipmentestrict operation of the equipment

based on the one or more stresses that are detekmin

[0004] In one embodiment, a method includes optically eit@ng multi-dimensional

characteristics of one or more corrosion pits imigapent, determining one or more
stresses on the equipment based on the multi-dioreaischaracteristics of the one or
more corrosion pits that are determined, and implgimg one or more remedial actions
to one or more of remove the one or more corropits) repair the equipment, or restrict

operation of the equipment based on the one or stasses that are determined.

[0005] In one embodiment, a system includes an analysiralter configured to
determine one or more multi-dimensional charadiesisof corrosion pits in equipment
and to determine one or more operational charatitesiof the equipment. The analysis
controller also is configured to determine one orerstresses on the equipment based on
the one or more multi-dimensional characteristitshe corrosion that are determined
and based on the one or more operational charstatsri The analysis controller also is
configured to generate a control signal to implethwgre or more remedial actions to one
or more of remove the corrosion pits, repair thai@ment, or de-rate operation of the

equipment based on the one or more stresses thdetarmined.



BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The present inventive subject matter will be betitederstood from reading the
following description of non-limiting embodimentsyith reference to the attached

drawings, wherein below:
[0007]  Figure 1 illustrates one embodiment of a cormsimnitoring system;

[0008] Figure 2 is a schematic diagram of a corrosiorapd some multi-dimensional

characteristics of the corrosion pit;

[0009] Figure 3 illustrates one example of a three-din@rai corrosion pit field on

equipment;

[0010] Figure 4 illustrates one example of a stress fiéld portion of the surface of the

equipment; and

[0011] Figure 5 illustrates a flowchart of a method for mtoring and optionally

remediating corrosion in equipment.



DETAILED DESCRIPTION

[0012] One or more embodiments of the inventive subjecttanalescribed herein
provide systems and methods that monitor corrosiorquipment and, based on the
corrosion that is monitored, determine a predigedaining useful service life of the
equipment. While the description herein focusespogdicting the remaining useful
service life of engine turbines, the systems andhous can be used to predict the
remaining useful service life of other types of ipguent, such as other vehicle
components, bridges, rails, or the like. The ol of the remaining useful service life
of equipment can be referred to as lifing the exopaeipt. The predicted remaining useful
service life can represent an amount of time thatdystem or method predict that the
equipment can continue to be operational beforngpior otherwise being unable to

function.

[0013] The systems and methods can apply an analytic lgedment corrosion life
monitor in conjunction with optical measurementscofrosion pits in the equipment.
The systems and methods can use multi-dimensiamtdce information regarding the
corrosion pit population (such as a depth, widthg/ar aspect ratio of one or more
corrosion pits) to quantify stress concentratiossoaiated with a field of corrosion pits,
as well as a resulting modified crack initiatiofieli For example, the systems and
methods can determine the corrosion pit aspecb ratid corrosion pit locations to
guantify stress concentration and crack initiatiénin the equipment. The aspect ratio
for a corrosion pit can be the ratio of the widthtlee pit to the depth of the pit. The
corrosion pit locations can be relative locatiohshe pits to each other (e.g., expressed
as a number of pits per unit area on the equipmamtaverage or median distance
between corrosion pits, etc.) and/or absolute looatof the pits (e.g., distances or

vectors of the pits from the same or common locatio

[0014] The systems and methods optionally also can emgdopsion pit population
data to quantify the impact of multiple corrosiahipteractions on the remaining useful
service life of the equipment. For example, clas@rosion pits and/or greater numbers



of corrosion pits that are close to each othemaoee likely to result in generation of a

crack in the equipment compared to corrosion pig$ &re farther apart and/or a smaller
number of corrosion pits that are close to eacherothThe systems and methods
optionally can predict growth of corrosion pits &dson operating conditions of the

equipment. This information also can impact thedmted remaining useful service life

of the equipment.

[0015] With respect to a turbine engine or another typesmgine, the systems and
methods can operate by analyzing engine data imguengine operating parameters,
analyzing vehicle routes (e.g., flight routes imthg inter-city pairs, or groups of
locations between which the engine traveled onvittacle), analyzing environmental
exposure of the engine for the routes or missiand, identifying a level of exposure of
the engine to corrosion damage. The engine canspected for corrosion damage at an
identified usage point. Characteristics of thdase corrosion pit field in the engine can
be measured, such as the number of corrosionigeistions of the corrosion pits, density

of corrosion pits, sizes (e.g., aspect ratioshefdorrosion pits, etc.

[0016] Using this corrosion data, a stress analyses @frtagb the engine or equipment
that has experienced corrosion damage is perfoahéte operating mission conditions,
such as operating speeds, temperatures, etc. ffEoce @ the corrosion pits on stresses in
the equipment is determined, and areas where peedstress indicates a risk of crack
initiation are identified. The stress increase ggated by individual corrosion pits is
determined. The stress increase generated by dhebiced effect of adjacent or
neighboring corrosion pits in the pit field is deténed using the stress analysis. The
residual life of the part or engine is determinegsddl on the engine operation or

exposure, the measurements of the corrosion pitgpathe component analyses.

