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ABSTRACT

Industrial gas turbines generally operate at a bit stable power levels and the hot section
critical components, especialy high pressure turbine blades are prone to failure due to
creep. In some cases, plants are frequently shut down, thus, in addition to creep low cycle
fatigue failure equally setsin. Avoiding failure calls for proper monitoring of how the lives
of these components are being consumed. Efforts are thus being made to estimate the life of
the critical components of the gas turbine, but, the accuracy of the life prediction methods
employed has been an issue. In view of the above observations, in this research, a platform
has been developed to smultaneously examine engine life consumption due to creep,
fatigue and creep-fatigue interaction exploiting relative life analysis where the engine life
calculated is compared to a reference life in each failure mode. The results obtained are life

analysis factors which indicate how well the engine is being operated.

The Larson-Miller Parameter method is used for the creep life consumption analysis, the
modified universal slopes method is applied in the low cycle fatigue life estimation while
Tairas linear accumulation method is adopted for creep-fatigue interaction life calculation.
Fatigue cycles counting model is developed to estimate the fatigue cycles accumulated in
any period of engine operation. Blade thermal and stress models are developed together
with a data acquisition and pre-processing module to make the life calculations possible.
The developed models and the life analysis algorithms are implemented in PYTHIA,
Cranfield University's in-house gas turbine performance and diagnostics software to ensure

that reliable smulation results are obtained for life analysis.

The developed life anaysis techniques are applied to severa months of real engine
operation data, using LM 2500+ engine operated by Manx Ultilities at the Isle of Man to test
the applicability and the feasibility of the methods. The developed algorithms provide quick
evaluation and tracking of engine life. The lifing algorithms developed in this research
could be applied to different engines. The relative influences of different factors affecting
engine life consumption were investigated by considering each effect on engine life
consumtion at different engine operation conditions and it was observed that shaft power
level has significant impact on engine life consumption while compressor degradation has
more impact on engine life consumption than high pressure turbine degradation. The lifing
methodol ogies developed in this work will help engine operators in their engine conditions

monitoring and condition-based maintenance.
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1 INTRODUCTION

1.1 Preamble
The gas turbine engine is an internal combustion engine and has found usage in three

major areas, viz: military aviation, civil aviation, and power generation. In this regard,
gas turbines (GTs) are classified as aircraft GTs and industrials GTs. Gas turbine which
produces high amount of power for its size has broader applications. The gas turbine
engine has found increasing usage in power industry, both among utilities and merchant
plants as well as the petrochemical industries, marine and land transportation, and many
other services throughout the world. The gas turbine is able to run with variety of fuels

such as natural gas, diesel fuel, low-Btu gases, vapourized fuel oils and biomass gases

(1. [2].

A brief history of this prime mover as presented by Razak [3] is necessary here. A first
attempt at producing a gas turbine is credited to Englishman, John Barber in 1791.
Although Barber’s engine was not robust, it paved the way for many further researches.
Aegiclius Elling, a Norwegian, built the first successful gas turbine in 1903. In 1930,
Englishman, Frank Whittle had a patent for his gas turbine engine meant to be used on a
jet. In 1936, Hans Von Ohan and Max Hahn equally developed and patented their
design in Germany. A similar historica account [4] of the gas turbine engine also
credited its origin to John Barber, but views a Slovak engineer, physicist and inventor,
Prof. Aurel Stodola (1859-1942) as the man behind the early steam and gas turbine.

The gas turbine engine operates on the Brayton cycle, which is a closed cycle. Practica
operating cycle of ‘internal combustion’ gas turbine is the Joule cycle [5]. Figure 1.1
shows the T-S diagrams of gas turbine operating cycles of a single spool engine. Most
gas turbines operate on the open cycle basis. Different configurations of the gas turbine
engine are available today. Some of these configurations are turboshaft- for electric
power generation, turbojet, turboprop, high-bypass turbofan, low-bypass afterburning
turbofan, etc. [6], [7].



Figure1.1: T-S Diagramsof Gas Turbine Engines ( [5], pp.508)

The Brayton cycle engine in Figure 1.1 consist of a single shaft and it is referred to as
simple cycle engine. This engine has been largely modified. The major modifications
have led to regeneration cycle, cycle with intercooling, cycle with reheat and cycle with
combination of any two of the three modification and all the three modifications
combined [5], [7]. The gas turbine engine is aso combined with a steam turbine for
more efficient power generation; providing more power from steam turbines little
additional fuel burnt. The resulting engine is the combined cycle plant [1], [5], [7].
Figure 1.2 shows the pictorial views of two different GT engines.

Figure1.2: Various Gas Turbine Engines ( [8] , pp.5)



In industrial applications, gas turbines are used for base load operation (continuous
operation- operates for 6,000-8000 hours per year), peak |oad operation (operates during
peak power demand period in the day- operates about 1,000 hours per year) or on stand-
by basiswhereit is operated for less than 100 hours per year [8].

This work has to do with a two spool engine for combined cycle application. Manx
Utilities Pulrose power station combined cycle gas turbine (CCGT) is the focus here.
Figure 1.3 shows a pictorial view of the steam generating unit of the plant [9]. The
power station with a total output of 87 MW is located in the Isle of Man (an island
between Great Britain and Ireland). The plant is being run by Manx Utilities (formerly
by Manx Electricity Authority (MEA)) on behalf of the government and it comprises
two 32MW gas turbines- GE's LM2500+ engines, in a combined cycle with a steam
turbine which produces additional 23 MW of eectricity [9]. At ISA conditions, the
power output of each gas turbine is less than 32 MW. The power generated is used to
service the isand and the excess is sold to England. The possibility of monitoring the
life consumption of the gas turbinesin the station is the focus of this research. The basic
performance parameters of the LM2500+ engine at 60Hz, sea level ISA condition is
given in Table 1.1. More properties about the plant relating to engine operation results

over time are explored in subsequent chapters.

(a) Once through Steam Generator (b) Steam Generator

Figure1.3: Pulrose Power Station Combined Cycle Gas Turbine- Steam Generating Unit
(191, p-22)



Table 1.1: Basic Engine Performance Parameters at Sea L evel | SA condition [10]

SIN Parameter Unit Value
1 Power Output MW 30.2

2 SFC o/kW-hr 212

3 Heat Rate kJ/kWs-hr 9227
4 Exhaust Gas Flow kg/s 85.9

5 Exhaust Gas Temperature °Cc 518

6 Power Turbine Speed rpm 3600

The maor advantage of the gas turbine engine over reciprocating engines is its high
power to size ratio while high fuel cost is a major draw-back. But, the fact that the
engine can operate on variety of fuels makes it attractive-although, the accompanying
environmental effects should be considered in engine design, selection and usage [11].
Thermal output, fuel flexibility, reliability and life, size range and emissions are major
design characteristicsin gas turbines[11].

When operating on natural gas and the components (compressor, combustor and
turbine) are working properly, relatively high efficiencies can be obtained, but, issues of
degradation should be of concern to the operators especialy. Asin al human creations,
nothing will last forever. Thus, how long will the gas turbine be in operation or how
long some component of the engine will be in operation before they are replaced is good
considering. For aircraft applications, the issue of lifing (process of determining the life
of a component) is critical because any failure involves a catastrophe. In industrial
application, lifing is still important as some practices involve replacing a component
that still has reasonable useful life. Thisis cost on the part of the operators. Maintenance
also involves cost. Too frequent maintenance with a view to avoiding failure implies
waste of funds. Appropriate lifing techniques will lead to the application of proper
maintenance schedule, avoid the disposal of useful components and avoiding failure at
the sametime[12], [13].

Another critical issue in managing industrial gas turbines is to consider running the
machine at peak load condition or running at part load. Load has much negative

influence on life [14], but high load means more income. Dropping load (shaft power)



in order to extend blade life may be contemplated. The influences of other engine
operating conditions (such as ambient temperature and engine degradation) on engine
life are also of interest to both the engine manufacturers and engine operators. The
extent to which engine life is affected due to shaft power increase will be different at
different power levels. But the effect of shaft power increase on engine life is often
investigated at agiven ambient temperature level. Also, a degraded engine will lead to
engine life comsumption faster but the rate depends on the power level and the ambient
temperature considered. The effect of engine degradation on engine life is aso often
considered at a given power level and ambient temperature. Knowledge of how engine
life consumption changes with degradation at different power levels and ambient
temperatures will give engine operators a broader outlook of engine life consumption
and this will help them in their condition-based maintenance decisions. Engine life
estimation requires therma and stress analysis employing Finite Element Analysis
(FEA) and Computational Fluid Dynamics (CFD) tools, but the usage of these tools
which are costly do not aways give satisfactory results[15].

In the light of the above observations, it is paramount to investigate how the lives of
failure-prone (critical) components of GT plants are being consumed. Different failure
modes are in existence. The hot section components of gas turbines are more prone to
failure under creep, one of the failure modes. In this work, the creep life of high
pressure gas turbine blades is considered. Low cycle fatigue life and the creep-fatigue
interaction are investigated also in this work. Since creep is the major failure mode
while creep-fatigue interaction poses more danger, the influence of various operating
conditions on the deviation of creep results from creep-fatigue interaction are examined.
In essence, factors that warrant creep life estimation without considering creep-fatigue
interaction life consumption are investigated. Ambient temperature, shaft and engine
degradation affect engine life consumption as earlier pointed out. The effect of shaft
power on engine life consumption isinvestigated at different ambient temperature levels
in this work. The effect of ambient temperature on engine life consumption is also
investigated at different power levels in this work. Finaly, the effect of engine
degaradtion on engine life consumption is investigated at different power levels and
ambient temperatures. The above three sets of investigations are applied to each failure
mode and this will provide relevant life-related results for engine operators.



Since continuous life consumption monitoring is envisaged and the usage of FEA and
CFD tools (which though do not always give satisfactory results, but do give more
accurate results) is not feasible, the life estimated in each failure mode should be
compared with the life obtained at a reference engine operating condition, where the
reference life is also estimated using the same models at a defined operating condition.
The resulting relative life which is dimensionless will tell the degree of wellness of
engine operation. The results obtained are based on the actual operating conditions of
the engine for any given period of engine operation. Life analysis methodologies are
thus developed in this research to help engine operators in making their condition-based
engine maintenance decisions and make engine life monitoring/tracking feasible.

1.2 Aim and Objectives of the Resear ch
The life of a gas turbine is of concern to both the designer/manufacturer and the
operators of this machine. The aim of thiswork is thus to study and develop appropriate
engine life estimation methods and apply same to industrial gas turbine hot section
blades by making use of direct engine measurement data and make engine life tracking
feasible and in less time, but at low cost to the operators of the engines. To achieve the
above aim, appropriate lifing techniques are explored and same are applied to the
LM 2500+ engines operated by Manx Utilities at Pulrose Power Station, Isle of Man as a
case study to investigate simultaneously different engine life consumption modes. The
creep life consumption of the engine is carried out and a means of tracking the engine
life is made possible. Further tasks are:

e Tocarry out low cyclefatigue life analysis on the engine.

e To carry out combined creep-fatigue interaction and see how results deviate

from creep lifein isolation in different engine operation conditions.

To ensure engine operators are aware of how engine life is being consumed at different
conditions of engine operation, the effect of shaft power on engine life consumption is
investigated at different ambient temperatures, the effect of ambient temperature on
engine life consumption is investigated at different ambient temperatures while the
effect of engine degradation on engine life consumption isinvestigated at different shaft
power levels and ambient temperatures. Relative life analysis is carried out in each

failure mode so that without too much reliance on the accuracy of the engine life



estimated at any engine operation period, engine operators will still have a better view
of how engine life is consumed over any given period of engine operation in relation to
a reference life (where reference life is adso estimated using same algorithms at a
particular operating condition of the engine). The life analysis will reveal how the
engine life is being consumed and the dependence of life on engine operation properties.
Also, the deviations of creep results from creep-fatigue interaction with engine
operation conditions are obtained. The life analysis techniques are implemented into
Cranfield in-house software, PYTHIA [16] (to obtain a new platform for appropriate
engine life prediction) to ensure simultaneous estimation of the different life
consumption modes of the high pressure turbine (HPT) blades of the engine, make
engine life tracking feasible and quickly, and thus explore the possibility of extending

the time between overhaul of hot section components.

