
                                      

                               Life Prediction Technologies Inc. 

©LPTi Protected                                                         23-1010 Polytek Street Ottawa, Ontario-K1J 9J1 
                                                                                                 Tel: 1(613)744-7574; Fax: 1(613)744-5278 
                                                                                                 Toll Free: 1(866)744-LPTi  

PREDICTIVE MAINTENANCE -A NEW APPROACH TO LIFE CYCLE 
MANAGEMENT OF TURBINES 

 
A. K. Koul, S. Shankar and W. Wallace 

 
 
INTRODUCTION 

Engine condition monitoring systems and 
condition based parts replacement strategies 
started evolving in the late 70s and early 80s 
as temperature and pressure monitoring 
sensor technologies started to mature and 
advanced repair and refurbishment methods 
also emerged for the hot section parts. 
Numerous performance monitoring systems 
for the compressor, turbine, fuel control and 
transmission sections of the engine have been 
developed to detect structural damage and 
faults in these sub-systems. Engine 
parameters such as  exhaust gas temperature 
(EGT), rotational speed, outside temperature 
and pressure, compressor input pressure, 
compressor efficiency, fuel flow, compressor 
discharge pressure, bleed conditions, turbine 
efficiency, torque etc., are routinely 
monitored. While some of these parameters 
are used to gather information about, starts, 
trips, shut downs, over-speed or over-
temperature incidents, the main objective of 
monitoring the performance parameters is to 
compare the evolving data trends with new 
engine signature and attempt to recognize 
any patterns in the evolution of these trends 
for diagnostics purposes. 
 
Boroscopy based field inspections are also 
routinely carried out to assess the surface 
condition or damage due to nicks and dents in 
critical hot section parts such as the 
combustor liners, turbine blades and vanes, 
Figure 1. Routine boroscopy of hot section 
parts is mandatory in high efficiency F and FA 
class land based turbines. 
 
At overhaul, apart from dimensional checks, 
critical rotating parts such as discs, shaft and 
spacers are inspected for flaws using liquid 
penetrant, eddy current and ultrasonic based 
inspection techniques prior to engine 
reassembly. Rim sections of the discs are also 
subjected to hardness testing and replica 
assessment to ensure that the discs have not  

 
 
been subjected to material aging effects 
during service. 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Boroscopy inspection of Frame 
6 first stage turbine blades showing 
corrosion damage 

 
In the case of hot gas path components, 
sample blades and vanes are subjected to 
destructive metallurgical assessment using 
microscopy based techniques.  A limited 
amount of mechanical testing, typically creep 
or stress-rupture testing, is also carried out 
on coupons machined from these sample 
components. Results of this metallurgical 
assessment are then used to make decisions 
about refurbishment, repair or recoating of 
these parts. Whether this assessment can be 
used to make decisions about remaining life of 
these components is highly questionable and 
this aspect of current prognostics practices is 
discussed in detail later?  
 
In the case of discs and spacers, the original 
design life limits are established using 1 in 
1000 probability of crack initiation criteria and 
these design life limits are very conservative. 
In most cases, there is considerable life 
remaining in these components at retirement. 
This is one of the reasons why the United 
States Air Force (USAF) devised the Engine 
Structural Integrity Program (ENSIP) Task V 
in 1984 to harness the remaining life of discs 
and spacers and use these components well 
beyond their original design life limits. This 
approach is captured in MIL-STD-1783 and 
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this standard can also be used as a guide for 
the life cycle management of design life 
expired discs using the retirement-for-cause 
(RFC) principles Figure 2 (1). 
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Figure 2: Retirement-for-cause based Life 
cycle management of discs and spacers 

 
 In the RFC approach, it is assumed that a 
crack or a flaw already exists in the as-
manufactured component, the size of which is 
governed by the detection limit of the 
inspection technique used during overhaul. A 
crack propagation interval (CPI) is then 
predicted for the part using fracture 
mechanics based crack growth analysis 
techniques and half of this CPI is defined as 
the safe inspection interval (SII). The 
component is inspected after a SII and if no 
crack is found the part is returned to service. 
This process is repeatedly followed and a disc 
is retired only when a crack is found. While 
RFC has been used extensively in the life 
extension of military engine turbine discs and 
spacers, most land based turbine users have 
not taken advantage of this life cycle 
management methodology.  
 