[0017] The ability to monitor corrosion degradation based equipment data and
environmental exposure is becoming increasing itapdr and provides one or more
technical effects. Defining the residual life ofongponents using corrosion
measurements, performing stress analyses, andligisiadp residual component life



provides beneficial information on determining howwhen to take equipment out of
service for replacement and/or repair. For exantpleng a turbine engine of an airplane
out of service can result in significantly long ddwnes for the airplane and can be a
costly endeavor. Unnecessarily taking the enguteobservice before service is needed
can result in wasted time and/or cost. Additiongberforming proactive service on the
corrosion on an engine based on the predicted rengauseful service life can extend

the life of the engine relative to performing tieevice only on a periodic basis.

[0018] Figure 1 illustrates one embodiment of a corrosimmitoring system 100. The
system 100 includes an analysis controller 102 thahitors equipment performance
parameters and predicts corrosion degradationwpetgnt 104, such as a turbine engine
of an aircraft (or another type of engine, anotiegine for another type of vehicle, or
another type of equipment other than an enginegspBnsive to predicting corrosion
degradation, the analysis controller 102 can autiocally implement one or more
responsive or remediation actions. These actianse performed without removing the
equipment 104 from the powered system to whictetiigpment 104 is coupled, such as
the aircraft or wing of the aircraft. With respéctequipment 104 that is stationary, the
actions can be performed without removing the egeipt 104 from a surface to which
the equipment 104 is mounted. For example, foustrial gas turbine engines mounted
to surfaces, the actions can be implemented withentoving the engines from the
surfaces.

[0019] A remediation system 106 represents one or moréwaae components that
change a state of the equipment 104 to reduce fteet eof further corrosion. For
example, the remediation system 106 can includeeaning system that applies water,
air, or the like, to remove corrosive species frihra equipment 104. Optionally, the
remediation system 106 can be a scheduling sysham changes a schedule of the
vehicle to avoid city-to-city flight paths that iolve exposure to dust that causes hot

corrosion. As another example, a remediation agierformed and/or scheduled by the



system 106 can include replacing a filter or fikgstem on the equipment 104, such as a

filter that removes particulates from air directetb the equipment 104.

[0020] As another example, the remediation system 106 coanmunicate with an
equipment controller 108 that controls operatiornth&f equipment 104. The equipment
controller 108 can modify operating parametersheféquipment 104, such as to de-rate
the equipment 104, to reduce an upper limit on @erating temperature of the
equipment 104, and/or to otherwise reduce stress#se equipment 104 to reduce the
rate of corrosion. De-rating the equipment 104 icafude lowering an upper limit on
operation of the equipment 104, such as loweriegatmount of horsepower that can be
generated by an engine. The remediation systentd@6nclude a spraying device that

adds coatings to the equipment 104, including soromitigation coatings.

[0021] The analysis controller 102 and/or equipment caletrd 08 represent hardware
circuitry that includes and/or is connected witle @m more processors (e.g., one or more
microprocessors, field programmable gate arrayd/oarntegrated circuits) that perform
the associated operations described herein. Giiityothe analysis controller 102 and/or
equipment controller 108 can include one or morecgssors (e.g. a controller,
microprocessor, microcontroller, digital signal gessor, etc.), one or more memories,
one or more input/output subsystems, one or m@tepacomputers, one or more mobile
devices (e.g., a tablet computer, smart phone, -boalynted device or wearable device,
etc.), one or more servers, one Or more entergriseputer systems, one or more
networks of computers, etc. In one embodimentethepment controller 108 includes a
full authority digital engine controller (FADEC), @mponent thereof, or as a separate
module in communication with the FADEC (e.g., viaeoor more electronic
communication links or networks). In some emboditagthe equipment controller 108
monitors a range of equipment characteristics, siscthe frequency of data acquisition
and communication with the analysis controller 102.

[0022] The controllers 102, 108 can communicate with eaitter via one or more

networks. The network(s) may be, for example, &ulzelnetwork, a local area network,



a wide area network (e.g., Wi-Fi), a cloud, a \aftpersonal network (e.g., VPN), a
cloud, an Ethernet network, and/or a public netwsurgh as the Internet. The controllers
102, 108 can include and/or communicate with eatherovia communication
subsystems. The communication subsystems may esnsifobrter-range wireless
communications between the controllers 102, 108gjsior example, BLUETOOTH
and/or other technology. The communication subsystenay include one or more
optical, wired and/or wireless network interfacéosytstems, cards, adapters, or other
devices, as may be needed pursuant to the spéoifisaand/or design of the controllers
102, 108.

[0023] One or more corrosion sensors 110 can opticallysoreacharacteristics of
corrosion in or on the equipment 104. In one enthedt, the corrosion sensor 110
includes an optical sensor that measures multiaén@al information on corrosion in
the equipment. This information can include lomasi and/or sizes of the corrosion pits
in the equipment 104. The corrosion sensor 110rednde a structured light sensor that
generates several points of light that are refttadf the equipment 104 and that
measures reflection of the points of light. Basadchanges in the emitted and detected
points of light, the corrosion sensor 110 can detgerruptions in smooth surfaces of the
equipment 104.

[0024] The presence of a corrosion pit can introduce obsinig the reflection of the
light when compared with the absence of a corropibn For example, points of light
that are a designated distance apart from each otten emitted from the sensor 110
can appear or be reflected toward the sensor Idiffement distance (e.g., the reflected
points of light can be closer together or fathearjpwhen the light reflects off a
corrosion pit. This can be used by the sensorahiflor controller 102 to determine the
location of the corrosion pit. Additionally, theipts of light can be reflected to appear
to be closer or farther apart by different distanloased on different sizes of the corrosion
pits (e.g., pits having larger aspect ratios cdlegethe points of light to appear closer

together relative to pits having smaller aspedbsat The sensor 110 optionally can



measure one or more additional features of theosmnn pits, such as volume, depth,
width, or the like.