1.3 Importance of the Research

The gas turbine is an expensive engine and effort should be made to extend its life. The
extension of the life of a gas turbine means extending the life of its components (mainly
the critical components) and this involves developing meaningful life trend and an
aging characteristic for each material[17]. Proper engine life estimation and tracking
will ensure that the life of the critical components of the engine are known and
replacement of parts is carried out as at when due. Overestimation of engine life is
detrimental; also, underestimation will lead to premature replacement of parts. Both
ends are undesirable and imply undue costs to the operators. This work thus seeks to
address this in the operation of industrial gas turbines. By ensuring simultaneous
estimation of the life of critical components using different failure criteria, this work
will thus give room for proper usage of lifing results. Although this work is targeted at
the LM 2500+ engines operated by Manx Utilities at 1sle of Man, the developed models
and adopted methodologies could be applied to other existing engines easily for

appropriate life estimation and engine life tracking.



1.4 Scope and Limitations of the Research
The importance of predicting accurate life of gas turbines may lead one to explore all
possible life deformation modes and relevant life estimation models in each failure
mode. But thiswork is limited to

e Creeplifeanaysisusing Larson-Miller Parametric Method

e Low cyclefatiguelife analysis using the Modified Universal Slopes Method

e Creep-fatigue interaction analysisusing Taira' s Linear Accumulation Method.

The effects of engine operation conditions and engine degradation on life consumption
are analyzed. The models are implemented in PY THIA so as to enable similar analysis

on other existing engines.

1.5 Contributionsto Knowledge

So much has been done in gas turbine life analysis. Most of the existing works centres
mainly on any of the failure modes. For gas turbine hot section components, creep life
has been the main focus, several works on creep-fatigue interaction though abound. This
work tends to contribute to the existing knowledge base in the following aress:

e Creation of a platform for simultaneously determining creep life, low cycle
fatigue life, creep-fatigue interaction analysis using relative life analysis.

e Creation of a means of quick assessment of engine life consumption and
tracking of engine life using direct engine measurement data.

e Development and application of low fatigue cycles counting model in
industrial gas turbines operations.

e Development of safety margins (obtained from investigating the low cycle
fatigue contributions to creep-fatigue interaction life consumption at different
engine operation conditions) in applying creep models without considering
creep-fatigue interaction.

e In-depth analysis of the relative extent in which various factors affect engine

life thus providing results that will meet several needs of engine operators.



1.6 Report Outline

Chapter One — This chapter presents an overview of what the research is about, makes
a case of how the research is necessary, defines the scope and limitations of the research

and presents contributions the research has made to the existing body of knowledge.

Chapter Two — Related literatures are reviewed and engine degradation/failure modes
are identified. Relevant lifing models are also identified and the models to be used for

the lifing analysis and the reasons for using such models are adduced.

Chapter Three — The research methodologies is presented in this chapter. Algorithm
for creep-life consumption is presented. Relative creep life analysis at each engine
operation point is ensured by making use of creep factors while life consumption for a
complicated engine operation process is carried out by introducing equivalent creep
factor. Low cycle fatigue counting model suitable for industrial gas turbine operation is
developed. Relative life analysis for both fatigue life consumption and creep-fatigue
interaction life consumption are developed- the concepts of fatigue factor, equivalent
fatigue factor, creep-fatigue interaction factor and equivalent creep-fatigue interaction
factor are introduced. Lifing models adopted for the various failure modes identified are
presented, and the procedure to be used in carrying out the lifing analysis is presented
using a flow diagram. Methodologies for engine model adaptation are presented

together with design point simulation and off-design point cal cul ation techniques.

Chapter Four — The major life analysis sub-models are presented in this chapter. These
include data acquisition and pre-processing module, blade thermal model and blade
stress model. The data acquisition and pre-processing module accepts the rea engine
operation data, pre-processes the data and sends the data to the engine performance
model for simulations to obtain various gas path properties needed in the blade thermal
and stress models. The blade thermal model estimates the temperature of the blade
material at different sections along the span of the blade while the blade stress model

calculates the stresses at same locations where temperatures are determined.

Chapter Five — In this chapter, engine performance model is created in PYTHIA and

adapted to the real engine operating conditions to ensure accurate simulation of engine



performance. Design point simulation and off-design point simulations techniques are

also presented.

Chapter Six - Creep life analysisis carried out in this chapter. The creep life analysis
algorithms developed in Chapter 3 are applied to 8 months of engine operation to
ascertain the feasibility of creep life tracking process. The effects of ambient
temperature, shaft power, and engine components degradation on creep life

consumption are examined.

Chapter Seven - Fatigue life analysis is presented in this chapter. The developed
fatigue life analysis methodologies are applied to fatigue life tracking using data for 8
months of engine operation as a case study. The effects of ambient temperature, shaft
power and engine degradation on fatigue life consumption are investigated. Relative

fatigue life analysisis carried out.

Chapter Eight - In this chapter, creep-fatigue interaction life analysis is presented.
Creep-fatigue interaction life tracking algorithms developed in Chapter 3 are applied to
8 months of engine operation. The contributions of fatigue to creep-fatigue interaction
under different engine operation conditions are presented. Also, the effect of ambient
temperature, shaft power and engine degradation on creep-fatigue life consumption are
thoroughly investigated.

Chapter Nine - Conclusions about the work done so far are presented together with the
major findings made in the research. Also, areas of future research relating to this work
are presented. In essence, improvements required in the present work are presented

while future research areas are identified.

A rich appendix is provided at the end where details of some parameters used in the
work, especialy life analysis sub-models in Chapter 4 are given. Various input data
required in the work is also given in the appendices. The appendices also include
sequentia solution-algorithm trees (SSAT) of the life analysis sub-models and the lifing
models. Using the SSAT, implementing the models in computer programs is easy. The
entire life analysis module incorporated in PY THIA and the various forms created and
how the life analysis could be carried out with the developed agorithms is given in the

appendix as program details and functionalities.

10



2 LITERATURE REVIEW

2.1 Gas Turbine Performance

Generaly, industrial gas turbine applications involve either an air compressor driven by
a gas generator with a separate power turbine (two-shaft engine), or an air compressor
and a turbine on one shaft, where part of the turbine output is used to run the
compressor and the other part available for the load (single-shaft engine). Combined
cycle configuration (where the exhaust gases from the turbine exit are used to fire a

boiler to generate steam for a steam turbine) could be gotten in both cases.

Industrial gas turbines are designed to provide a required power at specified operating
conditions (fuel flow rate, pressure ratio, turbine entry temperature (TET) etc.). Part
load operation is common. When operating at the design point, the performance
analysisis ssmple and it is referred to as the design point performance analysis [1], [3].
When operating at part load, off-design performance analysis is carried out. In this,
component maps (compressor map, combustor map and turbine map) are used and
matching of parameters or components is required [1], [3], [18], [19]. In the use of
component maps for off-design performance analysis, adiabatic conditions are assumed
in most cases and the performance parameters predicted are not completely accurate or
are only approximates as should be expected [20]. The performance discussion here is
more or less design point performance and emphasis is on how effectively the fuel
energy is utilized to produce shaft power. In other words, the focus is on the thermal
efficiency and how operating conditions, mainly compressor pressure ratio and TET
impact on the efficiency of gas turbines. The performance parameters of gas turbine

engines are dependent on the type of the engine.

For industrial gas turbines, shaft power and efficiency are two maor parameters easily
identified [21]. Efficiency is viewed as the driving force in the design of all power
generating units. The reason is not far-fetched: higher efficiency translates to lower
operating costs [22]. In gas turbines, higher efficiency is brought about by high TET
which means higher fuel flow rate. The TET value is limited by the metallurgical
properties of the gas turbine materials, especialy, the hot section components [1], [3],
[23], [24]. Higher fuel flow rate equaly trandates to higher fuel cost aside the limit
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imposed by the hot section turbine components. A balance thus needs to be struck.
Higher pressure ratio aso leads to higher efficiency but there is a limit to the pressure
ratio at which efficiency will be on the increase for practical plants [1], [3]. An efficient
engine may equally be viewed as a plant producing the designed power output with
required fuel flow rate and other operating conditions. Figure 2.1 shows the variations

of both efficiency and power with pressure ratio and turbine entry temperature.

Figure 2.1: Variation of Turbine Thermal Efficiency and Specific Work with Pressure
Ratio and Turbine Entry Temperature (TET) [7], pp.124

As it can be seen clearly from Figure 2.1, both thermal efficiency and specific work
increase with TET at a given pressure ratio. For a given TET, the therma efficiency
increases with pressure ratio and attains a maximum value at a particular pressure ratio.
Further increase in pressure ratio leads to decrease in the therma efficiency. This
decrease in thermal efficiency is due to decrease in component efficiencies [3]. The
point of maximum efficiency increases with the TET. The specific work, like the
thermal efficiency, increases with pressure ratio and gets to a peak value, but at alower
pressure ratio compared to that of the thermal efficiency for a given TET. The point of
maximum specific work increases with TET as in the case of therma efficiency.
Increasing TET with a view to increasing the plant efficiency may be contemplated, but
the life of the hot section gas turbine blades will be put at risk. Thus, in this research,
the effect of TET on the hot section blades under different failure modes is investigated.
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Gas turbine life cycle cost is another important parameter usually considered by power
plant owners. It is evident the profitability of power plants for industrial purposes do
depend on this parameter [12]. Generaly, factors affecting gas turbine performance
with no regard to degradation are compressor inlet conditions, pressure ratio and turbine
inlet conditions. Since performance is of benefit to the gas turbine operators, efforts at
improving gas turbine performance abound. Compressor inlet cooling is one proven
way that increases gas turbine performance [25]-30]. Other efforts at improving gas

turbine performance include upgrading gas turbine components as presented bel ow:

o Inlet guide vanesto allow for more airflow
o Improved seals to ensure tighter clearances
o Combustor liners, turbine blades and vanes and transmission pieces to

enabl e higher turbine entry temperature values [31]. The benefits associated with

the various upgrade techniques as presented in Table 2.1.

Table 2.1: The Benefitsof Various Upgrade Techniquesin Gas Turbines [31]

Option MW Impact, % Heat Ratelmpact, % Capital Cost, ¥KW
Comprehensive Upgrade +10to +20 1to5 150 to 250

High -Flow IGV's +4.5 1 <100

Hot Section Coatings +5t0 +15 05to1 50to 100
Compressor Coatings +0.5t0+3 05t03 50

Inlet-Air Fogging +5t0 +15 1to5 50to 100
Supercharging plus Fogging +15t0 +20 4 200

A reduction or drop in the performance of gas turbines, known as performance
deterioration stems from degradation of engine components. Sometimes, absolute

failure occurs and thisis the subject of the next few sections.

2.2 Degradation and Failure of Gas Turbine Components

The hot section components of gas turbines, especially the compressor turbine blades
and discs are prone to falure. The degradation of these and other components is
common. There is need to draw a thin line between degradation and failure. The word

degradation is Latin origin, derived from 'degradatio’, literally meaning reduction. It is
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"the process of deteriorations of characteristics of an object with time; moving back;
gradual decline; decline in quality; break down of matter due to the impact of the

external forcesin conformity with the laws of nature and time" [32].

From the above definition, it is clear that when an engine component undergoes
degradation, it will likely still perform its designed function but at a reduced level,
meaning performance reduction or deterioration.

Saravanamutto et al.([1], pp.391) defined failure as
"a change of component configuration, size, surface or material properties that
precludes further functioning of the component".

Failure is thus a more serious issue compared to degradation and the two terms are not
inter-changeable. Gas turbine degradation is often classed as recoverable and non-
recoverable degradation [33]. Recoverable degradation leads to performance loss which
can be recovered by operation procedures. These include among others keeping the inlet
and outlet pressures low, compressor washing (offline or online) [33]. Non-recoverable
degradation on the other hand leads to performance deterioration which cannot be
recovered. Meher-Homji et a. [34] classed performance deterioration/degradation as
recoverable, non-recoverable and permanent. Irrespective of any terminology employed,
degradation of components may lead to failure and it definitely brings about

performance reduction.

