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EQUIPMENT CONDITION-BASED CORROSION LIFE 

MONITORING SYSTEM AND METHOD 

FIELD 

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

equipment, such as turbine engines or other equipment. 

BACKGROUND  

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

corrosion can develop pitting in the equipment, which eventually can lead to cracks in the 

equipment and eventual failure of the equipment.  Equipment may be scheduled for 

periodic inspection to check on the existence and/or progression of corrosion.  But, this 

periodic inspection of corrosion may only examine the propagation of cracks and/or may 

only measure a single corrosion pit, and not examine other aspect of corrosion.  As a 

result, predictions of how much longer the equipment can continue to safely operate (e.g., 

the remaining useful service life of the equipment) may be inaccurate. 
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BRIEF DESCRIPTION  

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

determine multi-dimensional characteristics of one or more corrosion pits in equipment 

and to determine one or more stresses on the equipment based on the characteristics of 

the corrosion that are determined.  The analysis controller also is configured to generate a 

control signal to implement one or more remedial actions to one or more of remove the 

one or more corrosion pits, repair the equipment, or restrict operation of the equipment 

based on the one or more stresses that are determined. 

[0004]    In one embodiment, a method includes optically determining multi-dimensional 

characteristics of one or more corrosion pits in equipment, determining one or more 

stresses on the equipment based on the multi-dimensional characteristics of the one or 

more corrosion pits that are determined, and implementing one or more remedial actions 

to one or more of remove the one or more corrosion pits, repair the equipment, or restrict 

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

[0005]    In one embodiment, a system includes an analysis controller configured to 

determine one or more multi-dimensional characteristics of corrosion pits in equipment 

and to determine one or more operational characteristics of the equipment.  The analysis 

controller also is configured to determine one or more stresses on the equipment based on 

the one or more multi-dimensional characteristics of the corrosion that are determined 

and based on the one or more operational characteristics.  The analysis controller also is 

configured to generate a control signal to implement one or more remedial actions to one 

or more of remove the corrosion pits, repair the equipment, or de-rate operation of the 

equipment based on the one or more stresses that are determined. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0006]    The present inventive subject matter will be better understood from reading the 

following description of non-limiting embodiments, with reference to the attached 

drawings, wherein below: 

[0007]      Figure 1 illustrates one embodiment of a corrosion monitoring system; 

[0008]    Figure 2 is a schematic diagram of a corrosion pit and some multi-dimensional 

characteristics of the corrosion pit; 

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

equipment; 

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

equipment; and 

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

remediating corrosion in equipment. 
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DETAILED DESCRIPTION  

[0012]    One or more embodiments of the inventive subject matter described herein 

provide systems and methods that monitor corrosion of equipment and, based on the 

corrosion that is monitored, determine a predicted remaining useful service life of the 

equipment.  While the description herein focuses on predicting the remaining useful 

service life of engine turbines, the systems and methods can be used to predict the 

remaining useful service life of other types of equipment, such as other vehicle 

components, bridges, rails, or the like.  The prediction of the remaining useful service life 

of equipment can be referred to as lifing the equipment.  The predicted remaining useful 

service life can represent an amount of time that the system or method predict that the 

equipment can continue to be operational before failing or otherwise being unable to 

function. 

[0013]    The systems and methods can apply an analytic based equipment corrosion life 

monitor in conjunction with optical measurements of corrosion pits in the equipment.  

The systems and methods can use multi-dimensional surface information regarding the 

corrosion pit population (such as a depth, width, and/or aspect ratio of one or more 

corrosion pits) to quantify stress concentrations associated with a field of corrosion pits, 

as well as a resulting modified crack initiation life.  For example, the systems and 

methods can determine the corrosion pit aspect ratio and corrosion pit locations to 

quantify stress concentration and crack initiation life in the equipment.  The aspect ratio 

for a corrosion pit can be the ratio of the width of the pit to the depth of the pit.  The 

corrosion pit locations can be relative locations of the pits to each other (e.g., expressed 

as a number of pits per unit area on the equipment, an average or median distance 

between corrosion pits, etc.) and/or absolute locations of the pits (e.g., distances or 

vectors of the pits from the same or common location).   

[0014]    The systems and methods optionally also can employ corrosion pit population 

data to quantify the impact of multiple corrosion pit interactions on the remaining useful 

service life of the equipment.  For example, closer corrosion pits and/or greater numbers 
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of corrosion pits that are close to each other are more likely to result in generation of a 

crack in the equipment compared to corrosion pits that are farther apart and/or a smaller 

number of corrosion pits that are close to each other.  The systems and methods 

optionally can predict growth of corrosion pits based on operating conditions of the 

equipment.  This information also can impact the predicted remaining useful service life 

of the equipment. 

[0015]    With respect to a turbine engine or another type of engine, the systems and 

methods can operate by analyzing engine data including engine operating parameters, 

analyzing vehicle routes (e.g., flight routes including inter-city pairs, or groups of 

locations between which the engine traveled on the vehicle), analyzing environmental 

exposure of the engine for the routes or missions, and identifying a level of exposure of 

the engine to corrosion damage.  The engine can be inspected for corrosion damage at an 

identified usage point.  Characteristics of the surface corrosion pit field in the engine can 

be measured, such as the number of corrosion pits, locations of the corrosion pits, density 

of corrosion pits, sizes (e.g., aspect ratios) of the corrosion pits, etc. 