[0025] Figure 2 illustrates a schematic diagram of a esession of a corrosion pit 200
and some multi-dimensional characteristics of theasion pit 200. The pit 200 extends
into a surface 202 of the equipment 104, such asuser surface of the equipment 104.
The pit 200 can be characterized by several clemstits that represent multi-
dimensional information about the corrosion pit 20these characteristics can include a
location of the pit 200 (e.g., the absolute logatan the surface 202 of the equipment
104 and/or a location of the pit 200 relative totaer pit 200). The characteristics can
include a depth measurement 204 that is a disttratethe pit 200 extends into the
equipment 104 from the surface 202. Another charitic can include a width
measurement 206 that is a distance that the pieR@nhds along one or more directions
that are perpendicular to the direction in whick ttepth 204 is measured. Another
characteristic can include an aspect ratio, whsdhe width 206 of the pit 200 divided by
the depth 204 of the pit 200. Another characterst the pit 200 can be a volume of the
pit 200. Other characteristics of the pit 200 opally may be measured, such as an area
of the pit 200 (e.g., a size or fraction of theaaoé the surface 202 of the equipment 104
that is replaced by the pit 200 or over which thep0 extends), a spacing of the pit 200

(e.g., a distance between the pit 200 and one oe meighboring pits 200), etc.

[0026] Figure 3 illustrates one example of a three-dinmrai representation of a
corrosion pit field 300 on the equipment 104. Tie&l 300 represents measurements of
corrosion pits 200 in the equipment 104. The fi@d0 can be created by the
measurements obtained by the sensor 110. As shbefield 300 includes pits 200 and
other undulations indicative of corrosion of theface 202 of the equipment 104.

[0027] Returning to the description of the system 100 shiswFigure 1, optionally, the
sensor 110 can represent another type of opticaloser metrology device that provides
the characteristics of the corrosion pits 200 ie #@guipment 104. For example, the

sensor 110 can represent an input (e.g., a keypimarchscreen, stylus, electronic mouse,



antenna, etc.) that is used to provide or recdieecharacteristics of corrosion pits 200
from a source such as an operator that measurechtvacteristics. This input can be
received via an interface 112 (described below)he Tpit characteristics can be
communicated from the sensor 110 and/or interfacéh¢ analysis controller 102, or
optionally can be stored in one or more computadable memories 116, (“Database” in

Figure 1), such as one or more computer hard droggcal discs, servers, or the like.

[0028] The analysis controller 102 also receives operatiasharacteristics of the

equipment 104. The interface 112 represents haedeiecuitry that includes and/or is
connected with one or more communication devicegshsas transceiving circuitry,

modems, antennas, or the like. The interface EL2ives one or more operational
characteristics of the equipment 104 from the ageint controller 108. For example,
the operational characteristics can be communicatadone or more wired and/or

wireless connections between the equipment coatr@l08 and the interface 112. The
interface 112 can communicate the operational cheniatics to the analysis controller
102 and/or the database 116. The analysis catrdlD2 can obtain the pit

characteristics and/or the operational characiesiftom the database 116.

[0029] The operational characteristics can include engperating parameters, such as
throttle settings and/or how long one or more tihectettings were used. The operational
characteristics can include routes over which tpg@pmment 104 traveled. For example,
if the equipment 104 is an engine of an aircrdig bperational characteristics can
include flight paths, location pairs (e.g., thertstg and ending locations for trips of the
aircraft), or the like. Another example of the mgi@nal characteristics includes
environmental exposure, such as temperatures ahwie equipment 104 operated, how
long the equipment 104 operated at one or more hef temperatures, ambient
temperatures to which the equipment 104 was expdsad long the equipment 104
operated at one or more of the ambient temperathrasidity to which the equipment
104 was exposed, how long the equipment 104 wagsexpto the humidity, the amount

of dust or other contaminants to which the equipniéd was exposed, etc. In one

-10-



embodiment, the environmental exposure or one omremof the operational
characteristics can be provided from one or mortgpagent sensors 118. The equipment
sensor 118 can include a thermocouple or other demiyre sensitive device that
measures operating temperatures of the equipmehtd@/or ambient temperatures, a
hydrometer that measures humidity, a dust sensbdmtleasures amounts of dust or other

contaminants to which the equipment 104 was expasdtie like.

[0030] The analysis controller 102 receives one or morethd corrosion pit
characteristics and one or more of the operatiohatacteristics of the equipment 104,
and performs a stress analysis of the equipment h8ded on the received
characteristic(s) at the relevant operating coodgj such as engine operating speeds,
temperatures, etc. The analysis controller 102 ussnthe corrosion characteristics to
determine a stress distribution in the equipmedtihGhe presence of corrosion pits 200.
The analysis controller 102 can perform a finitengnt analysis stress analysis to
identify stress concentrations (e.g., locationare@as of the equipment 104 having stress

above a designated threshold) on the surface aghgment 104.

[0031] Figure 4 illustrates one example of a stress #&€l@ of a portion of the surface
202 of the equipment 104. The stress field 400esmts different stresses on the
surface 202 of the equipment 104 that are calallbtethe analysis controller 102 for
different locations on the equipment 104. Thesstee are calculated using finite element
analysis based on the locations of the corrosits282, the pit characteristics, and/or the
operational characteristics. Labeled locations, 4@2 indicate areas of the surface 202

of the equipment 104 having increased stress vel&bi other areas.