The major gas turbine degradation modes are Compressor Fouling, Foreign Object
damage (FOD), Domestic Object Damage (DOD), Erosion, Fretting and Wear. Another
degradation mode is environmental attack in the form of hot corrosion ( oxidation and
Sulphidation) [35]-{38]. All the degradation modes mentioned above actually lead to
performance deterioration and may lead to component failure except Domestic Object
Damage which in most cases results in permanent damage of component and hence
forces replacement of components. Aside degradation of components, other factors may
lead to performance deterioration. One of these factors is poor inlet filtration [39]. The
degradation modes highlighted above are briefly considered below.
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o Compressor Fouling- Compressor fouling stems from deposition of
debris in the airstream on compressor blades and discs thereby leading to drop in
compressor performance. Compressor fouling is caused by tiny particles such as
smoke, oil mists, carbon, sea sdts, etc.,, and the adherence of particles to
compressor blade surface is made possible by the presence of water mists or ail
[40]. Fouling may equally result from oil vapours or chemical processes in
industrial locationg[1]. Compressor fouling leads to change in the shape and
inlet angle of the aerofoil, increases the roughness of the compressor blade
surface, and reduces the aerofoil throat area [40], [41]. Fouling can also occur in
the turbine section [34]. Fouling is a recoverable degradation and it is corrected

by either on-line washing or off-line washing [42]{45].

o Foreign Object Damage (FOD) - Foreign Object damage (FOD) results
from the impact of hard objects such as stones, hardware and pavement
fragments on the rotating blades. This may lead to localized damage to the
blades in the form of a notch or dent, thus affecting the microstructure and the
surrounding residual stress field [38]. Foreign object damage often occurs in
aircraft engines [46], and in these aircraft engines, objects such birds entering
the compressor blades do occur. This adso lead to performance reduction

especially if large birds areinvolved [1].

o Domestic Object damage (DOD) - Domestic Object damage (DOD) is
a more serious issue compared to Foreign Object damage (FOD) because DOD
usually lead to damage of engine components as earlier pointed out. In DOD,
materials such as loosen bolts or nuts enter the rotating blades/discs and the
result is permanent damage of engine components. The damage may also result

from debris and components from another location, but within same engine [47].

o Erosion- Erosion is common to components in the airstream, mainly
compressor blades. It is caused by small objects in the airstream striking the
blades. Erosion is common to aircraft routinely operated in dusty/sandy
conditions [48]. Industrial gas turbines operated in desert areas are equally prone
to erosion issues. Erosion does lead to removal of materials from blade tips thus

changing the aerofoil shape of the blades and hence reduces performance.
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Erosion may not lead to catastrophic blade failures but can contribute to other
failure modes [49].

o Fretting and Wear - Fretting refers to removal of materials (wear)
which occurs between mating surfaces, in this case, between the disc and blade
root of compressors and turbines as a result of vibration [50] . Fretting leads to
performance deterioration which can only be corrected during overhaul by
replacement of affected parts. Fretting is a non-recoverable degradation and all
non-recoverable degradation issues could be solved completely by the
replacement of the affected parts if design performance values are to be
achieved. In practice, this is costly and parts are only changed when it is
economically unviable to use such degraded parts or the failure of such partsis
clearly foreseen. Fretting may be mitigated by surface treatments or coatings
[51].

o Corrosion- Corrosion comes in two major forms in the hot section of
gas turbine operation. These are oxidation and sulphidation. The hot section
materials are made of super-alloys and often coated with corrosion- resistance
materials. At very high temperatures, these materials react with oxygen
(oxidation) to form oxide films that wear off with time [49]. This is corrosion
resulting from oxidation. Sulphur from the fuel may react with sodium chloride
from the air at high combustion temperatures to form sodium sulphate which is
deposited in hot section components leading to accelerated oxidation or
sulphidation [52]. The sodium sulphate has a weakening effect on the coating
materials. Like oxidation, oxide films are formed which breaks off with time.

Corrosion (through oxidation or sulphidation) degrades materials fast.

2.3 Failure Mechanisms of Gas Turbine Components

In the previous section, gas turbine component degradation and failure were considered.

A thin line was drawn between degradation and failure and the major modes of gas

turbine degradation were presented. It is pertinent at this point to present the

mechanisms of gas turbine failure. The hot section components of gas turbine are more

likely to faill and these components are referred to as critical components. Other
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components in rotating assemblies such as spacers, cover plates and seas may aso be
designated as critical [53]. The high pressure (HP) compressor turbine blades are the
focus in this work. Gas turbine critical components are made of super-alloys to prevent
failure and while in service, special inspection techniques are employed to assess the
reliability of the materials at various stages in the life cycle and also for failure analysis
[54].

Abdul Ghafir [37] identified fatigue, high temperature corrosion/oxidation and creep as
the major failure modes common to gas turbine hot section components.
Corrosion/oxidation is already discussed in the previous section as a degradation mode.
Fatigue and creep are also treated as modes of degradation in many literatures but these
are the two failure modes ascribed to gas turbine components. They equally occur in the
combined form as creep-fatigue interaction/ thermo-mechanical fatigue. Creep failure,
fatigue failure and failure in the combined modes are discussed in the following sub-

sections.

231 Creep

Failure of materias (or plastic deformation of materials) is generaly assumed to occur
when the applied load on the material exceeds the ultimate tensile strength of the
material. When the applied load is below the ultimate tensile strength of the material,
the material can only undergo elastic deformation. Failure can equally occur if the
applied load is below the ultimate tensile strength of the material and it is not
fluctuating in nature but applied at high temperature levels. In this case, it will take a
long time for the materia to fail, depending on the magnitude of the applied stresses
and the operating temperature. This time-dependent deformation of materials under
non-fluctuating loading at high temperature is known as creep [36], [55], [56]. The rate
of creep deformation depends on the properties of the material, the exposure time, the
operating temperature and the magnitude of the applied load [36]. The mechanism of
creep in metals is characterized by the flow of material (at €levated temperatures and for
long period of time) due to defects in the material which may be localized point defects,
also known as vacancies, line defects (dislocations), or defects in planes or grain

boundaries [57]. Elongating the grains of materials in the direction of the applied load
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tends to resist creep. Also the removal of the grain boundaries/increasing the size of the
grains increases the material resistance to creep [58]. Nickel-based superaloys, single
crystal (SC) super-alloys and nickel-based single crystal super-alloy materials are now
vigorously used in high temperature operations as they give the highest resistance to
creep failure [59]{62].

The temperature at which creep deformation becomes a problem is material dependent.
Generally, creep should be a concern when the temperature measured in Kelvin (K) or
Rankine (R) is about 30% of the melting point of the material for metals and between
40% to 50% for ceramics [63]. For most gas turbine materials, Saravanamutto et al. [1]
put this value as 50% (0.5). Creep deformation is gradual and is made up of three
distinguishable phases. These are primary creep or phase |, secondary creep or phase Il
and tertiary creep or phase I11 [1], [64], [65]. These phases are shown in Figure 2.2. The
creep deformation of a material is measured by the amount of strain deformation the
material undergoes with time under constant stress condition. A material is assumed to
fail due to creep damage if it undergoes 0.2% plastic deformation [66]. Generdly,
creep rate of materials increases with temperature [67]-{70], thus in gas turbine
operation, the life of the hot section blades depends on the temperatures of the hot gases

traversing the blades.
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Figure 2.2: Creep Curve Showing Creep Phases [71]
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2.3.2 Fatigue

When amateria is under tensile or compressive |loading and the load does not vary with
time, the material will remain for infinite time without failing if the applied load (stress)
is below the ultimate tensile strength of the material. The ultimate tensile strength (or
ultimate strength or tensile strength for short) is the maximum stress that a material can
withstand under the given load condition before failing [72]. But if the applied stress is
cyclic or repetitive in nature, failure will occur when the applied stress is less than the
ultimate tensile strength of the material. This failure resulting from the application of
cyclic load or stress is known as fatigue [48], [73]-{75]. In gas turbines, the materials
undergo repetitive loading due to centrifugal forces and vibration in some cases hence

failure due to fatigue can occur.

The operating environment and the nature of the material in question may influence the
failure of the material under cyclic loading. The cyclic load may be mechanical, thermal
or both. Fatigue failure usualy starts with crack initiation, crack propagation and then
failure which is characterized by unstable crack propagation. These stages are termed
primary, secondary and tertiary stages of fatigue [48]. Crack initiation occurs at sites of
stress concentration such as surface imperfections, grain interfaces and persistent sip
bands [76].

Fatigue loading of gas turbine members can be seen in compressor and turbine blades.
In turbine blades, the hot gas path in contact with the rotating blades causes the blades
to bend as a result of high pressure. But the stress level is usualy in the elastic region.
Each blade gets to the gas path and escapes from it at aregular time interval because of
stator blades which causes intermittent blockade for each rotation. Thus, the loading of
the blades is repetitive [1], [18], [48]. At elevated temperatures, the load is both
mechanical and thermal as high temperature gradient is created. The number of cycles a
material will experience under fatigue loading before failure depends largely on the
stress level. At very large stress level, a materia will fail under few fatigue cycles.
Thus, in investigating the fatigue behaviour of materials, Stress-Number of cycles to
failure (S-N) curves are used. A given S-N curve for a given material shows the number
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of cycles a material will experience before it will fail under different stress levels.
Figure 2.3 shows atypical S-N Curve.

Figure2.3: SN Diagram ([48] , p.4-4)

Although, one can predict the number of cycles a materia will experience under fatigue
loading for a given stress level before failure from the S-N curve, these values may not
be very precise because fatigue failure is stochastic in nature[48], [77]. The number of
cycles to faillure and the type of fatigue loading necessitates the categorization of fatigue
as low cycle fatigue (LCF), high cycle fatigue (HCF) and thermo-mechanical fatigue
(TMF). Each of these is briefly considered below.

2.3.2.1 Low Cycle Fatigue (LCF)

Low cycle fatigue is characterized by low number of cycles to failure and very high
amplitude of applied load. The stress amplitude is high and the material gets to the
plastic region (not al the time)[78] in each cycle. That is, in LCF, the materia
undergoes repetitive plastic deformation[1], [48], [77]. LCF thus involves high
amplitude low frequency strains. In gas turbine blades, large strains occur in areas of

stress concentration [79].

In aircraft engine operations, one low cycle may constitute quick take off from one

point at high power level and landing at another point within a short while, especially

20



for military operations. In industrial engines, accelerating the engine from standstill to
maximum engine rotational speed and then returning to standstill constitutes one low
cycle operation [48]. Also, peak operation of engine on daily basis constitutes a low
cycle operation for each day. The manner of evaluating the number of low cycles in
industrial turbine operation with no recourse to the actua stresses the rotating
components experienced will give quite misleading or inaccurate results. For instance,
in running the engine to maximum speed level and then returning to standstill, if the
speed fluctuates highly within the period, the number of fatigue cycles the rotating
components experienced is more than the fatigue cycles that will be experienced for
smooth transition to maximum speed and then smooth transition to standstill. In both
cases, the convention provided above alocates one fatigue cycle to either process. In
this research, a fatigue cycles counting model is developed to address the shortcoming
highlighted above. The number of hours making up one cycle in the LCF analysis hasto
be properly spelt out. There is no clear distinction of the number of cycles to failure
used in differentiating between LCF and HCF. In LCF, failure occurs when amateria is
subjected to < 10° stress cycles [48]; between 10* and 10° cycles [1]. Traditionally, if a
material fails below 107 stress cycles, it is ascribed to LCF but if it fails above 10” stress
cycles, itissaid to fail under HCF [37].

2.3.2.2 High Cycle Fatigue (HCF)

High cycle fatigue is characterized by low amplitude high frequency repetitive stress
application. As mentioned in the previous sections, fatigue failure due to large number
of stress cycles, > 10* is traditionally taken as HCF failure. Unlike LCF, in HCF, the
stress amplitude is small and hence repetitive plastic deformation is the cause of failure.
The Engine Structural Integrity Program (ENSIP) specification requires HCF limit to
correspond t010° cycles. Although the number of stress cycles to failure may be very
high in HCF but in gas turbines vibratory loads generated at low stresses and at high
frequencies could build up severa million cycles in few hours [1]. HCF is the largest

single cause of component failures in modern military gas turbine engines [80].
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2.3.2.3 Thermo-M echanical Fatigue (TMF)

Thermo-mechanical fatigue (TMF) is the result of the combination of the induced
stresses due to temperature gradient and repetitive externa loads [72], [81]{83]. That
is, it is characterized by both cyclic mechanical loading and fluctuating temperature
(non-isothermal condition). Gas turbine components such as turbine discs and blades
are subjected to TMF during start-up and shut down [84]. This is because at the start of
the engine, especialy for uncooled HP turbine blades, the blades experience high
temperature on their outer surfaces, much higher than that of the core which takes some
time to attain operating temperature [48]. During shut down, the outer surface equally
cools faster thus creating another temperature gradient between the outer surface and the

core.