[0016]    Using this corrosion data, a stress analyses of a part of the engine or equipment 

that has experienced corrosion damage is performed at the operating mission conditions, 

such as operating speeds, temperatures, etc.  The effect of the corrosion pits on stresses in 

the equipment is determined, and areas where predicted stress indicates a risk of crack 

initiation are identified.  The stress increase generated by individual corrosion pits is 

determined.  The stress increase generated by the combined effect of adjacent or 

neighboring corrosion pits in the pit field is determined using the stress analysis.  The 

residual life of the part or engine is determined based on the engine operation or 

exposure, the measurements of the corrosion pits, and/or the component analyses. 

[0017]    The ability to monitor corrosion degradation based on equipment data and 

environmental exposure is becoming increasing important, and provides one or more 

technical effects.  Defining the residual life of components using corrosion 

measurements, performing stress analyses, and establishing residual component life 
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provides beneficial information on determining how or when to take equipment out of 

service for replacement and/or repair.  For example, taking a turbine engine of an airplane 

out of service can result in significantly long downtimes for the airplane and can be a 

costly endeavor.  Unnecessarily taking the engine out of service before service is needed 

can result in wasted time and/or cost.  Additionally, performing proactive service on the 

corrosion on an engine based on the predicted remaining useful service life can extend 

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

[0018]    Figure 1 illustrates one embodiment of a corrosion monitoring system 100.  The 

system 100 includes an analysis controller 102 that monitors equipment performance 

parameters and predicts corrosion degradation of equipment 104, such as a turbine engine 

of an aircraft (or another type of engine, another engine for another type of vehicle, or 

another type of equipment other than an engine).  Responsive to predicting corrosion 

degradation, the analysis controller 102 can automatically implement one or more 

responsive or remediation actions.  These actions can be performed without removing the 

equipment 104 from the powered system to which the equipment 104 is coupled, such as 

the aircraft or wing of the aircraft.  With respect to equipment 104 that is stationary, the 

actions can be performed without removing the equipment 104 from a surface to which 

the equipment 104 is mounted.  For example, for industrial gas turbine engines mounted 

to surfaces, the actions can be implemented without removing the engines from the 

surfaces. 

[0019]    A remediation system 106 represents one or more hardware components that 

change a state of the equipment 104 to reduce the effect of further corrosion.  For 

example, the remediation system 106 can include a cleaning system that applies water, 

air, or the like, to remove corrosive species from the equipment 104.  Optionally, the 

remediation system 106 can be a scheduling system that changes a schedule of the 

vehicle to avoid city-to-city flight paths that involve exposure to dust that causes hot 

corrosion.  As another example, a remediation action performed and/or scheduled by the 
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system 106 can include replacing a filter or filter system on the equipment 104, such as a 

filter that removes particulates from air directed into the equipment 104.   

[0020]    As another example, the remediation system 106 can communicate with an 

equipment controller 108 that controls operation of the equipment 104.  The equipment 

controller 108 can modify operating parameters of the equipment 104, such as to de-rate 

the equipment 104, to reduce an upper limit on an operating temperature of the 

equipment 104, and/or to otherwise reduce stresses of the equipment 104 to reduce the 

rate of corrosion.  De-rating the equipment 104 can include lowering an upper limit on 

operation of the equipment 104, such as lowering the amount of horsepower that can be 

generated by an engine.  The remediation system 106 can include a spraying device that 

adds coatings to the equipment 104, including corrosion mitigation coatings.     

[0021]    The analysis controller 102 and/or equipment controller 108 represent hardware 

circuitry that includes and/or is connected with one or more processors (e.g., one or more 

microprocessors, field programmable gate arrays, and/or integrated circuits) that perform 

the associated operations described herein.  Optionally, the analysis controller 102 and/or 

equipment controller 108 can include one or more processors (e.g. a controller, 

microprocessor, microcontroller, digital signal processor, etc.), one or more memories, 

one or more input/output subsystems, one or more laptop computers, one or more mobile 

devices (e.g., a tablet computer, smart phone, body-mounted device or wearable device, 

etc.), one or more servers, one or more enterprise computer systems, one or more 

networks of computers, etc.  In one embodiment, the equipment controller 108 includes a 

full authority digital engine controller (FADEC), a component thereof, or as a separate 

module in communication with the FADEC (e.g., via one or more electronic 

communication links or networks).  In some embodiments, the equipment controller 108 

monitors a range of equipment characteristics, such as the frequency of data acquisition 

and communication with the analysis controller 102. 

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

networks. The network(s) may be, for example, a cellular network, a local area network, 
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a wide area network (e.g., Wi-Fi), a cloud, a virtual personal network (e.g., VPN), a 

cloud, an Ethernet network, and/or a public network such as the Internet.  The controllers 

102, 108 can include and/or communicate with each other via communication 

subsystems.  The communication subsystems may enable shorter-range wireless 

communications between the controllers 102, 108 using, for example, BLUETOOTH 

and/or other technology. The communication subsystems may include one or more 

optical, wired and/or wireless network interface subsystems, cards, adapters, or other 

devices, as may be needed pursuant to the specifications and/or design of the controllers 

102, 108.  

[0023]    One or more corrosion sensors 110 can optically measure characteristics of 

corrosion in or on the equipment 104.  In one embodiment, the corrosion sensor 110 

includes an optical sensor that measures multi-dimensional information on corrosion in 

the equipment.  This information can include locations and/or sizes of the corrosion pits 

in the equipment 104.  The corrosion sensor 110 can include a structured light sensor that 

generates several points of light that are reflected off the equipment 104 and that 

measures reflection of the points of light.  Based on changes in the emitted and detected 

points of light, the corrosion sensor 110 can detect interruptions in smooth surfaces of the 

equipment 104.   