[0032] In some situations, a full finite element analysiay not be used to determine
the stresses. Instead, empirical correlation®educed order equations could be used to
predict the stresses. As more information is olethiregarding corrosion pit fields and
their characteristics including pit depth, pit Spac etc., it may be possible to establish
reduced order equations to predict the stressgdior@ally, the stress analysis performed
by the analysis controller 102 can include comgatime corrosion pit characteristics
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and/or operational characteristics with differeesignated corrosion pit characteristics
and/or different designated operational charadiesis The different designated
corrosion pit characteristics and/or different dasited operational characteristics can be

associated with different amounts of stress.

[0033] For example, larger volumes of corrosion pits, moogrosion pits, smaller
aspect ratios of the corrosion pits, larger sur@eas of corrosion pits, deeper corrosion
pits, smaller distances between corrosion pitsiehabperating temperatures, longer
exposure times of the equipment 104 to the elevapedating temperatures, more humid
conditions to which the equipment 104 was exposexger exposure times of the
equipment 104 to the humid conditions, more dustvhich the equipment 104 was
exposed, etc., can be associated with greatesetres the equipment 104 than smaller
volumes of corrosion pits, fewer corrosion pitgajer aspect ratios of the corrosion pits,
smaller surface areas of corrosion pits, shallaveerosion pits, larger distances between
corrosion pits, cooler operating temperatures, teshaxposure times of the equipment
104 to the elevated operating temperatures, lessdheonditions to which the equipment
104 was exposed, shorter exposure times of theoegut 104 to the humid conditions,
less dust to which the equipment 104 was exposed,T&he amounts of stress associated
with the different characteristics can be storethm database 116, and can be based on
previous measurements of stress on other equipr@dt having the associated
characteristics. The analysis controller 102 ceterinine different stresses for different
sections of the equipment 104, such as differeedsaof the equipment 104. In one
embodiment, the analysis controller 102 can detsratresses associated with individual

corrosion pits in the equipment 104.

[0034] In one embodiment, the analysis controller 102 @etermine a stress increase
generated by a combined effect of adjacent or theighg corrosion pits 200 in the
surface 202 of the equipment 104. The analysigralber 102 can assess the stress
increase from the pit-to-pit interaction, as wallguantify the pit-to-pit interactions in the

pit field. For example, corrosion pits 200 that aloser together may be associated with
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greater stresses or larger increases in stress edmpared to corrosion pits 200 that are
farther apart. Corrosion pits 200 that are neah edher can be associated with greater
stresses as the location of these nearby pits 20®e& more likely to be a location where

a crack in the material of the equipment 104 islliko begin than in other locations.

[0035] The analysis controller 102 determines a residi@l df the equipment 104
using the stress analysis. The residual life oily can be referred to as a predicted
remaining useful service life of the equipment 184d represents a length of time that
the equipment 104 can continue to be used or apbefore the corrosion in the surface
202 of the equipment 104 will cause the equipm®t tb fail. The residual life that is
determined by the analysis controller 102 can agctcfor the position and/or geometry of
the corrosion pits 200, the positions of the p@® Pelative to each other in the corrosion
pit field, and the pit-to-pit interactions. Forample, different stresses, corrosion pit
positions, corrosion pit aspect ratios, corrosidgrnvplumes, distances between corrosion
pits, etc., can be associated with different desteph residual lives in the database 116.
The analysis controller 102 can select the residitmlfrom among these designated
residual lives as the predicted residual life far equipment 104 by comparing the stress
or stresses determined for the equipment 104, di@sion pit characteristics measured
for the equipment 104, etc., with the stressescamdbsion pit characteristics associated

with the different residual lives.

[0036] The designated residual life having the stress(@sgl/or corrosion pit
characteristics that match or more closely matah dtress(es) and/or corrosion pit
characteristics of the equipment 104 (e.g., moosety matches than other designated
residual lives) can be selected by the analysisralber 102 as the predicted residual life
of the equipment 104. The analysis controller 888 determine the corrosion pit field
characteristics and the stress field analysis duannormal engine overhaul of the
equipment 104, or the determination and analysms e performed on a case-by-case

basis.
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[0037] With knowledge of the corrosion condition of thertpghe analysis controller
102 can implement remediation to reduce the etietrther corrosion of the equipment
104. Remediation actions implemented by the arslysntroller 102 can include, for
example, cleaning the equipment 104 to remove smespecies, blending the corrosion
out of the equipment 104, avoiding city-to-cityghit paths of the equipment 104 that
involve exposure to dust, modification of operatpayameters of the equipment 104 to
reduce the maximum upper limits on operating tepees and stresses of the
equipment 104 to reduce the rate of corrosion,her like. In one embodiment, the
analysis controller 102 generates and communicatesntrol signal to the remediation
system 106 responsive to the stresses determintieelanalysis controller 102 exceeding
a first designated threshold and/or the predicésitual life of the equipment 104 being
shorter than a second designated threshold. Thediation system 106 can represent
automatic cleaning equipment that automaticallyagpra cleaning solution or that
otherwise removes a corrosive species (e.g., Balt) the equipment 104 responsive to

receiving the control signal from the analysis coltér 102.