 
CURRENT PROGNOSTICS APPROACHES 
 
Performance Monitoring 

In general, performance monitoring has not 
proved very successful in making life cycle 
management decisions for turbines. Only 
compressor efficiency changes and an 
increase in EGT beyond a certain limit have 
been successfully used to make compressor 
wash and overhaul decisions respectively. The 
EGT margin is routinely used in civil aircraft 
engines to bring the engine in for overhaul 
and these limits are set by the Original 

Equipment manufacturer (OEM) using a 
considerable amount of engine testing in a 
test cell environment and past field 
experience with similar engines.  
 
The major short coming of performance 
monitoring arises from its inability to correlate 
changes in specific performance parameters 
with specific component level behaviour. For 
example, specific fuel consumption (SFP) 
increase may be caused by hot section airfoil 
distortions, whether this change occurs as a 
result of turbine blade untwist, turbine vane 
bowing or a combination of both remains 
uncertain. In addition, which stage of the hot 
section is contributing to this SFC change 
further adds to this uncertainty. This situation 
could, however, change if specific component 
level distortion could be accurately predicted 
for a specific engine operating environment 
using physics based prognostics systems.   
 
Metallurgical Assessment and Testing 

Destructive metallurgical analysis of sample 
hot section parts is routinely carried out to 
monitor the aging of the component substrate 
strengthening precipitates or changes in 
coating thickness or cracking, depletion of 
specific elements or diffusion zone changes 
including phase changes or volume fraction 
changes of a specific phase in coating as a 
function of engine operating time.  
 
 
 

 
 
 
 

 
(a)        (b)         

Figure 3: Effect of service exposure on 
the mid-airfoil section gamma prime 
coarsening in IN738LC blades (a) new 
blade and (b) 30,000 hours of service   

 
The extent of these aging reactions is then 
used to make decisions about rejuvenation or 
recoating of blades and vanes, Figure 3 and 
Figure 4. Metallurgical assessment should not 
be confused with residual life assessment. 
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(a)                            (b) 

Figure 4: Coating Degradation-Depletion (a) 
In service, beta NiAl phase diffuses to the 
surface to replenish surface aluminum oxide 
formers (b) coating life determined by 
remaining aluminum rich beta phase-when 
beta is exhausted and coating thickness 
diminishes to the point of failure. 

 
Some investigators also use this airfoil phase 
change information to compute the 
component operating temperatures at critical 
airfoil locations such as the bottom, middle 
and the top airfoil sections by comparing the 
microstructure with the blade root or vane 
platform regions. Similarly, coating 
degradation information may also be used to 
determine the component temperature 
profiles. This temperature distribution 
information may either be used directly to 
predict the life of coatings using empirical 
experimental correlations or in conjunction 
with finite element analysis techniques to 
compute remaining life of the component 
substrate using empirical damage modeling 
approaches.  
 
This residual life assessment process is highly 
vulnerable to inherent prediction errors 
because temperature computation on the 
basis of phase change information can easily 
be off by ±50°C. Even a small change of 
±20°C can have a considerable impact on the 
life calculation in F and FA class components. 
The process of deducing metal airfoil 
temperatures by comparing phase changes in 
the airfoil and the blade root/vane platform 
ignores the errors introduced by differences in 
precipitate sizes and their distributions by 
section size differences between the airfoil 
and the root/platform section of a given 
component. These errors are further 
compounded due to inherent variability in 
substrate/coating microstructure from one 

part to another. In addition, empirical damage 
models or correlations tend to be substrate or 
coating specific and cannot be easily extended 
to other substrate and coating systems. 
Metallurgical assessment is thus highly 
qualitative and subjective from a residual life 
prediction perspective.  
 
The only practical way to effectively deal with 
these uncertainties is through proper 
combustor modeling for a specific engine 
operating environment and aero-thermal 
modeling for precise off-design operating 
conditions to accurately predict the metal 
temperature profiles.  This information in 
combination with generic physics based 
damage and fracture models can then be 
effectively used to predict the remaining life of 
a part for a specific engine operating 
environment. 
 