[0024]    The presence of a corrosion pit can introduce changes in the reflection of the 

light when compared with the absence of a corrosion pit.  For example, points of light 

that are a designated distance apart from each other when emitted from the sensor 110 

can appear or be reflected toward the sensor 110 a different distance (e.g., the reflected 

points of light can be closer together or father apart) when the light reflects off a 

corrosion pit.  This can be used by the sensor 110 and/or controller 102 to determine the 

location of the corrosion pit.  Additionally, the points of light can be reflected to appear 

to be closer or farther apart by different distances based on different sizes of the corrosion 

pits (e.g., pits having larger aspect ratios can reflect the points of light to appear closer 

together relative to pits having smaller aspect ratios).  The sensor 110 optionally can 
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measure one or more additional features of the corrosion pits, such as volume, depth, 

width, or the like.   

[0025]    Figure 2 illustrates a schematic diagram of a cross-section of a corrosion pit 200 

and some multi-dimensional characteristics of the corrosion pit 200.  The pit 200 extends 

into a surface 202 of the equipment 104, such as an outer surface of the equipment 104.  

The pit 200 can be characterized by several characteristics that represent multi-

dimensional information about the corrosion pit 200.  These characteristics can include a 

location of the pit 200 (e.g., the absolute location on the surface 202 of the equipment 

104 and/or a location of the pit 200 relative to another pit 200).  The characteristics can 

include a depth measurement 204 that is a distance that the pit 200 extends into the 

equipment 104 from the surface 202.  Another characteristic can include a width 

measurement 206 that is a distance that the pit 200 extends along one or more directions 

that are perpendicular to the direction in which the depth 204 is measured.  Another 

characteristic can include an aspect ratio, which is the width 206 of the pit 200 divided by 

the depth 204 of the pit 200.  Another characteristic of the pit 200 can be a volume of the 

pit 200.  Other characteristics of the pit 200 optionally may be measured, such as an area 

of the pit 200 (e.g., a size or fraction of the area of the surface 202 of the equipment 104 

that is replaced by the pit 200 or over which the pit 200 extends), a spacing of the pit 200 

(e.g., a distance between the pit 200 and one or more neighboring pits 200), etc. 

[0026]    Figure 3 illustrates one example of a three-dimensional representation of a 

corrosion pit field 300 on the equipment 104.  The field 300 represents measurements of 

corrosion pits 200 in the equipment 104.  The field 300 can be created by the 

measurements obtained by the sensor 110.  As shown, the field 300 includes pits 200 and 

other undulations indicative of corrosion of the surface 202 of the equipment 104. 

[0027]    Returning to the description of the system 100 shown in Figure 1, optionally, the 

sensor 110 can represent another type of optical sensor or metrology device that provides 

the characteristics of the corrosion pits 200 in the equipment 104.  For example, the 

sensor 110 can represent an input (e.g., a keyboard, touchscreen, stylus, electronic mouse, 
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antenna, etc.) that is used to provide or receive the characteristics of corrosion pits 200 

from a source such as an operator that measured the characteristics.  This input can be 

received via an interface 112 (described below).  The pit characteristics can be 

communicated from the sensor 110 and/or interface to the analysis controller 102, or 

optionally can be stored in one or more computer readable memories 116, (“Database” in 

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

[0028]    The analysis controller 102 also receives operational characteristics of the 

equipment 104.  The interface 112 represents hardware circuitry that includes and/or is 

connected with one or more communication devices, such as transceiving circuitry, 

modems, antennas, or the like.  The interface 112 receives one or more operational 

characteristics of the equipment 104 from the equipment controller 108.  For example, 

the operational characteristics can be communicated via one or more wired and/or 

wireless connections between the equipment controller 108 and the interface 112.  The 

interface 112 can communicate the operational characteristics to the analysis controller 

102 and/or the database 116.  The analysis controller 102 can obtain the pit 

characteristics and/or the operational characteristics from the database 116.   

[0029]    The operational characteristics can include engine operating parameters, such as 

throttle settings and/or how long one or more throttle settings were used.  The operational 

characteristics can include routes over which the equipment 104 traveled.  For example, 

if the equipment 104 is an engine of an aircraft, the operational characteristics can 

include flight paths, location pairs (e.g., the starting and ending locations for trips of the 

aircraft), or the like.  Another example of the operational characteristics includes 

environmental exposure, such as temperatures at which the equipment 104 operated, how 

long the equipment 104 operated at one or more of the temperatures, ambient 

temperatures to which the equipment 104 was exposed, how long the equipment 104 

operated at one or more of the ambient temperatures, humidity to which the equipment 

104 was exposed, how long the equipment 104 was exposed to the humidity, the amount 

of dust or other contaminants to which the equipment 104 was exposed, etc.  In one 
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embodiment, the environmental exposure or one or more of the operational 

characteristics can be provided from one or more equipment sensors 118.  The equipment 

sensor 118 can include a thermocouple or other temperature sensitive device that 

measures operating temperatures of the equipment 104 and/or ambient temperatures, a 

hydrometer that measures humidity, a dust sensor that measures amounts of dust or other 

contaminants to which the equipment 104 was exposed, or the like. 

[0030]    The analysis controller 102 receives one or more of the corrosion pit 

characteristics and one or more of the operational characteristics of the equipment 104, 

and performs a stress analysis of the equipment 104 based on the received 

characteristic(s) at the relevant operating conditions, such as engine operating speeds, 

temperatures, etc.  The analysis controller 102 can use the corrosion characteristics to 

determine a stress distribution in the equipment 104 in the presence of corrosion pits 200.  