[0038] Optionally, the remediation system 106 can repreaescheduling system or

dispatch facility that changes a schedule of acdletthat includes the equipment 104 to
prevent the vehicle and equipment 104 from tragebatween locations or to a location
that would result in the vehicle and equipment &®¥ing through dust. Additionally or

alternatively, the remediation system 106 reprasentspray device or system that
automatically applies one or more coatings to tp@Ement responsive to receiving the
control signal from the analysis controller 102or Fexample, one or more corrosion

mitigation coatings such as paints or claddinglmasprayed onto the equipment.

[0039] As another example, the analysis controller 102 aammunicate the control
signal to the equipment controller 108 to direa #guipment controller 108 to restrict
the operational parameters of the equipment 1@t ekample, the equipment controller

108 may prevent the throttle of the equipment 1f@nf being increased above a
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threshold setting (that is less or lower than tteximum upper throttle of the equipment

104) to reduce the operating temperature and dorras the equipment 104.

[0040] The analysis controller 102 can obtain historicaladabout the equipment 104
or the history of the remediation actions implersentn the equipment 104, including
data obtained during previous corrosion pit 200 sueaments of the equipment 104.
The analysis controller 102 can use this additidn&drmation to determine stresses
and/or determine whether to implement one or memeediation actions. For example,
the analysis controller 102 can determine thatcttreosion characteristics alone do not
warrant implementing a remediation action. Bug, @élmalysis controller 102 can examine
historical measurements of the corrosion charatiesiand determine that the corrosion
characteristics worsening at a rapid rate, sucivren the aspect ratios of the corrosion
pits 200 are decreasing by at least a designated tree number of corrosion pits 200
increasing at a rate that is faster than a desdmaite, the spacing between corrosion pits
200 decreasing at a rate that is faster than gmnigsid rate, etc. Even though the analysis
controller 102 may not implement a remedial actore to the recently measured
corrosion characteristic(s), the analysis controll®2 may determine that the rate of
change in the corrosion characteristic(s) is sigffitty large that a remedial action is to be

implemented.

[0041] In one embodiment, the analysis controller 102 paedict growth of the
corrosion on one or more parts of the equipment I4s growth can be represented or
guantified by a change in one or more corrosiomatdtaristics, such as a 20% increase in
depth, width, etc. in corrosion pits, a 20% deceeaghe aspect ratio of one or more pits,
etc. The analysis controller 102 can obtain oeirer(e.g., from a schedule of upcoming
travel of a vehicle that includes the equipment, I@m operator input, etc.) forthcoming
operational characteristics of the equipment 10Bhese characteristics can include
planned throttle settings, planned horsepower dsiipexpected ambient temperatures
and/or humidity, and the like, for upcoming opesatiof the equipment 104. These

characteristics can be obtained from scheduledatipes of the equipment 104, which
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may dictate the throttle settings, outputs, anddotes to be traveled by the equipment
104. The ambient conditions (e.g., temperaturécanidumidity) can be obtained by
reference to weather forecasts for the routes stbedo be traveled by the equipment
104. The analysis controller 102 can compare tmthdoming (e.g., expected or
planned) operational characteristics with desighatperational characteristics. The
different designated operational characteristias loa associated with different rates of

corrosion growth (e.g., in a memory such as thaluete 116).

[0042] The analysis controller 102 can determine whichigieded operational
characteristics match or are closer to the forthngnoperational characteristics (e.g.,
closer than one or more other designated operaticmaracteristics). The rate of
corrosion growth associated with this or thesegieged operational characteristics can
be identified by the analysis controller 102 asdmted corrosion growth. The analysis
controller 102 can then inform an operator (e.@,an output device such as a display, a
speaker, or the like) of the predicted rate of @sion growth and/or the expected
corrosion characteristics after the predicted <om growth. The analysis controller
102 optionally can automatically schedule one orreanoemedial actions to be
implemented based on the expected corrosion grewtthat the remedial action(s) is

implemented before the corrosion growth exceedsoomeore thresholds.

[0043] Figure 5 illustrates a flowchart of a method 500 rfwonitoring and optionally
remediating corrosion in equipment. The method B&O represent some or all the
operations performed by the system 100 describedeabo monitor corrosion in the
equipment 104 and optionally implement one or mreraeedial actions to repair, reduce,
or remove corrosion in the equipment 104. At 5@2e or more operational
characteristics of the equipment 104 are determin®dh respect to a turbine engine as
the equipment 104, the operational characteristiasare determined can include engine
data, such as engine operating parameters, flaltes (including inter-city pairs), and
environmental exposure for the flown routes andsiaiss. The level of exposure of the

equipment 104 to corrosion damage can be detern@seaslell. This level of exposure
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can be represented by measurements of the hunmdéayeas where the equipment 104
operated, how long the equipment was in these areasperatures to which the
equipment 104 was exposed, how long the equipm®dt Wwas exposed to the
temperatures, etc. The operational characteristaos be obtained by the analysis

controller 102 from the equipment controller 108 dascribed above.

[0044] At 504, the equipment 104 is inspected for cormoslamage at a usage point.
In one embodiment, this inspection is a visual @sion performed by an operator of the
equipment 104 or another person. Alternativelg, ittspection may be automated by an
optical sensor, such as a camera, structureddmgigor, or the like. The usage point can
be a time during cyclic usage of the equipment whére the inspection can occur. For
example, the equipment 104 can be inspected wleeaitbraft that is partially propelled
by the equipment 104 is in a designated city, duanregular A-check of the aircratft,
during a regular C-check of the aircraft, duringularly scheduled maintenance of the
equipment 104, etc.