Metallurgical assessment in combination with 
short term creep or stress rupture testing of 
specimens machined from parts are also 
routinely used  by hot section refurbishment 
vendors to qualify the refurbished parts. The 
test conditions used are the same as those 
used by OEMs to qualify castings or forgings 
from their suppliers. It is noteworthy that 
these short term creep tests, of the order 100 
to 200 hours, are essentially designed to 
ensure that the casting/forging processes and 
heat treatment or coating processes do not 
introduce defects or unduly damage the 
microstructure of the part. These tests are not 
designed to predict the remaining life of the 
refurbished parts. Often, the life in hot section 
parts is governed by subtle changes in 
microstructure such as changes in grain 
boundary microstructural features in 
conventionally cast components or minor 
changes in topologically closed packed phases 
in directionally solidified or single crystal 
castings. Short term creep tests are unable to 
resolve the effects of these subtle changes 
because these tests do not duplicate the 
predominant deformation and fracture 
mechanisms that are operative in the part 
under actual service conditions (2). Again, 
physics based damage modeling can 
overcome such difficulties in residual life 
assessment of refurbished parts.     
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In the case of design life expired discs, replica 
assessment is quite useful in looking at the 
grain size and surface connected defects at 
potential fracture critical locations. However, 
any changes in precipitate size in stainless 
steel discs will only become evident if discs 
are exposed to temperatures 550 ºC or above 
and in the case of Ni and Ni-Fe base 
superalloy discs, changes in precipitate size 
are only visible if the discs are exposed to 
temperatures greater than 600 ºC for a 
substantial period of time. In land-based 
turbines, the rim region of stainless steel 
turbine discs rarely exceeds 500 ºC and 
superalloy discs are not exposed to 
temperatures greater than 600 ºC. Therefore, 
both hardness testing and replica assessment 
techniques can only be used to determine 
whether discs have been exposed to any over-
temperature incidents during service (3). 
Having recognized this limitation, this type of 
field assessment is nevertheless necessary to 
ensure safe operation of design life expired 
discs. 
 
Parts Life Tracking Systems 

Condition monitoring systems may contain 
engine parts life tracking systems (EPLTS) 
that  quantify cyclic and/or steady state usage 
to take into account the effects of cold starts, 
hot starts, trips or time at varying speeds on 
remaining thermal-mechanical fatigue or 
creep life of different components. However, 
these ELPTS only use predetermined 
component cyclic and creep lives to make 
decisions about the remaining life. The EPLTS 
process makes no attempt to calculate life 
used or life remaining using aero-thermal 
modeling for actual off-design engine 
operating environment or any real-time 
empirical or physics based damage modeling 
calculations. Only real time physics based 
prognostics systems can allow a user to 
achieve such objectives.  

Failure Modes Effects Criticality Analysis 

Standards have emerged to assess the way 
critical turbine components could fail and the 
impact of such failures on the safety of the 
turbines including their financial consequences 
(BS5760-5, IEC 60812 standards). The initial 
predictions are often revised as more field 

failure data becomes available as the turbine 
fleet matures. However, a considerable 
amount of field data must become available to 
make reliable predictions. Only OEMs or large 
fleet users may be able to accumulate 
sufficient failure data to make use of such 
tools. 
 
Diagnostics Based Prognostics  

Recent developments in predictive 
maintenance have been driven by the Joint 
Strike Fighter (JSF) requirements where an 
on-board Prognostics and Health Management 
(PHM) system must satisfy just-in-time parts 
replacement and repair philosophy (4). This 
has led to a frenzy of activity on diagnostics 
and prognostics tools and even an 
international standard is currently in the 
making (5). Most of these tools aim to predict 
an estimated time to failure (ETTF) from the 
present to a future point in time until failure 
using diagnostics data. Considerable progress 
has also been made in developing diagnostics 
based prognostics algorithms using a variety 
of engineering physics based techniques. 
Their objective is to detect a potential 
problem using the deviation from the norm 
principle, diagnostics of faults and their 
causes, prediction of future fault progression 
and recommendations for action. However, in 
diagnostics based prognostics analysis, a fault 
must develop first before any corrective action 
can be undertaken (6). In a number of 
situations, this methodology may only allow 
the user to shut down the engine to prevent 
catastrophic failures. Therefore, condition 
monitoring and PHM systems should also 
possess the ability to predict a potential 
problem long before one actually occurs. This 
objective can only be achieved by 
incorporating physics based prognostics 
analysis in the condition monitoring and PHM 
systems. 
 

PHYSICS BASED PROGNOSTICS 
APPROACH 

An engineering flow process for a physics 
based prognostics damage assessment and 
predictive maintenance system for gas and 
steam turbine components is presented in 
Figure 5. The objectives of the system are to 
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define the temperature gradients of all life 
limited components, compute the stresses and 
strains introduced by specific usage conditions 
including off design engine operating 
parameters and predict fracture critical 
locations and residual life (7). Physics based 
prognostics combines modern methods in 
computational fluid dynamics, 
thermodynamics and damage and fracture 
analyses to provide an integrated system.  
 