The analysis controller 102 can perform a finite element analysis stress analysis to 

identify stress concentrations (e.g., locations or areas of the equipment 104 having stress 

above a designated threshold) on the surface of the equipment 104. 

[0031]    Figure 4 illustrates one example of a stress field 400 of a portion of the surface 

202 of the equipment 104.  The stress field 400 represents different stresses on the 

surface 202 of the equipment 104 that are calculated by the analysis controller 102 for 

different locations on the equipment 104.  The stresses are calculated using finite element 

analysis based on the locations of the corrosion pits 202, the pit characteristics, and/or the 

operational characteristics.  Labeled locations 402, 404 indicate areas of the surface 202 

of the equipment 104 having increased stress relative to other areas.   

[0032]    In some situations, a full finite element analysis may not be used to determine 

the stresses.  Instead, empirical correlations or reduced order equations could be used to 

predict the stresses.  As more information is obtained regarding corrosion pit fields and 

their characteristics including pit depth, pit spacing, etc., it may be possible to establish 

reduced order equations to predict the stresses.  Optionally, the stress analysis performed 

by the analysis controller 102 can include comparing the corrosion pit characteristics 
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and/or operational characteristics with different designated corrosion pit characteristics 

and/or different designated operational characteristics.  The different designated 

corrosion pit characteristics and/or different designated operational characteristics can be 

associated with different amounts of stress.   

[0033]    For example, larger volumes of corrosion pits, more corrosion pits, smaller 

aspect ratios of the corrosion pits, larger surface areas of corrosion pits, deeper corrosion 

pits, smaller distances between corrosion pits, hotter operating temperatures, longer 

exposure times of the equipment 104 to the elevated operating temperatures, more humid 

conditions to which the equipment 104 was exposed, longer exposure times of the 

equipment 104 to the humid conditions, more dust to which the equipment 104 was 

exposed, etc., can be associated with greater stresses on the equipment 104 than smaller 

volumes of corrosion pits, fewer corrosion pits, greater aspect ratios of the corrosion pits, 

smaller surface areas of corrosion pits, shallower corrosion pits, larger distances between 

corrosion pits, cooler operating temperatures, shorter exposure times of the equipment 

104 to the elevated operating temperatures, less humid conditions to which the equipment 

104 was exposed, shorter exposure times of the equipment 104 to the humid conditions, 

less dust to which the equipment 104 was exposed, etc.  The amounts of stress associated 

with the different characteristics can be stored in the database 116, and can be based on 

previous measurements of stress on other equipment 104 having the associated 

characteristics.  The analysis controller 102 can determine different stresses for different 

sections of the equipment 104, such as different areas of the equipment 104.  In one 

embodiment, the analysis controller 102 can determine stresses associated with individual 

corrosion pits in the equipment 104. 

[0034]    In one embodiment, the analysis controller 102 can determine a stress increase 

generated by a combined effect of adjacent or neighboring corrosion pits 200 in the 

surface 202 of the equipment 104.  The analysis controller 102 can assess the stress 

increase from the pit-to-pit interaction, as well as quantify the pit-to-pit interactions in the 

pit field.  For example, corrosion pits 200 that are closer together may be associated with 
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greater stresses or larger increases in stress when compared to corrosion pits 200 that are 

farther apart.  Corrosion pits 200 that are near each other can be associated with greater 

stresses as the location of these nearby pits 200 can be more likely to be a location where 

a crack in the material of the equipment 104 is likely to begin than in other locations. 

[0035]    The analysis controller 102 determines a residual life of the equipment 104 

using the stress analysis.  The residual life optionally can be referred to as a predicted 

remaining useful service life of the equipment 104, and represents a length of time that 

the equipment 104 can continue to be used or operate before the corrosion in the surface 

202 of the equipment 104 will cause the equipment 104 to fail.  The residual life that is 

determined by the analysis controller 102 can account for the position and/or geometry of 

the corrosion pits 200, the positions of the pits 200 relative to each other in the corrosion 

pit field, and the pit-to-pit interactions.  For example, different stresses, corrosion pit 

positions, corrosion pit aspect ratios, corrosion pit volumes, distances between corrosion 

pits, etc., can be associated with different designated residual lives in the database 116.  

The analysis controller 102 can select the residual life from among these designated 

residual lives as the predicted residual life for the equipment 104 by comparing the stress 

or stresses determined for the equipment 104, the corrosion pit characteristics measured 

for the equipment 104, etc., with the stresses and corrosion pit characteristics associated 

with the different residual lives.   