[0045] At 506, one or more characteristics of the cornosb the equipment 104 are
determined. As described above, these corrosiamacteristics can be determined by
optically measuring various sizes and/or locatiohghe corrosion pits 200 in one or
more parts (e.g., sections) of the equipment 1TAe corrosion characteristics can be

measured by the corrosion sensor 110.

[0046] At 508, a stress analysis is performed for one orenparts of the equipment
104 having corrosion damage. As described abdwestress analysis can be used to
calculate stresses on the equipment 104 causedheébdrrosion. A finite element
analysis (or other stress analysis) can be peridtmealculate stresses in the equipment
104 based on the corrosion characteristics angf@rational characteristics, as described
above. The effect of the corrosion pits on stresise the equipment 104 can be
determined, and areas where the determined strégsities a risk of crack initiation can
be identified.
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[0047] At 510, the stress increase generated by neighdp@onrosion pits 200 in the
equipment 104 can be determined. The stressesssts calculated at 508 for corrosion
pits 200 that are adjacent or neighboring to edbkracan be examined. Corrosion pits
200 may be adjacent or neighbor each other wheuthrer corrosion pit 200 is disposed
between the adjacent or neighboring corrosion Ri#®, even if the adjacent or

neighboring corrosion pits 200 do not touch orinto each other.

[0048] The calculation of one or more of the stresses G&8 Bay be increased
responsive to identifying pit-to-pit interactionsor example, the stress measured for one
area of the equipment 104 can be increased ifatéia includes two or more corrosion
pits 200 within a designated distance from eaclerofl.g., a distance that is less than a
width of either of the corrosion pits 200, or aresthdistance). Optionally, a
determination is made as to one or more locationgreas on the surface of the
equipment 104 having the greatest stress or stnasss greater than one or more other
(but not all) other locations or areas on the si@faf the equipment 104. This location or
area can be identified by determining which cooo9its 200 are closest together and/or
largest relative to other groups or sets of theasion pits 200. This location or area can
be identified by the analysis controller 102 by rekang the corrosion characteristics

determined by the corrosion sensor 110.

[0049] At 512, the residual life of the equipment 104 {foe part(s) of the equipment
104 for which the corrosion was examined) is deteech Different residual lives can be
associated with different stresses determined 8t 500. Optionally, different residual
lives can be associated with identifications ofagrer locations having greater stresses
due to pit-to-pit interactions. The residual ldfethe equipment 104 or equipment part(s)
can be selected from among these residual livedetbgrmining which residual live(s)
have stresses or pit-to-pit interactions that matcmore closely match those measured

or determined for the equipment 104.

[0050] Optionally, one or more remedial actions can belemented. As described
above, depending on the residual life and/or stes¢isat are determined, one or more
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remedial actions can be automatically implementecktiuce or remove the corrosion on

the equipment 104.

[0051] In one embodiment, a system includes an analysidralter configured to

determine multi-dimensional characteristics of @nenore corrosion pits in equipment
and to determine one or more stresses on the egquipbased on the characteristics of
the corrosion that are determined. The analysisralter also is configured to generate a
control signal to implement one or more remedidioas to one or more of remove the
one or more corrosion pits, repair the equipmentestrict operation of the equipment

based on the one or more stresses that are detekmin

[0052] Optionally, the analysis controller is configured tletermine the multi-
dimensional characteristics of the one or moreoson pits as an aspect ratio of the one
or more corrosion pits, a depth of the one or noamr@osion pits, a width of the one or

more corrosion pits, a volume of the one or momeasion pits, or a combination thereof.

[0053] Optionally, the analysis controller also is configth to determine a distance
between two or more of the corrosion pits. Theyam controller can be configured to
determine the one or more stresses based on thiedinuénsional characteristics of the

one or more corrosion pits and based on the disttrat is determined.

[0054] Optionally, the analysis controller is configured determine one or more
operational characteristics of the equipment indieaof usage of the equipment. The
analysis controller can be configured to deterntine one or more stresses on the

equipment also based on the one or more operatibaahcteristics of the equipment.

[0055] Optionally, the one or more operational charadiessof the equipment include
a throttle setting of the equipment, a horsepowstpwt of the equipment, a temperature
of the equipment, an ambient temperature to wtehequipment is exposed, a humidity

to which the equipment is exposed, or a route otech the equipment travels.
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[0056] Optionally, the analysis controller is configurex determine the one or more
stresses by determining a greater stress on thpregot in a location where two or more
of the corrosion pits are closer together in thei@ment than in a location where two or

more other corrosion pits are farther apart ingtyeipment.

[0057] Optionally, the analysis controller is configuredpredict growth of the one or

more corrosion pits based on forthcoming operatioharacteristics of the equipment.

[0058] In one embodiment, a method includes optically meit@ng multi-dimensional

characteristics of one or more corrosion pits imigaent, determining one or more
stresses on the equipment based on the multi-dioveaischaracteristics of the one or
more corrosion pits that are determined, and implgmg one or more remedial actions
to one or more of remove the one or more corropits) repair the equipment, or restrict

operation of the equipment based on the one or stogsses that are determined.