Two stress cycles, therma and mechanical stress cycles are identified in thermo-
mechanical fatigue. TMF loading is said to be in- phase (IP) or out-of-phase (OP)
depending on whether maximum temperature and maximum stress occur at the same
time [72]. Failure prediction due to TMF is more difficult when the loading is out-of-
phase than when it is in-phase [83]. Damage of components due to TMF is accelerated
by harsh operating environment. This also applies to LCF and HCF. Some literatures
view TMF as a combination of creep, fatigue and oxidation[72]. Fatigue results from
oscillatory mechanical stress, but if thermal stresses vary as well, the combined effect

leads to thermo-mechanical fatigue failure.

2.3.3 Combined Failure Mechanisms

Failure of gas turbine components may not be singly due to any of the failure
mechanisms discussed in the previous sections (fatigue- LCF and HCF, and creep).
TMF is one combined mode of failure. Besides these failure modes, it has been noted
that the operating environment acts as a catalyst for failure to occur in any of the failure
modes. The combination of individual failure modes will reduce the life of a component
faster than each of the individual failure modes could do [85]. Failure due to combined
mode is complex and this accounts for a reasonable number of engine component
failures. Villasante [86] put the contribution of combined cycle fatigue, CCF (failure
due to the combined influence of LCF, HCF, creep, oxidation etc.) to the total number
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of issues that arise during an engine development at 40%. This, according to him, costs
the industry millions of dollars as should be expected.

LCF/HCEF interactions are very common and their combination has given rise to two-
phase crack growth process. In this, crack initiation and growth may occur under LCF
and continue in this for a while. Crack growth is then taken over by HCF until the
component finally fails [38]. When blades suffer foreign object damage (FOD), failure
due to fatigue or creep may occur earlier. In this case, initia crack growth may be due
to HCF as a result of the high stress concentration at the point of impact. The crack
growth reverses to LCF before HCF takes over later [38]. Two groups of FOD-induced
failures have been identified. These are fatigue crack initiation directly at the point of
contact (as discussed above) which causes failures within 10° to 10° cycles and crack
initiation at regions of high tensile residual stresses which may be remote from the point

of impact causing failures at 10 to 10° cycles [87].

There are minor combinations of failure modes regarding the environment the major
failure mode occurs. For instance, fatigue in the presence of a corrosive environment is
known as corrosive fatigue, if the fatigue load (repeated or repetitive load) is applied
with dliding contact between materials, then we have dliding contact fatigue. The
application of fatigue load together with rolling contact gives rise to rolling contact
fatigue while the application of fatigue load with relative frictional sliding motion

between surfaces results in fretting fatigue [47].

The dominance of a particular failure mode depends on the mode of operation of the
turbine. For industrial gas turbines operated at uniform operating conditions, creep is
the dominant failure mode [37]. For engines operated at peak loads for a few hours

daily, LCF contribution will be significant.

Because of the implications associated with failure, efforts at preventing/reducing it
abound. Proper design, diagnostics and maintenance efforts are employed over the years
to ensure these important prime movers for various operations are not only available for
use but also perform effectively and arereliable[1], [88], [89].
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2.4 LifePrediction of Gas Turbine Components

In the last section, the various failure modes of gas turbine components were
considered. Since several failure modes exist and they interact in most cases, the life of
gas turbine components, especialy the hot section components depend on a complex
interaction of factors such as stress, creep, metal temperature, fatigue excitation and
environmental effects [17]. Final failure of gas turbine components is avoided, and
before failure, every component has a usable life. The process of determining or

predicting/estimating the usable life of a gas turbine component is known as lifing [1].

In estimating the life of a component, the prevalent failure mode(s) ig/are taken into
consideration. If a materia is predominantly under creep load condition, the number of
hours the material will spend before failure is known as the creep life of the material.
Also, if a materia is adjudged to operate under fatigue loading condition, it will fail
under a number of fatigue cycles, be it LCF, HCF or TMF. The number of cycles a
component can undergo at a given load level before failure or before a crack of defined
magnitude occur is known as the fatigue life of the component. The fatigue life is load
specific. Thus, in life prediction, we consider creep life prediction and fatigue life
prediction of a given component depending on the prevailing failure mode. In some
cases, the failure modes interact and the combined mode life prediction is considered in
such cases. The combined modes take the form of LCF/HCF, TMF and creep-fatigue
failure [38], [87], [90], [91]. The life prediction methodologies under the various failure
modes are considered next.

2.4.1 Creep Life Prediction Methods

There are several approaches to creep life prediction or estimation of creep life of
components, including those of gas turbines especially the hot section components.
Several models exist for determining creep life of a component and the life determining
approaches have been classed in various ways. Any classification of creep life
estimation approach makes use of the model involved and the technique used.
Generaly, creep life estimation approaches could be put into two groups. Tota life
approach and Damage mechanics approach involving crack growth rate. Abdul Ghafir
[37] identified four (4) creep life estimation approaches. These are model based
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approach, service based approach, statistical/probabilistic approach and soft computing
approach. Eshati [92] in working on creep life estimation of stationary gas turbine
engine identified design approach which is model based, post service approach, and
statistical/probabilistic approach as some creep life estimation approaches. Faridani [93]
pointed out that more than sixty-two creep relations (models) are in use with thirty-three
of these models describing creep process using power law and twenty-eight of them
addressing creep using exponential expressions. He further classified creep models into
three categories- strain-time models, stress models and temperature dependency models.

Strain-time models are creep models which consists of creep strain and time terms (t, &
or g, ),where the time may be timeto rupture or failure, t, or timeto reach a pre-defined

strain value. Stress models include stress term o in their formulation while temperature
dependency models consist of temperature term. The mgor temperature dependency
models are the time-temperature parametric models. The time-temperature parameters
commonly used for creep life estimation are Orr-Sherby-Dorn parameter (OSDP),
Goldhoof-Sherby parameter (GSP), Mason-Haferd parameter (MHP), Manson-Succop’s
parameter (MSP) and Larson Miller parameter (LMP) [37], [92].

Not al creep relations can model creep for the three regions of the creep curve. Most
relations can only dea with creep in the secondary region while few can model the
entire creep curve. Thus creep relations can be classified based on the region of the
creep curve they can handle. From the foregoing, it is clear that there are various ways
in which creep life estimation approaches can be categorized. In this work, no attempt is
being made to classify the creep life estimation approaches, but some creep life
estimation approaches will be discussed which fall in the category of total life approach.
First, some general creep models will be presented, followed by the time-temperature
parameters which find widespread usage. The last set of creep models to be considered
are those which tend to address creep for the entire creep curve. This will be followed
by areview of the classification of creep life estimation approaches due to design-based,
post service, statistical/probabilistic-based and soft computing approaches as in Abdul
Ghafir [37] and Eshati [92] to show that they equally make use of relations presented in
the previous sections.
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2.4.1.1 Basic Creep Life Prediction Modelsand Creep Curves

One of the general creep equationsis given in the form [94],

de. _Colo Q (2.2)
dt  d® KT

C

where ¢_is the creep strain, . g 1S the creep strain rate, C is a constant which is

dependent on the material and the particular creep mechanism, the exponents m and b
are constants which depend on the creep mechanism, Qis the activation energy of the
creep mechanism, o is the applied stress, d isthe materia grain size, kis Boltzmann's
constant and T is the absolute temperature of the material. This is the power law

equation of creep which can be cast in various forms.

The primary and secondary stages of creep are of interest in design and Bailey-Norton

law, also called power law creep law is often used in the form [95],

e, =Ac"t" (2.2)
In terms of creep strain rate, Equation (2.2) becomes,

£, =Ac"m™* (2.3)

where A, m and n are temperature dependent material constants. Equation (2.3) is the
time hardening formulation of the power law creep. The strain hardening formulation is
obtained by solving for t in Equation (2.2) and substituting in Equation (2.3). This is
given as[95],

éc — Al/mmGn/mrnt(m—l)/m (24)

The strain hardening formulation of the power law creep produces results that are in
good agreement with actual test results under variable stress condition [95]. Some other

creep rate laws are enumerated below, all obtained from [93] and [95]:

Kelvin- Voigt (visco-plastic creep) modd: &(t) = G—E‘[l— exp(— Ejt} (2.5
n
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where , E and o, arethe viscosity, the elastic modulus, and the applied initial stress

respectively.

Exponential Law: E. =&, exp[aij (2.6)
where ¢_and o are constants.

Phillips model: & =&, + Alog(1+ Bt) (2.7)
where A, B and ¢, are constants.

Hyperbolic Sine law: £, =2, sinh(gij (2.8)

where ¢_and o are constants.

1
Graham-wall's simple polynomial model: ¢, =a,t3 +a,t+a,t° (2.9)

where a,, a, and a, are constants.

Andrade€'slaw: £, = ﬁ%+ K (2.10)
3t7°+ pt

where g and K are constants.

Mukharsee-Bird-Dorn equation is useful for expressing creep rate in terms of stress,

temperature and grain size under steady state creep in the form [95],

£2= AGb D(E)p(gjn = A'exp(gj (2.12)
KT d) \G KT

where A is a dimensional constant, D is the diffusion coefficient given by Equation
(2.12),

D=D, exp[— %} (2.12)

D, is a frequency factor, Q isactivation energy, R= N K isthe gas constant, N, is

Avogadro's number, kis Boltzmann's constant, d is grain size, and pand n  are
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material constants. Experimental data is represented by plotting £ kT /DGb against

o /G[95]. Schuh and Dunand [96] developed a constitutive equation for power law
creep of polycrystaline S —T, after collecting data generated by severa researchers.

Creep life analysis requires the use of experimental data. Creep curves are generated
from available data by plotting data from creep tests in various ways. The parameters
often used for obtaining creep curves are stress, strain, time and temperature. The data
usually used for plotting creep curves are often obtained during short time creep testing:
some at very high temperature levels, others at very high stress levels to rupture, where
rupture time will be short. At other times, data is generated at perceived operating
conditions until strain of desired level is obtained. Such data has to be extrapolated to
failure time since it will take too long for the test to be carried out until failure occurs.
Collins and Daniewicz [97] identified three commonly used methods for extrapolating
short term creep data to long term applications. These are the abridged method,
mechanical acceleration method and thermal acceleration method. In the abridged
method, the tests are carried out at a particular temperature but at different stress levels
and creep curve is obtained by plotting creep strain against time. The curves are
extrapolated to the desired design life. In the mechanical acceleration method, tests are
caried out at a defined temperature level but at high stress levels compared to
contemplated design levels in order to obtain desired strain level in short time. Creep
curve is obtained by plotting stress against time and a family of constant strain/constant
temperature curves are generated. In the thermal acceleration method, creep data is
obtained by carrying out test at comparatively higher temperature levels to obtain a
required creep strain. The creep curve isis aplot of stress against time and a family of
constant temperature lines are gotten. In extrapolating the curves to obtain the creep
design life, the possibility of potential failure due to creep rupture before reaching the
creep design life cannot be predicted [97]. Figure 2.4 shows creep curves obtained
under constant stress and at a given temperature [98].
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Figure 2.4: Creep Curves Obtained by Creep TestsUnder Constant Stress ([98], p.1886)

The use of creep curves for life estimation seems not to be reliable since data for such
tests are obtained in short time. Test period less than 1 % of expected life do not give
good results. For reasonable results, test periods should extend to 10 % of expected life
[97]. Also, the test temperature should be close to actual operating conditions. The
apparent limitations in the use of creep curves has led to the emergence of severa other
methods for correlating short term test results at elevated temperatures to long term
actual operating conditions. The time-temperature parametric method, the theta
projection method, and the Monkman-Grant method are some methods widely used.
These methods are considered below.

2.4.1.2 Creep Life Estimation Using Time-Temper atur e Parameters

Different parameters have been formulated for creep life determination. These
parameters are temperature, time, and stress dependent. The commonly used time-
temperature parameters as aready pointed out are Larson Miller parameter (LMP), Orr-
Sherby-Dorn parameter (OSDP), Goldhoof-Sherby parameter (GSP), Mason-Haferd
parameter (MHP), and Manson-Succop’s parameter (MSP). These parameters come
into usage because experimental data is not available for all ranges of stress and
temperature. Often interpolation/extrapolation techniques are used to account for
insufficient data. The limit to the interpolation and extrapolation techniques is the

melting point of the material. There is difficulty in obtaining results when the
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temperature involved is up to 40% of the absolute melting point of the material. The use
of the time-temperature parameters thus takes care of data insufficiency [37], [92].