[0036]    The designated residual life having the stress(es) and/or corrosion pit 

characteristics that match or more closely match the stress(es) and/or corrosion pit 

characteristics of the equipment 104 (e.g., more closely matches than other designated 

residual lives) can be selected by the analysis controller 102 as the predicted residual life 

of the equipment 104.  The analysis controller 102 can determine the corrosion pit field 

characteristics and the stress field analysis during a normal engine overhaul of the 

equipment 104, or the determination and analysis can be performed on a case-by-case 

basis.   
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[0037]    With knowledge of the corrosion condition of the part, the analysis controller 

102 can implement remediation to reduce the effect of further corrosion of the equipment 

104.  Remediation actions implemented by the analysis controller 102 can include, for 

example, cleaning the equipment 104 to remove corrosive species, blending the corrosion 

out of the equipment 104, avoiding city-to-city flight paths of the equipment 104 that 

involve exposure to dust, modification of operating parameters of the equipment 104 to 

reduce the maximum upper limits on operating temperatures and stresses of the 

equipment 104 to reduce the rate of corrosion, or the like.  In one embodiment, the 

analysis controller 102 generates and communicates a control signal to the remediation 

system 106 responsive to the stresses determined by the analysis controller 102 exceeding 

a first designated threshold and/or the predicted residual life of the equipment 104 being 

shorter than a second designated threshold.  The remediation system 106 can represent 

automatic cleaning equipment that automatically sprays a cleaning solution or that 

otherwise removes a corrosive species (e.g., salt) from the equipment 104 responsive to 

receiving the control signal from the analysis controller 102.   

[0038]    Optionally, the remediation system 106 can represent a scheduling system or 

dispatch facility that changes a schedule of a vehicle that includes the equipment 104 to 

prevent the vehicle and equipment 104 from traveling between locations or to a location 

that would result in the vehicle and equipment 104 moving through dust.  Additionally or 

alternatively, the remediation system 106 represents a spray device or system that 

automatically applies one or more coatings to the equipment responsive to receiving the 

control signal from the analysis controller 102.  For example, one or more corrosion 

mitigation coatings such as paints or cladding can be sprayed onto the equipment.   

[0039]    As another example, the analysis controller 102 can communicate the control 

signal to the equipment controller 108 to direct the equipment controller 108 to restrict 

the operational parameters of the equipment 104.  For example, the equipment controller 

108 may prevent the throttle of the equipment 104 from being increased above a 
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threshold setting (that is less or lower than the maximum upper throttle of the equipment 

104) to reduce the operating temperature and corrosion of the equipment 104. 

[0040]    The analysis controller 102 can obtain historical data about the equipment 104 

or the history of the remediation actions implemented on the equipment 104, including 

data obtained during previous corrosion pit 200 measurements of the equipment 104.  

The analysis controller 102 can use this additional information to determine stresses 

and/or determine whether to implement one or more remediation actions.  For example, 

the analysis controller 102 can determine that the corrosion characteristics alone do not 

warrant implementing a remediation action.  But, the analysis controller 102 can examine 

historical measurements of the corrosion characteristics and determine that the corrosion 

characteristics worsening at a rapid rate, such as when the aspect ratios of the corrosion 

pits 200 are decreasing by at least a designated rate, the number of corrosion pits 200 

increasing at a rate that is faster than a designated rate, the spacing between corrosion pits 

200 decreasing at a rate that is faster than a designated rate, etc.  Even though the analysis 

controller 102 may not implement a remedial action due to the recently measured 

corrosion characteristic(s), the analysis controller 102 may determine that the rate of 

change in the corrosion characteristic(s) is sufficiently large that a remedial action is to be 

implemented. 

[0041]    In one embodiment, the analysis controller 102 can predict growth of the 

corrosion on one or more parts of the equipment 104.  This growth can be represented or 

quantified by a change in one or more corrosion characteristics, such as a 20% increase in 

depth, width, etc. in corrosion pits, a 20% decrease in the aspect ratio of one or more pits, 

etc.  The analysis controller 102 can obtain or receive (e.g., from a schedule of upcoming 

travel of a vehicle that includes the equipment 104, from operator input, etc.) forthcoming 

operational characteristics of the equipment 104.  These characteristics can include 

planned throttle settings, planned horsepower outputs, expected ambient temperatures 

and/or humidity, and the like, for upcoming operation of the equipment 104.  These 

characteristics can be obtained from scheduled operations of the equipment 104, which 
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may dictate the throttle settings, outputs, and/or routes to be traveled by the equipment 

104.  The ambient conditions (e.g., temperature and/or humidity) can be obtained by 

reference to weather forecasts for the routes scheduled to be traveled by the equipment 

104.  The analysis controller 102 can compare the forthcoming (e.g., expected or 

planned) operational characteristics with designated operational characteristics.  The 

different designated operational characteristics can be associated with different rates of 

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

[0042]    The analysis controller 102 can determine which designated operational 

characteristics match or are closer to the forthcoming operational characteristics (e.g., 

closer than one or more other designated operational characteristics).  The rate of 

corrosion growth associated with this or these designated operational characteristics can 

be identified by the analysis controller 102 as predicted corrosion growth.  The analysis 

controller 102 can then inform an operator (e.g., via an output device such as a display, a 

speaker, or the like) of the predicted rate of corrosion growth and/or the expected 

corrosion characteristics after the predicted corrosion growth.  The analysis controller 

102 optionally can automatically schedule one or more remedial actions to be 

implemented based on the expected corrosion growth so that the remedial action(s) is 

implemented before the corrosion growth exceeds one or more thresholds. 

[0043]    Figure 5 illustrates a flowchart of a method 500 for monitoring and optionally 

remediating corrosion in equipment.  The method 500 can represent some or all the 

operations performed by the system 100 described above to monitor corrosion in the 

equipment 104 and optionally implement one or more remedial actions to repair, reduce, 

or remove corrosion in the equipment 104.  At 502, one or more operational 

characteristics of the equipment 104 are determined.  With respect to a turbine engine as 

the equipment 104, the operational characteristics that are determined can include engine 

data, such as engine operating parameters, flight routes (including inter-city pairs), and 

environmental exposure for the flown routes and missions.  The level of exposure of the 

equipment 104 to corrosion damage can be determined as well.  This level of exposure 
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can be represented by measurements of the humidity in areas where the equipment 104 

operated, how long the equipment was in these areas, temperatures to which the 

equipment 104 was exposed, how long the equipment 104 was exposed to the 

temperatures, etc.  The operational characteristics can be obtained by the analysis 

controller 102 from the equipment controller 108, as described above. 