[0059] Optionally, optically determining the multi-dimensial characteristics of the
one or more corrosion pits includes optically meaguan aspect ratio of the one or more
corrosion pits, a depth of the one or more corro$ds, a width of the one or more

corrosion pits, a volume of the one or more comoglits, or a combination thereof.

[0060] Optionally, the method also includes determiningistance between two or
more corrosion pits, where the one or more stressesdetermined based on the
characteristics of the one or more corrosion pitd dased on the distance that is

determined.

[0061] Optionally, the method also includes determininge ar more operational
characteristics of the equipment indicative of @safjthe equipment, where the one or
more stresses on the equipment also are based eororte or more operational

characteristics of the equipment.

[0062] Optionally, the one or more operational charadiessof the equipment include

a throttle setting of the equipment, a horsepowput of the equipment, a temperature
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of the equipment, an ambient temperature to whiehequipment is exposed, a humidity

to which the equipment is exposed, or a route odech the equipment travels.

[0063] Optionally, determining the one or more stressekides determining a greater
stress on the equipment in a location where twmane corrosion pits are closer together
in the equipment than in a location where two oreanather corrosion pits are farther
apart in the equipment.

[0064] Optionally, the method also includes predictingvgio of the corrosion based
on forthcoming operational characteristics of thaipment.

[0065] In one embodiment, a system includes an analysidralter configured to
determine one or more multi-dimensional charadiesisof corrosion pits in equipment
and to determine one or more operational charatiegiof the equipment. The analysis
controller also is configured to determine one orarstresses on the equipment based on
the one or more multi-dimensional characteristitshe corrosion that are determined
and based on the one or more operational charstatsri The analysis controller also is
configured to generate a control signal to implehagre or more remedial actions to one
or more of remove the corrosion pits, repair thaigment, or de-rate operation of the

equipment based on the one or more stresses ¢hdesrmined.

[0066] Optionally, the analysis controller is configurex determine the one or more
multi-dimensional characteristics of the corroguits as one or more of an aspect ratio of
the corrosion pits, a depth of the corrosion @teidth of the corrosion pits, or a volume
of the corrosion pits.

[0067] Optionally, the analysis controller also is configth to determine a distance
between two or more of the corrosion pits. Theyama controller can be configured to
determine the one or more stresses based on thiedim#nsional characteristics of the

corrosion pits and based on the distance thattesrdened.
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[0068] Optionally, the one or more operational charadiessf the equipment include
a throttle setting of the equipment, a horsepowgput of the equipment, a temperature
of the equipment, an ambient temperature to wtehequipment is exposed, a humidity

to which the equipment is exposed, or a route odech the equipment travels.

[0069] Optionally, the analysis controller is configurex determine the one or more
stresses by determining a greater stress on thpregat in a location where two or more
of the corrosion pits are closer together in theigment than in a location where two or

more other pits of the corrosion pits are farthgarain the equipment.

[0070] Optionally, the analysis controller is configured predict growth of the

corrosion pits based on forthcoming operationatattaristics of the equipment.

[0071] As used herein, an element or step recited initfgukar and proceeded with the

word “a” or “an” should be understood as not exsigdplural of said elements or steps,
unless such exclusion is explicitly stated. Furti@e, references to “one embodiment”
of the presently described subject matter are mended to be interpreted as excluding
the existence of additional embodiments that alsmorporate the recited features.
Moreover, unless explicitly stated to the contragmbodiments “comprising” or

“having” an element or a plurality of elements hayvi particular property may include

additional such elements not having that property.

[0072] Itis to be understood that the above descripsantended to be illustrative, and
not restrictive. For example, the above-descridedbodiments (and/or aspects thereof)
may be used in combination with each other. Initedg many modifications may be
made to adapt a particular situation or materightoteachings of the subject matter set
forth herein without departing from its scope. Whthe dimensions and types of
materials described herein are intended to defieepirameters of the disclosed subject
matter, they are by no means limiting and are exampembodiments. Many other
embodiments will be apparent to those of skill e tart upon reviewing the above

description. The scope of the subject matter desdrherein should, therefore, be
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determined with reference to the appended clainsngawith the full scope of
equivalents to which such claims are entitled. e tappended claims, the terms
“‘including” and “in which” are used as the plainglish equivalents of the respective
terms “comprising” and “wherein.” Moreover, in th@lowing claims, the terms “first,”
“second,” and “third,” etc. are used merely as Ispband are not intended to impose
numerical requirements on their objects. Furthe limitations of the following claims
are not written in means-plus-function format arelreot intended to be interpreted based
on 35 U.S.C. 8§ 112(f), unless and until such clamitations expressly use the phrase

“means for” followed by a statement of functionda@if further structure.

[0073] This written description uses examples to disclseeral embodiments of the
subject matter set forth herein, including the bastle, and also to enable a person of
ordinary skill in the art to practice the embodirngeof disclosed subject matter, including
making and using the devices or systems and peirigrthe methods. The patentable
scope of the subject matter described herein imekkfby the claims, and may include
other examples that occur to those of ordinaryl gkithe art. Such other examples are
intended to be within the scope of the claims #ythave structural elements that do not
differ from the literal language of the claims, ibrthey include equivalent structural

elements with insubstantial differences from tiwerdl languages of the claims.
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WHAT IS CLAIMED IS:
1. A system comprising:

an analysis controller configured to determine idilhensional characteristics
of one or more corrosion pits in equipment anddtednine one or more stresses on the

equipment based on the characteristics of the simmdhat are determined,

wherein the analysis controller also is configutedyenerate a control signal to
implement one or more remedial actions to one orenwd remove the one or more
corrosion pits, repair the equipment, or restriperation of the equipment based on the

one or more stresses that are determined.