The parameters are read from a master curve at the estimated temperature and stress
levels [99]. In using some of these parameters, aside reading the parameter value,
certain constants have to be obtained for the creep model to be applied [92]. The master
curves are plots of the creep stress rupture data of the material concerned; often plotted
as log of stress to rupture against a combination of log of time to rupture and
temperature. Eno et a. [100] viewed these parameters as specia cases of ageneral creep
life analysis procedure which is anchored on linear statistical model. Using this
approach, they fit the models to a statistical database efficiently and also compared the
models to one another. The parameters are considered below.

Larson-Miller Parameter (LMP)

The Larson-Miller Parameter (LMP) is one of the time-temperature parameters for
representing creep data and hence creep life estimation. It is the most widely used and
useful for low stress and thus long time rupture condition. LMP is given as[101], [102],

LMP =T|logt, +C]| (2.13)

where T is the temperature in Kelvin[K] or Rankine [R], U is stress rupture time or time
to faillurein [hrs], and C is a constant usually of the order of 20; it varies with material
and applications. The Larsson-Miller Parametric method which was developed during
the 1950s by Miller and Larson while they were employed by GE performing research
on turbine blade life is derived from the Arrhenius equation [103]. Appendix B shows
how the Larsson-Miller Equation is obtained from the Arrhenius Equation. In the usage
of LMP method, temperature which is one of the two variables that can be controlled in
creep test (the other variable is stress) is eliminated and a master curve of the material is
prepared using (STRESS AND TIME). Figure 2.5 shows LMP master curves of some
materials [104]. The LMP value depends on the stress and it is read from the master
curve of the material based on the stress value. The value of the LMP decreases with

increase in stress.
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Figure2.5: Larson-Miller Parameter (LMP) Master Curves ([104] , pp.407)

In using the LMP method, the stress level and temperature have to be determined using
various techniques. Finite element analysis (FEA) is often employed in the
determination of the temperature and stresses in the body under consideration. ANSY S
and ABACUS also enable the determination of these parameters. Thus, a creep life
estimation platform making use of LMP method has a way of determining these
parameters probably from other known input data. At a given stress level and constant
temperature, LMP value is read. To evauate the creep life at another temperature value
but same stress level, the LMP and temperature (T) are introduced into Equation (2.13)

to calculate the time to failure, t, . From Equation (2.13), it is obvious a plot of log of
t, against 1/T will be a straight line which slope is LMP and intercept C. Thus, al iso-

stress lines will pass through point C.

The LMP method has been used extensively for creep life anaysis [37], [92], [105]—
[109]. Vaezi [110] used the LMP method in carrying out the life prediction of
Inconel 738 gas turbine blade, Oloyede [106], in analyzing the fundamental impact of
firing syngas in gas turbines used the LMP method to estimate the life of Siemens SGT
6-5000F first stage nozzle and rotor blades using manufacturer's recommended
replacement interval as a basis. Eno et al. [100] applied a number of time-temperature
parameters to aloy 617 (a Ni-Cr-Mo useful for high temperature applications) and

discovered that the Larson-Miller model was only second to an M-R-M mode in fitting
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the data. Abdul Ghafir et al.[109] used the Larson-Miller Parametric method, exploiting
a creep factor approach in assessing the impact of operating and health conditions on
aero gas turbine hot section creep life. In afurtherance to this work, Abdul Ghafir et al.
[14] equaly employed the LMP method in determining how the various performance
parameters affect the creep life of hot section blades.

The Larson-Miller parameter remains the most widely and generally used in analyzing
creep rupture data. This view has been held by severa researchers including
Chathopadhyaly and Gbosh [108], who introduced the LMP, OSDP and MHP in their
creep life prediction software and Taminger [111] in his master's thesis on analysis of
creep behaviour and parametric models for some materials. Being the mostly widely
used method with appreciable accuracy relatively, the Larson-Miller Parametric method
is used for creep life analysis in this research. The availability of material propertiesis
another reason for using the Larson-Miller Parametric method. The premise of the usage
of the Larson-Miller parametric method is that the logarithm of the stress applied to the
material at any given point is a function of the material temperature in Kelvin, the
Larson-Miller Parameter constant, C and the logarithm of the time, where the timeisthe
stress rupture life or the time to accumulate a certain amount of creep strain [112]—
[114].

Orr-Sherby-Dorn Parameter OSDP
The Orr-Sherby-Dorn Parameter (OSDP) is given as[115],

ODP = Iogtf—% (2.14)

where Qisthe characteristic activation energy and R is the universal gas constant. From

Equation (2.14), aplot of logt, against 1/T at a defined stress level will be a straight
line which intercept on the logt ; axisis the value of the parameter (OSDP). Parallel iso-

stress lines with the same gradient will be obtained [92], [100]. The OSDP approach is
thus used to fit creep data produced at different stress levels. This parameter fit data
obtained from pure metals and dilute aloys more appropriately at T > 0.5T_(

homologous temperature greater than 0.5), but satisfactory results are not feasible at
other conditions [92].
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The OSDP method is applied by obtaining the OSDP for different stress levels and
plotting a creep rupture master curve. This curve together with Equation (2.14) enables
the determination of a component life at a given stress and temperature level. The
OSDP method, although viewed to be less satisfactory in fitting creep data but has
found widespread use as shown in the works of Kurata et al. [105] and Nonaka et al.
[107]. This method is not used in this research as it is less accurate and has less
widespread usage compared to the Larson-Miller Parameter method. The condition
imposed by the homologous temperature is another set-back in the usage of the OSDP
method. The OSDP method is also easy to use as it requires knowledge of only the
parameter (OSDP) for its application.

Goldhoof-Sherby Parameter (GSP)
The Goldhoof-Sherby Parameter (GSP) isgiven as[92],

logt, —logt
Gp=—2t ~ %
11
T T,

where t,is a time constant and T, temperature constant. Two constants have to be

(2.15)

evaluated here as against one constant for the LMP approach. In this approach, iso-
stress lines obtained by plotting logt, against 1/T are not parallel but converge at the

point logt, Ti defining the two constants in the equation. The GSP has not found

widespread use compared to the LMP and OSDP. The evauation of two constants
before usage is one set-back of the GSP method.

Manson-Haferd Parameter (MHP)
The Manson-Haferd Parameter (MHP) is given as[116], [117]
logt, —logt,

MHP=— —~= (2.16)
T-T,
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Likein the GSP, t,isatime constant whileT, istemperature constant. |so-stresslinesin
this case are obtained by plotting logt, against T and all iso-stress lines converge at

the point defined by the two constants (I ogt, ,Ta) [111]. A plot of stress against MHP

yields a master curve. From the master curve, MHP for any stress level could be
obtained and the time to failure for a particular temperature is evaluated using Equation
(2.16). The MHP method seems to be a bit conservative and tends to predict shorter life
compared to the LMP and OSDP methods [111].

M anson-Succop Parameter (M SP)

The Manson-Succop Parameter (MSP) is given as[92], [118],
MSP = f(aor %j: logt, — BT (2.17)

where Bis a material constant. MSP method is similar to the MHP method in terms of
the variables used in generating the iso-stress lines (logt, is plotted against T). It is

equally likened to the LMP method for having one constant and hence parallel iso-stress
lines. The gradient of each iso-stress line corresponds to the constant B. The MSP is
also similar to the OSDP method in terms of parallelism of the iso-stress lines. A master
curve can be generated from which time to failure due to creep of a given component
can be determined for given stress and temperature levels. The MSP approach is adso
widely used for creep life determination.

Although, the LMP is the most frequent used of the time-temperature parameters, the
choice of the parameter to be used is materia and application dependent. This is
because different parameters fit different data more appropriately. Agale-Khafri and
Noori [119] in carrying out life prediction of Ni-based super alloy (Rene 80) between
1144 and 1255K at various stress levels using the time-temperature parameters, OSDP,
LMP and M SP discovered that the M SP method offered the highest degree of fit.



The time-temperature parameters could be used by introducing a general form of the
master curve equation which may be a representation of all parameters [117]. Such an
equation has constants which can be solved depending on the parameter used. A general

creep parameter is given as by Equation (2.18) [120],

Io%t “logt,
Plo)=%——~— 2.18
(@) =S (2.18)

where T, ,t,,q and r are materia constants. These constants are to be determined from
available experimental data. Various values of gqand r determine the type of parameter
in use. For instance, the Manson-Haferd Parameter is obtained when q=0 and r =1.

Table 2.2 shows the parameter constants for some of the parametric methods while

Figure 2.6 shows the graph of the various parameters considered here.

Table 2.2: Some Valuesof Constantsfor Time-Temperature Parameters ( [121], p.5)
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Minimum Commitment Method

In an attempt to bring al the time-temperature parameters under single and similar

analysis, Manson and Ensign introduced the Manson-Ensign minimum commitment

method [118]. In this, an equation is formulated which contain constants and fals into

any of the parameters in use by determining the constants from the data obtained for a

given material. This appears like a similar treatment compared to the creep genera
equation in [120]. The equation adopted for this method after severa trias takes the

form of Equation (2.19) [118],

log(t)+ AP.log(t)+ P=G

where
R,
P=RT+—=
R =

and
G=B+C.loglo)+ Do +Ec?
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The resemblance of the minimum commitment equation to any of the parameters is
actually revealed when the constants R and R, are determined from the actual data
[118].

2.4.1.3 Other Creep Life Estimation Relations
Three other relevant creep relations for life estimation are considered here. These are
the Monkman-Grant Method, the theta Projection Method and the Omega method.

M onkman-Grant M ethod

The steady state creep rate and rupture time is also modelled by the Monkman-Grant
relationship given by Equation (2.20) [100],

g'sztg or t,.£;=C (2.20)

¢ f
where £]is the steady state creep rate and C is a constant. But &; = Aexp(%j , thus

Equation (2.20) can be put in the form of Equation (2.21),

_Cod Q
t = AeXp(ij (2.21)

Or

“m. —04d 2
logt, mNG_OAg(RTj (2.22)

C. : .
where my; = A is the Monkman-Grant constant [100]. The relationship between t, and

the steady creep rate, £;, which is actually the minimum or secondary creep rate, €,;,1S

equally represented by the Monman-Grant relationship as in Equation (2.23) [122],

te "=C (2.23)

f “min

mand C are constants. the exponent, m has value between 0.8 and 0.95 while C varies
between 3 and 20 for the metas and alloys Monkman and Grant evaluated originally
[122]. The Monkman-Grant relationship has been modified by the introduction of
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failure strain ¢, in order to obtain better fit of many materials. This modified form is

[122]

m__ ' (2.24)
&y

t,é

where m' is close to unity and C' is a constant which is temperature dependent. The

Monkman-Grant relationship snows that the time to failure or overall rupture life t, of

amaterial in long term tensile creep tests is inversely proportion to the power function
of the minimum creep rate and the relationship holds for heat resistant structural
materials such as ferritic steels and nickel-based aloys[69].

Theta Projection Method

The theta projection method is one of the creep relations that can model the three stages
of creep. It considers for the primary creep, secondary creep (steady state creep) and
tertiary creep [37]. Two concepts about the theta projection method have evolved. These
are the 4-theta projection and the 6-theta projection methods and these are given by
Equations (2.25) and (2.26) respectively [37], [48], [123]{125],

g, =0,(1- e )+0,(e" -1) (2.25)
g, = 0,1- )+ 0,(e™ ~1)+ 01— ) (2.26)

where 6,,0,,...,0,ae the theta projection parameters (constants) which are
temperature and stress dependent and obtained from experimental data [37], [48]. The
last term in the 6-theta projection presentation, 05( —e‘gﬁt)is introduced to ensure
proper creep modelling at low creep strain, ¢, and time, t[37]. The creep strain rate &,

is obtained by differentiating the expression for ¢, when the theta values are known.

According to Law, et al. [123], the theta method, Equation (2.25) models the primary
and tertiary creep stages and views the secondary creep stage as an inflexion on the

creep curve where strain hardening and strain softening effects are equal. 6,and 6,
take care of primary creep while 6,and 6, address tertiary creep [48]. The temperature
and stress dependent theta terms are expressed as in Equation (2.27) [123],
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log6, = A + Bo +CT + D,oT (2.27)

where i =1,2,3,4. A modified theta projection method which uses one rate constant

has been proposed [126]. The theta projection method, athough models the three stages
of creep, the heavily experimental data dependence on the evaluation of creep data

makes it unsuitable for the creep life analysisin this research.