[0044]    At 504, the equipment 104 is inspected for corrosion damage at a usage point.  

In one embodiment, this inspection is a visual inspection performed by an operator of the 

equipment 104 or another person.  Alternatively, the inspection may be automated by an 

optical sensor, such as a camera, structured light sensor, or the like.  The usage point can 

be a time during cyclic usage of the equipment 104 where the inspection can occur.  For 

example, the equipment 104 can be inspected when the aircraft that is partially propelled 

by the equipment 104 is in a designated city, during a regular A-check of the aircraft, 

during a regular C-check of the aircraft, during regularly scheduled maintenance of the 

equipment 104, etc.   

[0045]    At 506, one or more characteristics of the corrosion of the equipment 104 are 

determined.  As described above, these corrosion characteristics can be determined by 

optically measuring various sizes and/or locations of the corrosion pits 200 in one or 

more parts (e.g., sections) of the equipment 104.  The corrosion characteristics can be 

measured by the corrosion sensor 110. 

[0046]    At 508, a stress analysis is performed for one or more parts of the equipment 

104 having corrosion damage.  As described above, the stress analysis can be used to 

calculate stresses on the equipment 104 caused by the corrosion.  A finite element 

analysis (or other stress analysis) can be performed to calculate stresses in the equipment 

104 based on the corrosion characteristics and/or operational characteristics, as described 

above.  The effect of the corrosion pits on stresses in the equipment 104 can be 

determined, and areas where the determined stress indicates a risk of crack initiation can 

be identified.   
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[0047]    At 510, the stress increase generated by neighboring corrosion pits 200 in the 

equipment 104 can be determined.  The stress or stresses calculated at 508 for corrosion 

pits 200 that are adjacent or neighboring to each other can be examined.  Corrosion pits 

200 may be adjacent or neighbor each other when no other corrosion pit 200 is disposed 

between the adjacent or neighboring corrosion pits 200, even if the adjacent or 

neighboring corrosion pits 200 do not touch or run into each other.   

[0048]    The calculation of one or more of the stresses at 508 may be increased 

responsive to identifying pit-to-pit interactions.  For example, the stress measured for one 

area of the equipment 104 can be increased if this area includes two or more corrosion 

pits 200 within a designated distance from each other (e.g., a distance that is less than a 

width of either of the corrosion pits 200, or another distance).  Optionally, a 

determination is made as to one or more locations or areas on the surface of the 

equipment 104 having the greatest stress or stress that is greater than one or more other 

(but not all) other locations or areas on the surface of the equipment 104.  This location or 

area can be identified by determining which corrosion pits 200 are closest together and/or 

largest relative to other groups or sets of the corrosion pits 200.  This location or area can 

be identified by the analysis controller 102 by examining the corrosion characteristics 

determined by the corrosion sensor 110. 

[0049]    At 512, the residual life of the equipment 104 (or the part(s) of the equipment 

104 for which the corrosion was examined) is determined.  Different residual lives can be 

associated with different stresses determined at 508, 510.  Optionally, different residual 

lives can be associated with identifications of areas or locations having greater stresses 

due to pit-to-pit interactions.  The residual life of the equipment 104 or equipment part(s) 

can be selected from among these residual lives by determining which residual live(s) 

have stresses or pit-to-pit interactions that match or more closely match those measured 

or determined for the equipment 104.   

[0050]    Optionally, one or more remedial actions can be implemented.  As described 

above, depending on the residual life and/or stresses that are determined, one or more 
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remedial actions can be automatically implemented to reduce or remove the corrosion on 

the equipment 104. 

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

determine multi-dimensional characteristics of one or more corrosion pits in equipment 

and to determine one or more stresses on the equipment based on the characteristics of 

the corrosion that are determined.  The analysis controller also is configured to generate a 

control signal to implement one or more remedial actions to one or more of remove the 

one or more corrosion pits, repair the equipment, or restrict operation of the equipment 

based on the one or more stresses that are determined. 

[0052]    Optionally, the analysis controller is configured to determine the multi-

dimensional characteristics of the one or more corrosion pits as an aspect ratio of the one 

or more corrosion pits, a depth of the one or more corrosion pits, a width of the one or 

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

[0053]    Optionally, the analysis controller also is configured to determine a distance 

between two or more of the corrosion pits.  The analysis controller can be configured to 

determine the one or more stresses based on the multi-dimensional characteristics of the 

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

[0054]    Optionally, the analysis controller is configured to determine one or more 

operational characteristics of the equipment indicative of usage of the equipment.  The 

analysis controller can be configured to determine the one or more stresses on the 

equipment also based on the one or more operational characteristics of the equipment. 

[0055]    Optionally, the one or more operational characteristics of the equipment include 

a throttle setting of the equipment, a horsepower output of the equipment, a temperature 

of the equipment, an ambient temperature to which the equipment is exposed, a humidity 

to which the equipment is exposed, or a route over which the equipment travels. 
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[0056]    Optionally, the analysis controller is configured to determine the one or more 

stresses by determining a greater stress on the equipment in a location where two or more 

of the corrosion pits are closer together in the equipment than in a location where two or 

more other corrosion pits are farther apart in the equipment. 