2. The system of claim 1, wherein the analysis radlet is configured to
determine the multi-dimensional characteristicshaf one or more corrosion pits as an
aspect ratio of the one or more corrosion pitsgptiu of the one or more corrosion pits, a
width of the one or more corrosion pits, a volunhié¢he one or more corrosion pits, or a

combination thereof.

3. The system of claim 1, wherein the analysis rodiet also is configured
to determine a distance between two or more ottmeosion pits, wherein the analysis
controller is configured to determine the one orrenstresses based on the multi-
dimensional characteristics of the one or moreasion pits and based on the distance

that is determined.

4. The system of claim 1, wherein the analysis rdlet is configured to
determine one or more operational characterisfitseoequipment indicative of usage of
the equipment, wherein the analysis controlleoisfigured to determine the one or more
stresses on the equipment also based on the anereroperational characteristics of the

equipment.

-25-



5. The system of claim 4, wherein the one or m@erational characteristics
of the equipment include a throttle setting of ggrlipment, a horsepower output of the
equipment, a temperature of the equipment, an arnbdEmperature to which the
equipment is exposed, a humidity to which the eapeipt is exposed, or a route over
which the equipment travels.

6. The system of claim 1, wherein the analysis radlet is configured to
determine the one or more stresses by determingrgater stress on the equipment in a
location where two or more of the corrosion pits @oser together in the equipment than

in a location where two or more other corrosioss pite farther apart in the equipment.

7. The system of claim 1, wherein the analysis radlet is configured to
predict growth of the one or more corrosion pitsdah on forthcoming operational
characteristics of the equipment.

8. A method comprising:

optically determining multi-dimensional charactéds of one or more corrosion

pits in equipment;

determining one or more stresses on the equipmesed on the multi-

dimensional characteristics of the one or moreasion pits that are determined; and

implementing one or more remedial actions to onmore of remove the one or
more corrosion pits, repair the equipment, or retstipperation of the equipment based on

the one or more stresses that are determined.

9. The method of claim 8, wherein optically detemimg the multi-
dimensional characteristics of the one or moreasion pits includes optically measuring
an aspect ratio of the one or more corrosion pitdepth of the one or more corrosion
pits, a width of the one or more corrosion pitsjocdume of the one or more corrosion

pits, or a combination thereof.
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10.  The method of claim 8, further comprising deti@ing a distance between
two or more corrosion pits, wherein the one or natresses are determined based on the
characteristics of the one or more corrosion pitd dased on the distance that is
determined.

11. The method of claim 8, further comprising dei@ng one or more
operational characteristics of the equipment irtdieaof usage of the equipment,
wherein determining the one or more stresses oedbg@ment also is based on the one

or more operational characteristics of the equigmen

12. The method of claim 11, wherein the one or mameerational
characteristics of the equipment include a thra#ting of the equipment, a horsepower
output of the equipment, a temperature of the eqeig, an ambient temperature to
which the equipment is exposed, a humidity to whitd equipment is exposed, or a
route over which the equipment travels.

13 The method of claim 8, wherein determining tme @r more stresses
includes determining a greater stress on the egnpin a location where two or more
corrosion pits are closer together in the equipntiesuh in a location where two or more

other corrosion pits are farther apart in the eanipt.

14. The method of claim 8, further comprising pctidg growth of the

corrosion based on forthcoming operational charesties of the equipment.
15. A system comprising:

an analysis controller configured to determine @nemore multi-dimensional
characteristics of corrosion pits in equipment &mdletermine one or more operational
characteristics of the equipment, the analysisrobiat also configured to determine one
or more stresses on the equipment based on theoobnmore multi-dimensional
characteristics of the corrosion that are deterthined based on the one or more
operational characteristics,

27-



wherein the analysis controller also is configutedyenerate a control signal to
implement one or more remedial actions to one orenad remove the corrosion pits,
repair the equipment, or de-rate operation of ttp@ipment based on the one or more

stresses that are determined.

16. The system of claim 15, wherein the analysistrodlier is configured to
determine the one or more multi-dimensional charatics of the corrosion pits as one
or more of an aspect ratio of the corrosion pitdepth of the corrosion pits, a width of

the corrosion pits, or a volume of the corrosias.pi

17. The system of claim 15, wherein the analysigrodler also is configured
to determine a distance between two or more ottmesion pits, wherein the analysis
controller is configured to determine the one orrenstresses based on the multi-
dimensional characteristics of the corrosion pitgl dased on the distance that is
determined.

18. The system of claim 15, wherein the one or mogerational
characteristics of the equipment include a thraéing of the equipment, a horsepower
output of the equipment, a temperature of the eneig, an ambient temperature to
which the equipment is exposed, a humidity to whicd equipment is exposed, or a
route over which the equipment travels.

19. The system of claim 15, wherein the analysistrodier is configured to
determine the one or more stresses by determingrgater stress on the equipment in a
location where two or more of the corrosion pits @oser together in the equipment than
in a location where two or more other pits of tlograsion pits are farther apart in the
equipment.

20. The system of claim 15, wherein the analysistrodlier is configured to
predict growth of the corrosion pits based on foothing operational characteristics of
the equipment.
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