The solution integrates combustor modeling 
for computing gas path temperature profile of 
the combustor nozzle, off design engine 
modeling to take into account the effect of 
operational environmental factors such as 
ambient temperatures and pressures on pitch-
line gas path temperatures rather than those 
assumed by the manufacturer at design point, 
thermodynamic analysis for computing 
component temperature profiles using heat 
transfer analysis techniques, and finite 
element modeling including a non-linear finite 
element solver to compute stresses, strains 
and temperatures at different nodal points of 
the finite element model of the component, 
operational data filter to use materials 
engineering based fuzzy logic to discern the 
dominant damage mechanisms operative 
under the loads seen by the turbine and 
microstructural damage models to select a 
single damage model or a combination of 
damage models for computing time or cycles 
to localized component failure on a single 
software platform. The system provides a 
choice of damage models, for steam as well as 
gas turbine applications such as creep, Low 
Cycle Fatigue (LCF), stress corrosion cracking 
(SCC), corrosion fatigue, cyclic oxidation, 
Thermal Mechanical Fatigue (TMF) and creep 
crack growth rate and fatigue crack growth 
rate analyses. The system allows the user to 
predict component level temperature profiles 
for the exact off-design engine operating 
environment, stress-strain profiles of the 
targeted components and damage profiles of 
the components including their fracture critical 
locations. The system further predicts usage 
and engine operating environment specific 
crack initiation life, life to a specific level of 
distortion and safe inspection intervals for the 
engine components such as blades, vanes or 
rotor discs and spacers. This information can 

in turn be used to select boroscopy inspection 
intervals, minor and major overhaul intervals 
and parts replacement or refurbishment 
strategy. The system quantifies the reliability 
of a component in a fleet operational 
environment by taking into account 
the probabilistic distributions of pertinent 
microstructural features of the components 
and usage variability from one engine to 
another.  
 
Some of the immediate applications for this 
technology are discussed in the following 
sections. 
 
Life Prediction and Life Extension of 
Expensive Turbine Parts: 

In physics based prognostics, residual life is 
predicted on the basis of the microstructural 
state of a given component at a given point in 
time and the algorithms used are thus capable 
of accurately predicting the residual life and 
safe return to service interval of used, 
repaired or inspected parts (7,8). Reliability of 
component repairs and return to service 
interval is further predicted using probabilistic 
methods and taking into account variability in 
microstructure, usage and inspection 
uncertainly (9). This probabilistic analysis is 
also used for risk mitigation by selecting a low 
probability of damage reaching a critical limit 
during the predicted return to service interval 
thus ensuring future safe operation of the 
components for a specific operating 
environment. An added benefit of physics 
based prognostics is that specific service 
failure rates can be computed up-front rather 
than waiting for statistically significant field 
failure data to accumulate to conduct the 
traditional FMECA type analysis. 
 
Resolution of Field Problems in Turbines: 

To date the physics based prognostics system 
has been used to identify and correct the 
following engine problems. 
 

1. Design deficiencies of components, 
2. Material deficiencies, 
3. Usage driven damage accumulation 

problems, 
4. Effectiveness of repairs and 
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5. Reliability of original, redesigned, 
rejuvenated or repaired parts  

 
LPTi routinely uses the system to identify, 
analyze and provide solutions for compressor 
as well as turbine component level problems 
faced by OEMs, Repair and Overhaul vendors 
and users. The system is capable of 
identifying sources of problems such as 
cracking in blades, vanes and discs, distortion 
of hot gas path components, fatigue margins 
and coating degradation. Repaired parts 
deficiencies can also be analyzed using this 
system. 
 
Prognostics Based Overhaul: 

The physics based prognostics system allows a 
user to implement an overhaul philosophy that 
can substantially reduce the cost of ownership 
of the engine. The basic objective in 
prognostics based overhaul of aging engines is 
to delay the replacement of Class A 
components such as discs, spacers and shafts 
as long as possible and only replace those gas 
path components that have degraded 
considerably during service while salvaging 
others through repair, refurbishment and 
rejuvenation (3,8).  The overhaul costs can be 
reduced by as much as 50%. This approach has 
been successfully implemented in the field on a 
fleet of forty-three (43) W101 engines 
belonging to PDVSA in Venezuela since 1998, 
Figure 6. In this specific case, the engine fleet 
has accumulated over 3 times the permitted 
design life by the OEM and the customer has 
deferred the capital cost spending of $40 Million 
for disc replacement by over 10 years. This 
maintenance philosophy is particularly suited 
for legacy engines (10). 
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Figure 5: Engineering flow diagram of a physics based prognostics system for turbines. 

 

 

Figure 6: The five disc stages of PDVSA’s W-101 engine where prognostics based 
overhaul was used for life extension 