[0057]    Optionally, the analysis controller is configured to predict growth of the one or 

more corrosion pits based on forthcoming operational characteristics of the equipment. 

[0058]    In one embodiment, a method includes optically determining multi-dimensional 

characteristics of one or more corrosion pits in equipment, determining one or more 

stresses on the equipment based on the multi-dimensional characteristics of the one or 

more corrosion pits that are determined, and implementing one or more remedial actions 

to one or more of remove the one or more corrosion pits, repair the equipment, or restrict 

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

[0059]    Optionally, optically determining the multi-dimensional characteristics of the 

one or more corrosion pits includes optically measuring an aspect ratio of the one or more 

corrosion pits, a depth of the one or more corrosion pits, a width of the one or more 

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

[0060]    Optionally, the method also includes determining a distance between two or 

more corrosion pits, where the one or more stresses are determined based on the 

characteristics of the one or more corrosion pits and based on the distance that is 

determined. 

[0061]    Optionally, the method also includes determining one or more operational 

characteristics of the equipment indicative of usage of the equipment, where the one or 

more stresses on the equipment also are based on the one or more operational 

characteristics of the equipment. 

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

a throttle setting of the equipment, a horsepower output of the equipment, a temperature 
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of the equipment, an ambient temperature to which the equipment is exposed, a humidity 

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

[0063]    Optionally, determining the one or more stresses includes determining a greater 

stress on the equipment in a location where two or more corrosion pits are closer together 

in the equipment than in a location where two or more other corrosion pits are farther 

apart in the equipment. 

[0064]    Optionally, the method also includes predicting growth of the corrosion based 

on forthcoming operational characteristics of the equipment. 

[0065]    In one embodiment, a system includes an analysis controller configured to 

determine one or more multi-dimensional characteristics of corrosion pits in equipment 

and to determine one or more operational characteristics of the equipment.  The analysis 

controller also is configured to determine one or more stresses on the equipment based on 

the one or more multi-dimensional characteristics of the corrosion that are determined 

and based on the one or more operational characteristics.  The analysis controller also is 

configured to generate a control signal to implement one or more remedial actions to one 

or more of remove the corrosion pits, repair the equipment, or de-rate operation of the 

equipment based on the one or more stresses that are determined. 

[0066]    Optionally, the analysis controller is configured to determine the one or more 

multi-dimensional characteristics of the corrosion pits as one or more of an aspect ratio of 

the corrosion pits, a depth of the corrosion pits, a width of the corrosion pits, or a volume 

of the corrosion pits. 

[0067]    Optionally, the analysis controller also is configured to determine a distance 

between two or more of the corrosion pits.  The analysis controller can be configured to 

determine the one or more stresses based on the multi-dimensional characteristics of the 

corrosion pits and based on the distance that is determined. 



 

-22- 

[0068]    Optionally, the one or more operational characteristics of the equipment include 

a throttle setting of the equipment, a horsepower output of the equipment, a temperature 

of the equipment, an ambient temperature to which the equipment is exposed, a humidity 

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

[0069]    Optionally, the analysis controller is configured to determine the one or more 

stresses by determining a greater stress on the equipment in a location where two or more 

of the corrosion pits are closer together in the equipment than in a location where two or 

more other pits of the corrosion pits are farther apart in the equipment. 

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

corrosion pits based on forthcoming operational characteristics of the equipment. 

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

word “a” or “an” should be understood as not excluding plural of said elements or steps, 

unless such exclusion is explicitly stated.  Furthermore, references to “one embodiment” 

of the presently described subject matter are not intended to be interpreted as excluding 

the existence of additional embodiments that also incorporate the recited features.  

Moreover, unless explicitly stated to the contrary, embodiments “comprising” or 

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

additional such elements not having that property.  

[0072]    It is to be understood that the above description is intended to be illustrative, and 

not restrictive.  For example, the above-described embodiments (and/or aspects thereof) 

may be used in combination with each other.  In addition, many modifications may be 

made to adapt a particular situation or material to the teachings of the subject matter set 

forth herein without departing from its scope.  While the dimensions and types of 

materials described herein are intended to define the parameters of the disclosed subject 

matter, they are by no means limiting and are exemplary embodiments.  Many other 

embodiments will be apparent to those of skill in the art upon reviewing the above 

description.  The scope of the subject matter described herein should, therefore, be 
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determined with reference to the appended claims, along with the full scope of 

equivalents to which such claims are entitled. In the appended claims, the terms 

“including” and “in which” are used as the plain-English equivalents of the respective 

terms “comprising” and “wherein.”  Moreover, in the following claims, the terms “first,” 

“second,” and “third,” etc. are used merely as labels, and are not intended to impose 

numerical requirements on their objects.  Further, the limitations of the following claims 

are not written in means-plus-function format and are not intended to be interpreted based 

on 35 U.S.C. § 112(f), unless and until such claim limitations expressly use the phrase 

“means for” followed by a statement of function void of further structure.  

[0073]    This written description uses examples to disclose several embodiments of the 

subject matter set forth herein, including the best mode, and also to enable a person of 

ordinary skill in the art to practice the embodiments of disclosed subject matter, including 

making and using the devices or systems and performing the methods.  The patentable 

scope of the subject matter described herein is defined by the claims, and may include 

other examples that occur to those of ordinary skill in the art.  Such other examples are 

intended to be within the scope of the claims if they have structural elements that do not 

differ from the literal language of the claims, or if they include equivalent structural 

elements with insubstantial differences from the literal languages of the claims. 
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WHAT IS CLAIMED IS: 

1. A system comprising: 

an analysis controller configured to determine multi-dimensional characteristics 

of one or more corrosion pits in equipment and to determine one or more stresses on the 

equipment based on the characteristics of the corrosion that are determined,  

wherein the analysis controller also is configured to generate a control signal to 

implement one or more remedial actions to one or more of remove the one or more 

corrosion pits, repair the equipment, or restrict operation of the equipment based on the 

one or more stresses that are determined. 