Omega M ethod

The omega method was developed by the Materials Properties Council (MPC) hence in
some cases it is referred to as the MPC omega method [127], [128]. The omega method
isexpressed as[129],

£, = £, (2.28)

where &, is an imaginary initial strain rate and Q is the omega method parameter
which is a variable that depends on temperature and stress and it is determined
experimentally. ¢, approximates the minimum creep rate &,,, when the primary creep
region is small [129]. The expression is put in terms of strain and time by integrating
Equation (2.28). Also, Equation (2.28) could be put in logarithmic form before
integrating it. The relevant equations are given below [37], [129]:

1 0
= (- )=t 2.29
e'osz( )=t, (2.29)
Ing, =Ing, +Qeg, (2.30)
g, = (ijln 1 (2.31)
Q) | 1-Q&t,

Equations (2.29) and (2.31) are equivalent but Equation (2.31) seems to be more
appropriate as the rupture life is expressed in terms of the other parameters. The

exponential term in Equation (2.29) becomes negligible for large values of Qe and the
rupture time under this condition is expressed by Equation (2.32) [129],

1

t, =—
Qe

(2.32)
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From the above, it is clear that with an estimate of &, and Q, the rupture time t, can

be computed and this is an advantage of using the omega method. The omega method
has been widely used, although its shortcoming has a so been pointed out [127]{129].

2.4.1.4 Review of Some Classifications of Creep Life Estimation Approaches
Severd creep life estimating approaches have been explored so far but no attempt has so
far being made to put these approaches in classified form. When the work of Faradani
[93] is placed side by side with the works of Abdul Ghafir [37] and that of Eshati [92],
one can conclude that there are no hard and fast rules covering the classification of
creep lifing techniques, any approach adopted may be a matter of choice or
convenience. Nonetheless, a great deal of work was done in classifying the creep life
estimation approaches in the above literatures, thus, the creep life classification
approaches from the perspectives of Abdul Ghafir [37] and Eshati [92] are summarized
below.

Four categories of creep life estimation approaches could be identified. These are model
based approach, service based approach, statistical/ probabilistic based approach, and
soft computing approach [37] . Each of the approaches involves creep relations
discussed directly or indirectly in previous sections, except the service based approach
where little exposition will be done here. The model based approach involves the
creation of a model- empirical, analytical or numerical and it divided into total life
approach and damage tolerance approach. It is pertinent to point out here that all creep
life estimation approaches could be put into two major divisions- total life approach and
damage tolerance approach. In some cases, the statistical/ probabilistic approach is
brought out to form a third group under this classification. Continuing with the
classifications in the cited literatures, the total life approach is divided into life-based,
strain-based and damage-based approaches. The life-based approach involves the

determination of the life t, of the component concerned using mainly the time-

temperature parameters. The strain-based approach involves estimation of life using

creep strain ¢, or creep strain rateg,. The Monkman-Grant creep relation and the

Omega method fall into this category. In damage-based models, creep damageis viewed

as occurring progressively and accumulatively from zero damage level and reaches
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failure with time depending on the material and the loading. Two theories are widely
used under this context. These are the linear damage accumulation (LDA) theory and
the continuum damage mechanics (CDM) theory. The LDA theory which views damage
as linearly cumulative is mainly used in creep life assessment of steam turbine blades
[130]. In both theories, Damage assessed using a damage parameter D which value
ranges from zero for a material with no amount of damage to unity at the point of
failure. In CDM, a damage state variable is introduced which is an internal variable and
represents an irreversible damage accumulation with time [92], [130].The CDM gives

more accurate results [130].

In the service-based approach, direct assessment of material in serviceis required using
either non-destructive testing (NDT) techniques (where the material is tested while in
service place) or destructive testing (DT) techniques (where the material is removed for
testing). Non-destructive testing methods include among others visual inspection,
magnetic particle inspection, radiographic examination, ultrasonic testing, liquid
penetrant testing, etc.[131]-{134]. Non-destructive testing of materials which
principaly involves surface and volume examinations is less accurate in creep life
prediction compared to destructive testing techniques [37], [131]. The statistical /
probabilistic approach is mainly used in conjunction with other approaches, especialy
the model-based approaches to account for the uncertainties in the parameters that affect
creep life in a given model or to develop the relationship between creep life and the
parameters affecting it or as a substitute of an existing model [37], [92]. Eshati[92] tend
to incorporate the soft computing techniques in the statistical and probabilistic category
but Abdul Ghafir[37] put it in aclass of its own. The soft computing techniques involve
among others artificial neural network (ANN), fuzzy logic and evolution algorithm.
These techniques which are widely used today are employed to overcome the

complexities and limitations inherent in the model-based and service-based approaches

[37].

2.4.2 Fatigue Life Prediction Methods

There are two major approaches to the determination of the life of a component due to
fatigue. These are total life approach and defect-tolerance approach. The total life
approach technique is divided into stress-based approach and strain-based approach
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[47]. In the total life approach, the number of fatigue cycles (stress-based or stran-
based) that a component undergoes before failure is determined. The total life
approaches are the classical approaches to fatigue design and do involve the use of the
SN curve. The defect-tolerant approach is the fracture mechanics approach to fatigue
design. It involves the determination of an initial (dominant) crack in amaterial and the
number of cycles required to propagate this initial crack to some critical dimension
(size). In this approach, the prediction of the crack propagation life involves empirical
crack growth laws based on fracture mechanics [47]. This approach is thus also referred

to as fracture mechanics approach.

There are also ‘safe-life’ and ‘fail-safe’ concepts in designing materials against fatigue.
These concepts or approaches were developed by aerospace engineers. In the safe-life
approach, the load under which a critical component is operating is estimated. Tests are
then carried out in laboratory on a similar component, under the same loading
conditions to determine the number of cycles the component undergoes before failure.
Using an appropriate factor of safety, the fatigue life of the component in terms of the
number of cycles in safe operation is obtained. The real component in operation is
retired once this life is approached even if the component still performs its designed
function. In this approach, severa unknowns has to be accounted for but a safe
operating life can be guaranteed by using a large factor of safety, but it may not be
desirable from the economic and performance perspectives [47].

In the fail-saf e approach, as the name implies, the component can fail but no catastrophe
before replacement. The component is assumed to contain flaws and the critica flaw
size is determined. Inspection techniques are put in place to check the size of the crack
at regular intervals or on ‘continuous basis' as the crack propagates. The component is
replaced when it is no longer safe for usage depending on the size of the crack [135]. A
critical look at the safe-life and fail-safe concepts will reveal that the safe-life concept is
about the total life approach and the fail-safe concept is about the defect-tolerant
approach. The stress-based, strain-based and defect-tolerant approaches to fatigue life
estimation are considered next.
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2.4.2.1 Stress-Life Approach

The stress life approach to fatigue life determination is applicable to high cycle fatigue
(HCF) [47], [136]. This method involves the testing of flawless materials under fatigue
loading. The number of fatigue cycles the component undergoes before failure at the
applied stress amplitude is noted. An S-N curve for the material can then be generated
for the materia from which the life of the material (number of cyclesto failure) at each
stress amplitude can be determined [47], [136]. An SN curve is given in Figure 2.3
which shows the probabilistic nature of fatigue. Figure 2.7 shows an S-N curve which
shows the various cycle ranges that pertains to LCF and HCF respectively and the

condition for infinitelife.

Figure 2.7: SN Diagram showing LCF and HCF Ranges and Condition for Finite Life
([136] , p.266)

Some parameters need to be defined at this stage. These are maximum stress, minimum
stress, mean stress, load ratio, stress amplitude, stress range, endurance limit or fatigue

limit and stress cycle.

e Maximum stress, o, - This is the maximum stress in the given load

spectrum. It istensile in nature.

e Minimum stress, o;,- This is the maximum compressive stress. It is

negative by convention. For fully reversed loading, o, = —0, -
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Load ratio, R- Thisistheratio of o,,t0 o, . That is,

R=Tmn (2.33)

Gmax

For fully reversed loading, R=-1 since o, =—0,,- Similaly,

R =0 for zero tension fatigue, and R =1 for static load [47].

Stress amplitude o, - Thisis given by the relation below:

o, = max_Tmin (2.34)

Stress Range, Ao - Thisis expressed as,

AC =0,y —Omin =20, (2.35)

The stress range is twice the stress amplitude.

Mean Stress, o .- Thisis expressed as the mean value of o, ando ., -

Thus,

O,y = min e (2.36)

Endurance limit or fatigue limit, o, - Thisisthe stress amplitude below

which a material will undergo infinite number of cycles without failing.

Some materials do not have endurance limit.

Stress Cycle, N - This corresponds to one set of the application and
removal tensile and compressive load. If a material has a fatigue life of

N, , thisis equivalent to 2N, stress reversals; that is, stress changing

from tensile to compressive and vice-versa. Thus, cycles to failureisin

most cases replaced with number of reversalsto failure which is2N; .

Further work on fatigue requires knowledge of the loading types usually encountered in

practice.



Fatigue L oading Types

There are four classes of fatigue loading as presented in [137]. These are constant
amplitude proportional loading, constant amplitude non-proportional loading, non-
constant amplitude proportional loading, and non-constant amplitude non- proportional
loading. In fatigue life analysis, the type of loading is important in estimating the life of
the material.

Fatigue Life Estimation Relations

A linear relationship exists between the stress amplitude,o, and the number of
reversals to failure, 2N, on a log-log scale. This is given by Basquin equation in the

form below for uniaxial loading and zero mean stress [47],
o, =o' (2N, (2.37)

where o', is the fatigue strength coefficient and bis known as the fatigue strength

exponent or Basquin exponent. Taking the logarithm of both sides of Equation (2.37), a
linear relationship is obtained as given by Equation (2.38),

Ino, =Inc", +bIn(2N, ) (2.38)

For most metals, b isintherange —0.05 to —0.12 [47].

Mean Stress Effect in Stress-Based Fatigue

Basquin equation is applicable for zero mean stress condition. In real life loading
conditions, situations of non-zero mean stress are very common. The stress amplitude
for non-zero mean stress is estimated using mainly three relations of (old). These are the
Soderberg relation, modified Goodman relation, and Gerber relation. These relations are
presented in Equations (2.39) to (2.41) [47], [138],

(3 (3

Soderberg relation: — 4+ =1 (2.39)
o, O,
. . (o} O
Modified Goodman relation: —=+—"=1 (2.40)
(e} (e}
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Oy

2
Gerber relation: Gal + (G—mj =1 (2.41)

o', isthe alternating stress amplitude at zero mean stress and fully reversed loading, o,

is the tensile strength of the materia while o is the material yield strength. Equations

(2.39) to (2.41) can be cast in the form,

o, =o', [1—(ﬁj ] (2.42)
GU

where X =1for the modified Goodman relation, x = 2 for the Gerber relation and x=1
and o, = o, for the Soderberg relation [138].

The Soderberg relation provides a conservative estimate of fatigue life for most
engineering aloys. It provides no room for materia to even yield. The modified
Goodman relation gives results that approximate experimental datafor brittle metals but
conservative for ductile alloys. The Gerber line provides the best fit to the failure points
of test dataand it is for ductile alloys under tensile mean stresses [47], [139]. Generally,
for a given material, as the mean stress increases, the fatigue life decreases. The plot of
the three relations is shown in Figure 2.8. The three lines intersect the ordinate axis at

o, =o' ,where the mean stress is zero. On the abscissa, the Gerber line and the
Goodman line intersect at o, the tensile strength of the material, while the Soderberg
line cuts the abscissa at the yield strength of the material, o, . At zero stress amplitude,

the material undergoes purely static loading and failure will occur when the load
exceeds the tensile strength of the material for the Goodman and Gerber relations. In the
same vein, failure will occur when the yield strength is exceeded for the Soderberg
relation. These facts are employed in plotting the lines. In the diagram, a yield line,
known as limit on ‘first circle' is constructed which intersects the yield strength on both

axes,
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Stress amplitude

o Mean stress

Figure 2.8: Soderberg, Goodman and Gerber Lines ([139], p.167)

Shigley [136] presented ASME relation, Langer (static yield) relation together with an
equation for the three lines presented above. The ASME relation and the Langer (static
yield) relation are given by Equations (2.43) and (2.44) respectively,

2
ASME-dliptic relation: %a (%J -1 (2.43)

Langer (static yield) relation: o, +o, =0, (2.44)

A factor of safety may be included in the above relations to reduce the limiting stresses-

Ce, o, and o, . The ASME-dliptic relation, like the Gerber relation, fits

experimental data points to a good degree. The five relations are shown in Figure 2.9.
Every point on each of these lines may be viewed as consisting of pans of points of o,
and o . Based on a given failure relation, any point below aline is safe while a point

above a line depicts failure under the given load condition. A load line which slope is

Oa

Om

is obtained by drawing a straight line through a given point. One of such points

through the modified Goodman line passes through point A in Figure 2.9.
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Figure 2.9: Fatigue Diagram Showing Various Failure Criteria ( [136] , p.297)

Many other researchers have accounted for the mean stress effect in stress-based fatigue
life analysis in their works. Some of these works are those of Morrow, Walker, and
Smith, Watson and Topper (SWT) as presented by Ince and Glinka [140]. Their
relations are presented in Equations (2.45) to (2.47),

Morrow relation: G—al 4+ Im 9 (2.45)
Ga Gf
Gal_ Gmaxl_yaay
Walker relation: 1-RY 2 Y (2.46)
= Gmx _— = Ga —_—
5

SWT relation: 0,.'=0 a0 =6max1/% =Ga1/£ (2.47)

where o is the true fracture strength (applicable to Morrow relation only and yis a

material constant. All the fatigue life estimation relations considered so far, beside the
Basquin relation, account for the mean stress. Morrow's relation is actuadly a
modification of the Basquin relation as presented by Suresh [47] . Probably, the best
relation that accounts for mean stress effect in stress-based fatigue life analysis is
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Smith-Watson-Topper relation as it generally gives good agreement with test data for
many engineering materials [141].