2. The system of claim 1, wherein the analysis controller is configured to 

determine the multi-dimensional characteristics of the one or more corrosion pits as an 

aspect ratio of the one or more corrosion pits, a depth of the one or more corrosion pits, a 

width of the one or more corrosion pits, a volume of the one or more corrosion pits, or a 

combination thereof. 

3. The system of claim 1, wherein the analysis controller also is configured 

to determine a distance between two or more of the corrosion pits, wherein the analysis 

controller is configured to determine the one or more stresses based on the multi-

dimensional characteristics of the one or more corrosion pits and based on the distance 

that is determined. 

4. The system of claim 1, wherein the analysis controller is configured to 

determine one or more operational characteristics of the equipment indicative of usage of 

the equipment, wherein the analysis controller is configured to determine the one or more 

stresses on the equipment also based on the one or more operational characteristics of the 

equipment. 
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5. The system of claim 4, wherein the one or more operational characteristics 

of the equipment include a throttle setting of the equipment, a horsepower output of the 

equipment, a temperature of the equipment, an ambient temperature to which the 

equipment is exposed, a humidity to which the equipment is exposed, or a route over 

which the equipment travels. 

6. The system of claim 1, wherein the analysis controller is configured to 

determine the one or more stresses by determining a greater stress on the equipment in a 

location where two or more of the corrosion pits are closer together in the equipment than 

in a location where two or more other corrosion pits are farther apart in the equipment. 

7. The system of claim 1, wherein the analysis controller is configured to 

predict growth of the one or more corrosion pits based on forthcoming operational 

characteristics of the equipment. 

8. A method comprising: 

optically determining multi-dimensional characteristics of one or more corrosion 

pits in equipment; 

determining one or more stresses on the equipment based on the multi-

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

implementing one or more remedial actions to one or more of remove the one or 

more corrosion pits, repair the equipment, or restrict operation of the equipment based on 

the one or more stresses that are determined. 

9. The method of claim 8, wherein optically determining the multi-

dimensional characteristics of the one or more corrosion pits includes optically measuring 

an aspect ratio of the one or more corrosion pits, a depth of the one or more corrosion 

pits, a width of the one or more corrosion pits, a volume of the one or more corrosion 

pits, or a combination thereof. 
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10. The method of claim 8, further comprising determining a distance between 

two or more corrosion pits, wherein the one or more stresses are determined based on the 

characteristics of the one or more corrosion pits and based on the distance that is 

determined. 

11. The method of claim 8, further comprising determining one or more 

operational characteristics of the equipment indicative of usage of the equipment, 

wherein determining the one or more stresses on the equipment also is based on the one 

or more operational characteristics of the equipment. 

12. The method of claim 11, wherein the one or more operational 

characteristics of the equipment include a throttle setting of the equipment, a horsepower 

output of the equipment, a temperature of the equipment, an ambient temperature to 

which the equipment is exposed, a humidity to which the equipment is exposed, or a 

route over which the equipment travels. 

13 The method of claim 8, wherein determining the one or more stresses 

includes determining a greater stress on the equipment in a location where two or more 

corrosion pits are closer together in the equipment than in a location where two or more 

other corrosion pits are farther apart in the equipment. 

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

corrosion based on forthcoming operational characteristics of the equipment. 

15. A system comprising: 

an analysis controller configured to determine one or more multi-dimensional 

characteristics of corrosion pits in equipment and to determine one or more operational 

characteristics of the equipment, the analysis controller also configured to determine one 

or more stresses on the equipment based on the one or more multi-dimensional 

characteristics of the corrosion that are determined and based on the one or more 

operational characteristics,  
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wherein the analysis controller also is configured to generate a control signal to 

implement one or more remedial actions to one or more of remove the corrosion pits, 

repair the equipment, or de-rate operation of the equipment based on the one or more 

stresses that are determined. 

16. The system of claim 15, wherein the analysis controller is configured to 

determine the one or more multi-dimensional characteristics of the corrosion pits as one 

or more of an aspect ratio of the corrosion pits, a depth of the corrosion pits, a width of 

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

17. The system of claim 15, wherein the analysis controller also is configured 

to determine a distance between two or more of the corrosion pits, wherein the analysis 

controller is configured to determine the one or more stresses based on the multi-

dimensional characteristics of the corrosion pits and based on the distance that is 

determined. 

18. The system of claim 15, wherein the one or more operational 

characteristics of the equipment include a throttle setting of the equipment, a horsepower 

output of the equipment, a temperature of the equipment, an ambient temperature to 

which the equipment is exposed, a humidity to which the equipment is exposed, or a 

route over which the equipment travels. 

19. The system of claim 15, wherein the analysis controller is configured to 

determine the one or more stresses by determining a greater stress on the equipment in a 

location where two or more of the corrosion pits are closer together in the equipment than 

in a location where two or more other pits of the corrosion pits are farther apart in the 

equipment. 

20. The system of claim 15, wherein the analysis controller is configured to 

predict growth of the corrosion pits based on forthcoming operational characteristics of 

the equipment. 