Other Effectsin Stress-Based Fatigue Life Approach

Other effects aside mean stress effect in stressed-based fatigue life analysis are effects
of surface treatment/surface finish effects, frequency, stress concentration due to the
presence of notches and the nature of the loading in the case of multi-axial loading.
Surface treatment includes among others nitriding, carburizing, flame hardening,
induction hardening and shot peening. Surface treatment leaves the surface of the
material with residual stresses, which if compressiveis beneficia in terms of fatigue life
but detrimental if tensile. Shot peening as a manufacturing process induces high
compressive residual stresses on the surface of a material thus increases the fatigue life
of amaterial [47], [142].

Stress Concentration and Notch sensitivity

The presence of discontinuities such as holes, groves or notches in materials lead to
increase in stresses in the parts they are found. They are referred to as stress
concentrators. Fatigue failure is amost always perceived to start at regions of
discontinuities. Plastic strain occurs when the stress at the site of stress concentration
exceeds the elastic limit [136]. The existence of cyclic plastic strain leads to fracture of

the material. An elastic stress concentration factor K, is introduced to account for the

induced stresses. Some materials do not respond to the presence of notches fully, hence,
the elastic stress concentration factor is replaced with a fatigue stress concentration

factor K, whichisgiven as,

_ max imumstressinnotched specimen

K . : (2.48)
stressin notch free specimen
OR
_unnotched bar endurance limit (2.49)
' notched bar endurance limit '
K <K,
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A notch sensitivity index is used to show how the elastic stress concentration factor
agrees with the fatigue stress concentration factor in the form below [47], [137],

K, -1
K, -1

q= (2.50)

The parameter qvaries from zero to unity. q=0 when K, =1. In this case, thereis no
notch effect. g=1when there is full notch effect and K, =K, . In fatigue life
estimation using the stress life approach for a material with a notch, K, has to be

determined. This involves the determination of K, first which is a function of the

geometry and loading mode only. The material is then specified and q is read from
notch sensitivity charts. Figure 2.10 shows notch sensitivity charts for two different
materials. K isthe obtained from Equation (2.51) [47], [137],

K, =1+q(1+K, -1) (2.51)

Figure 2.10: Notch Sensitivity Charts ([136], p.287)

Stress-Based Fatigue Life Prediction for Multi-axial Cyclic Stresses

The Basquin equation for zero mean stresses and all the other equations considered that
account for mean stresses are all restricted to uniaxial stress application. For multi-axial
stress application involving zero mean stress, Basquin equation is applied in the form
below [47],
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o, =0 (2N, f (2.52)

where o, is the amplitude of the effective stress defined based on the Von Mises
Criterion as,
Cae=0c= %\/(GX —Gy)2 + (Gy —02)2 +(O'Z —GX)Z + 6(Txy2 +Ty22 +TZX2) (2.53)

o,,0,and o, are the three normal stresses while 7, , r,, and 7, are the three shear

yz

Stress components.

For fluctuating multi-axial stresses, the effective stress is given in terms of the stress

amplitudes of the principa stresses o,,, 0,,and o, wherec,, >0o,, >0,,; thisis

given by Equation (2.54),

2

Ga,e =0,= % \/(Gla - GZa)Z + (GZa - G3a)2 + (Gla - G3a) (254)

Liu and Malzdevan [143] gave a method of predicting fatigue life for multi-axial

loading with non-zero mean stress.

Damage Summation for Uniaxial L oading

Tests about fatigue are usually conducted under constant stress amplitude and constant
frequency. In practice, members are subjected to a range of fluctuating loads [144].
Damage summation rule provided by Paimgren and Miner [145], the Palmgren-Miner
rule , is used in this case [47], [144]. In this, blocks of loads are generated from the
entire load spectrum. Each block of load is of the same load amplitude and mean stress.
The damage summation is given by Equation (2.55),

m ni
D= ZN— (2.55)
i=1 fi

where mis the number of blocks of load formed, n is the number of cycles

corresponding to the i ™ block, N, is the number of cycles to failure corresponding to
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. : n . . .
the stress amplitude at the i™ block. —— represents a fraction of damage. Failure is
fi

assumed to be cumulative and failure occurs when D =1. This linear damage rule does
provide incorrect results [47]. It is pertinent to point out here that the Palmgren-Miner
damage summation rule is applicable to creep-fatigue interactions and LCF-HCF
Interactions, etc.

2.4.2.2 Strain Life Approach

The strain-life approach to fatigue life estimation or fatigue design is reserved for low
cycle fatigue, where a component is believed to undergo plastic deformation before
failing. In getting to the plastic region, the material first experiences elastic strain. Thus,
the total strain the material experiences is the sum of the elastic strain and the plastic
strain expressed in terms of the strain amplitude as given by Equation (2.56) [136],

Ae _Ag, Ag,

— +— 2.56
2 2 2 (2:56)

Ac is the total strain range, A—Zglsthe total strain amplitude, ;e is the elastic strain

Ag
amplitude and T" is the plastic strain amplitude. The elastic strain is taken care of by

Basquin equation, noting that the elastic strain amplitude relates with the stress
amplitude in the form of Equation (2.57) [144],

A, _Ao _o,
2 2E E

(2.57)

E isthe Young's Modulus of the material. The elastic stress amplitude is thus given by
Equation (2.58),

A, _ G—'f(sz i (2.58)

The plastic strain amplitude is given by Coffin-Manson relation in the form of Equation
(2.59) [144],
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A—Zp —e' (2N, ) (2.59)

Ag
where 7" is the plastic strain amplitude, ¢', is the fatigue ductility coefficient and c

is the fatigue ductility exponent. The total strain amplitude is thus given by Equation
(2.60),

A_;:G_Ef(ZNf)b"'g'f(ZNf)c (2.60)

Equation (2.60) is for uniaxial fatigue loading. For torsional fatigue loading, the relation
takes the form of Equation (2.61) [144],

A_Zy B %(ZNf )bo +7' (ZNf )Co (2.61)

' ,y's ,boand co are the torsional fatigue properties. In the plastic region under

fatigue loading, the relationship between stress and strain is no longer linear, rather, the

responses are more complex and form hysteresis |loop [136], [144].

Mean Stress Effectsin Strain-Based Fatigue Life Analysis

The mean stress of the elastic strain term of the total strain amplitude may not be zero.
Morrow provided a method which accounts for the mean stress as given by Equation
(2.62) [47],

A—zgzalf:m (2N, P +e, (2N, ) (2.62)

oIS the mean stress. In Equation (2.62), only the elastic term is affected by mean

stress. Another version of Morrow’s equation where both the elastic and plastic terms
are affected by mean stressis given by Equation (2.63) [140],

£=Glf_o-m(2Nf)b+g'f[GfTGm]b(ZNf)C (2.63)

2 E o'y
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Smith-Watson-Topper aso provided a relation which accounts for the mean stress as
given by Equation (2.64)[140], [146],
Ag (G 't )2

= Ona oy =2 (2N, P +o', &', (2N, (2.64)

“*The SWT equation predicts that no fatigue damage occurs when the maximum stressis
Zero or negative (i.e., compressive), which is not always true. Therefore the Morrow
correction should be used for loading sequences that are predominantly compressive. In
cases of predominantly tensile loading, the SWT approach is more conservative than the

Morrow approach and is thus recommended’’ [147], pp.10.

In the analysis of fatigue failure using the strain-life approach, the maor effort is at

obtaining the four ‘fatigue parameters’ which are o', , &', , b andc. Many researchers

have made some inroads in obtaining these parameters. Some of these works will be

reviewed after considering transition life, N, .

Transition Life

The total strain amplitude consists of elastic strain amplitude and plastic strain
amplitude as given in Equation (2.60). Both the eastic strain amplitude and the plastic
strain amplitude are expressed in terms of the number of reversals to failure in
exponential form. Taking the logarithms of both sides of Equations (2.58) and (2.59)
give straight line equations as given by Equations (2.65) and (2.66) respectively,

Ag, o'
In=> =In(?fj+bln(2Nf) (2.65)

Ag, .
InT:Ing f+c(2Nf) (2.66)

This implies a plot of the respective strain amplitude against the number of reversa to
failure on alog-log scale will give straight lines with slopes band ¢ respectively. The
transition life is the number of reversalsto failure at which the elastic strain amplitudeis
Ag,

equal to the plastic strain amplitude [147]. Thisis shown in Figure 2.11. Equating



Ag
and T” the transition life in terms of number of reversals to fallure is obtained as in

Equation (2.67),

&' E 60
2N, =| —- (2.67)

Figure2.11: Transition Life ([147], p.8)

Other Strain-Life Approach Relations
Park and Song [148] , and Kim et al. [144] reviewed several works revealing different

ways of addressing low cycle fatigue. These methods and their findings about the
methods are summarized below. The underlying principle is the determination of the

four ‘fatigue parameters o', ,¢'; ,b and c.

Original Four-Point Correlation Method by Mansion
In this method, the total strain is given by Equation (2.68),

A_;:%(ZNf)b"‘g'f(sz)C (2.68)

The constants o', ,¢', ,b and ¢ are obtained using the four points P, ,P,,P, and P, in

Figure 2.12. Two of the points are on the plastic strain curve while the other two are on
the elastic strain curve. The fatigue properties are related to monotonic tensile test
properties as presented below [144],
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0.9
|Og{ 1 } (2.693)
4x10°
1 0.0132-Ag_* 1 3
c==<lo € |—-logl = 2.69b
e e e
250, L+, )
blog2+log| ———
G'f:%xlO S (2.690)
clo i+I0 }sfg
8'f=%x10 ozl (2.69d)

where ¢, istrue fracture ductility, and Aeg,* is the value of the elastic strain range at
10* cycleson the elastic curve. It is estimated by Equation (2.69¢),

250, (1+z; )}

blog(4><104)+log[ =

(2.69€)

Ag * =10

Strain range, AE. Af..Afp

A 10° 11 10’
Number of cyeles to lailure, N,

Figure 2.12: Four -Point Correlation Method by Mansion ([148], p.366)

Universal Slopes Method by Mansion
In this method, the total fatigue amplitude is as given by Equation (2.68) while the four

fatigue parameters are as follows:
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b=-0.12;c =—0.16; (2.70a, b)

o', =1.90180, (2.70c)
g', =0.7579,%° (2.70d)
The fatigue equation is thus given by Equation (2.71),

A_Zg _ 1.90;8(7u (2Nf )70.12 1 0.7519, (2Nf )—0.16 (2.71)

Mitchell’s Method

In this method, the four fatigue parameters in use for steels with hardness below 500

HB are given asfollows:

b= _l |og|:w} (2.729)
6 o,
c=-0.6 (2.72b)
o', =0, =0, +345MPa] (2.72¢)
£ = |n(£} (2.72d)
100- RA

where o, is the true fracture stress, and RAis the percentage reduction in area

Mitchell’s equation is given as,

20 oy el o )0 27D

Modified Universal Slopes Method by Maralidharan and Manson

This method is an improvement on the universal slopes method and it shows that the
tensile strength of the material also affects the life of the material in low cycle fatigue
[144]. It isgiven by Equation (2.74),

-0.53

0.832
A_;zo.ez{"—éj (2Nf)‘°-°9+o.0196sf°'155{6—£j (2N, )°*  (274)
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This the low cycle fatigue life analysis method adopted in this work. The modified
universal slopes method is adopted for fatigue life analysis in this research because it
provides the best resultsin fitting fatigue data [ 148].

Uniform Material Law

This method was proposed by Baumel and Seeger and it employs two different fatigue
life expressions for two categories of materials: viz (i) unaloyed and low-alloy steels,
and (i) aluminium and titanium alloys [144], [148]. The respective fatigue relations are

given below:

(1) Unalloyed and low-alloy steels:

A—Zg - 1.50"—Eu (2N, )" + 0.5 (2N, ) (2.79)
1 for G—E“s 0.003
where v = (2.76)

1.375-1250 24 for 250,003
E E

(1) Aluminum and Titanum alloy:

A—; - 1.676—E“ (2N, ) °** + 035N, )

(2.77)

Modified Four-Point Correlation M ethod
This method proposed by Ong is an improvement on the original four-point correlation
method [144]. The four points used in this metod are shown in Figure 2.13. The fatigue

parameters are as follows:

o' =0, =0o,l+e) (2.783)

1 O'u 0.89 Gu
b= g{log{o.lﬁ[fj } - Iog(Ej} (2.78b)
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g =g, (2.78¢)

c==-log 2 —loge, (2.78d)

where Ag, * isthe value of the elastic strain range at 10* cycles on the elastic curve and

itisgiveninthiscaseas,

o 2% 10§{|og{o.1e(f;uj°“}|og(GEf]} (2780

e

1o w' it
Mumber of reversals 1o failure, 2N

Figure 2.13: Modified Four- Point Correlation Method by Ong ([148], p.367)

Roessle and Fatemi also proposed a method which uses Brinnel Hardness (HB) and
Y oung modulus, a method which Kim et a [144] referred to as hardness method. This
method which exponents, b and c, are the same as those of universal slopes method is

given by Equation (2.79),

Ac _ 4.25(HB)+225
2 E

oo, 032(H B) — 487(HB)+1910002N, | **°

- (2.79)

(N
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It was pointed out in the previous sections that compressive mean stress leads to life
extension while tensile mean stress shortens life. This is shown in Figure 2.14. The
effect of tensile stress on fatigue life using Morrow equation is illustrated in Figure
2.15.

Figure 2.14: Effect of Mean Stress on Fatigue-Life Curve ([147], p.9)

Figure 2.15: Effect of Mean Stress on Fatigue Life Using Morrow Equation ([147], p.10)

2.4.2.3 Defect-Tolerant Approach

The defect-tolerant approach to fatigue life analysis is the fracture mechanics approach
where fatigue failure involves crack initiation, crack propagation and rapid crack
acceleration to final failure. Crack initiation occurs at points of stress concentrations
which are discontinuities or persistent slip bands, and the initial crack sizeis critical and
its determination is one problem with the fracture mechanics approach [138], [149].

Severa techniques have been developed to determine the initial crack size including
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non-destructive inspection (NDI). The term defect-tolerant is used to portray the fact
that a member is alowed to remain in service even if it contains detectable crack
provided there is periodic inspection [138]. The total life approaches (stress-based and
strain-based) to fatigue life estimation do not specify any damage caused to the material
[150]. Although, the total life approaches do represent crack initiation life in smooth
specimen, but do not take into cognizance the inherent defects in engineering materials,
thus, life may be overestimated [151]. Also, the tota life approaches do not yield
accurate result or not proper for non-proportion loading condition. The fracture
mechanics approach is useful in this case as well as for multiaxial loading [152]. In this
research, engine life consumption determination on continuous basis is sought, thus, the

defect-tolerant approach is not suitable for such life consumption tracking process.

Other Fatigue Life Prediction Approaches

There are other approaches in fatigue life determination. These are energy based
approach, critical plane approaches and continuum damage mechanics approaches
[141], [152]. In the energy based approach, products of stress and strain are used to
guantify fatigue damage; but this approach does not reflect fatigue damage nucleation
and growth observed on specific planes [152]. Critical plane approaches are based on
the premise that crack nucleation and growth occurs at specific planes known as critical
planes which are planes of maximum shear or maximum tensile stresses. Critical plane
models predict the orientation of the crack or failure plane or tend to reflect the physical
nature of fatigue damage in addition to predicting fatigue life; One critical plane model
Is the Fatemi-Socie model [152].

Continuum damage mechanics (CMD) has to do with the mechanical behaviour of
deteriorating mediums at the continuum scale. It is a relatively new subject in
engineering mechanics and models developed on its basis are mainly for uniaxial
fatigue loading[141]. Schutz pointed out six important examples of many unresolved
problems in metal fatigue as presented by Cui [141]. These are prediction of fatigue life
under variable amplitude loading is still being unsatisfactory, and difficulty in
representing actual conditions with experimental data. Also, issues of corrosion fatigue

and fatigue-creep interaction are unresolved. The last two unresolved issues are
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multiaxial fatigue stresses in variable amplitudes and obtaining fatigue life at very low
probabilities of failure.

In this research, low cycle fatigue life consumption of the compressor turbine blades of
the LM 2500+ engineis considered in addition to creep life and creep-fatigue interaction
life of same components. Continuous engine life consumption and hence engine life
tracking is required. The modified universal slopes method, one of the tota life strain-
based low cycle fatigue life estimation techniques, is thus chosen for its accuracy in
fitting fatigue data and suitability in being easily programmed for the low cycle fatigue

life consumption monitoring needed in this research.

2.4.3 Creep-Fatigue Interaction Life Prediction Methods

Creep-fatigue interaction can be presented in the form of thermo-mechanical fatigue
(TMF). TMF may entail creep-fatigue interaction in addition to failure due to oxidation.
Failure dueto TMF could be expressed by Equation (2.80) [72],

1+, t 1 (2.80)

fatigue oxidation cr
N N, N, N, "

fatigue oxidation
’ N f

whereN,, N, ,and N, " are the numbers of cycle to failure, numbers

of cycle to fallure due to fatigue, numbers of cycle to failure due to oxidation and
numbers of cycle to failure due to creep respectively. Depending on the loading and

operating environment, one damage mechanism is dominant [72].

Mao and Mahadevan [153] proposed a reliability model for creep and fatigue in
materials with the creep-fatigue failure expressed in terms of D and D, intheform,

Gl

F(D,+D,)=2-¢"+ —zgz __i(egch ~1)-D, (2.81)

where 6, and 6, are parameters obtained from experimental results. D, and D, are the

creep and fatigue failure parameters respectively. This model which is said to be
continuous also presumes the cumulative nature of creep and fatigue failure terms
present in a given materials.
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Creep-fatigue interactions can be modelled exploiting two widely used approaches.
These are the isothermal method and the linear time and cycle fraction rule by Tairain
1962 as presented by Zhuma and Swanson [83]. The isotherma method does not take
creep and other effects into account [154] . Creep-fatigue interaction modelling using
the Tairaruleismore or less combining the Palmgren-Miner (P-M) rule for fatigue [47]
and the Robinson's rule for creep [155] under various combination of stress and
temperature. This is the linear damage accumulation rule and it is given by Equation
(2.82) [156],

where N, isthe number of cycles at stress amplitude o, , N, isthe number of cyclesto
failure at stress amplitude o, t;is the time spent at stress-temperature combination
corresponding to o, while t, is creep fracture life at stress-temperature combination

corresponding to o, . D is a parameter which value ranges from zero to unity. When D

is unity, failure occurs. The value of D hence shows the level of damage a materia has
undergone and materials should be replaced when D approaches unity. Smaller values
of D portrays more life of the component in question. Under failure, Equation (2.82)
takes the form of Equation (2.83),

N o st
SRt (2.83)

Each of Ny and Ll is viewed as separate damage terms- fatigue and creep
N t

fi fi

(rupture) respectively. In thislight , we can write [157]

D +D -1 (2.84)

fatigue rupture

This linear summation rule/model predicts linear behaviour and thus makes unsafe
prediction for cyclical work-softening materials and conservative prediction for cyclical

work-hardening materials, but, different behaviours are often exhibited by actual
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materials [156]. The limitations of the linear accumulation of creep and fatigue [78]
notwithstanding, Equation (2.84) will be explored further and used for creep-fatigue
interaction analysis in this work. Since creep will be estimated using LMP to give the
number of hoursto failure and fatigue will be analyzed to reveal the number of cyclesto
failure, the linear cumulative damage will only revea the cumulative damage the
material (inthiscase, HP compressor turbine blades) has undergone.

2.5 Basic Observations and Thesis | nputs

Much has been done in life analysis of engineering materias, including those of gas
turbine components as revealed in the literatures reviewed. For instance, in creep life
estimation of gas turbine components, estimating the stresses and the temperatures
imposed on the blades is paramount in obtaining reasonably accurate life prediction.
Often, finite element analysis (FEA) and computational fluid dynamics (CFD) based
softwares are used in stress analysis and temperature determination. Creep life
estimation using these tools requires that geometry of the component will be supplied
together with the loads, and the loading changes with engine operation conditions. In
case of one-off analysis where the engine life is predicted based on a set of engine
operation conditions, the time to failure could be estimated at various locations of the
component. If the time to failure is to be estimated using fractional life accumulation
techniques, the usage of FEA and CFD tools will not only be time-consuming, but also
costly. Also, accurate transfer of real engine operation data to these tools is another
issue. But the usage of the more elaborate finite element procedures adopted do not
always give satisfactory results [15]. This thus calls for a means of monitoring engine

life consumption where the accuracy of the method used is not too significant.

There are tools for engine diagnostics both on board of off-board especially in aircraft
engines operation. Also there are tools for life usage monitoring of engine parts in
aircraft operations. In industrial turbine operation, remote monitoring of engine
operation is in practice. Engine life monitoring systems are now in use but in most
cases, engine operators do rely on the design life provided by the original engine
manufacturers (OEM) for changing critical parts. Where present, the accuracy of the life

monitoring process will call for worry. It will therefore be proper for industrial turbine



operators to monitor the life consumption of the critical components of their engines by
using tools which are not costly and which accuracy is of less concern. This calls for
relative life analysis where the life estimated is compared with the life at a reference
engine operating condition to obtain a relative dimensionless life which value indicates
the degree of wellness of engine operation in any given period. Abdul Ghafir et al.[14],
[109] introduced the concept of creep factor in assessing the impacts engine operation
and engine health conditions have on the creep life consumption of Aero gas turbine
hot section blades. Such analysis on fatigue life consumption has not been thoroughly
carried out. In this research, the concept of equivalent creep factor is introduced to
assess the wellness of engine operation over any given time spectrum. In addition, the
concepts of fatigue factor/equivalent fatigue factor, and creep-fatigue factor/equivalent
creep-fatigue factor are introduced for monitoring engine fatigue life consumption rate
and creep-fatigue life consumption rate respectively at different periods of engine
operation.

In fatigue life analysis, the numbers of stress cycles or fatigue cycles the engine
experiences at different operating conditions in any period of engine operation are
required to be able to estimate the fatigue life consumption of the engine using damage
summation rules[145]. In aircraft engine, one fatigue cycle may constitute quick take-
off from one point at high power level and landing at another point within a short while,
especiadly for military operations. In industrial engines, accelerating the engine from
standstill to maximum engine rotational speed and then returning to standstill
constitutes one complete low cycle operation [48] . Also, operating the engine at peak
power level and shut down on daily basis constitutes alow cycle operation for each day.
In the actual sense, athough smooth operation of the engine may be assumed in
industrial turbines, but the power level and the shaft speed varies greatly within even a
short while of engine operation. It will not be enough to say one low cycle will be
counted if the engine is shut down after several days of operation. In the light of the
above, amodel is developed in this research to estimate the fatigue cycles accumulated
in a given period of engine operation so as to obtain more accurate fatigue life
estimation in industrial turbine operation. Several models are available and used for
fatigue cycles counting in aircraft engine operation, the model developed here derives
from one of such models used by the US Airforce [158].
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Another aspect of engine operation often considered is the effect of engine operation
conditions and engine heath parameters on engine life consumption. Methods
employed in the investigation of gas turbine components degradation have been studied
extensively [159]-{162]. Also, severa researchers [163], [164] have looked at the
effects engine degradation has on engine performance. Jordal et a. [165] viewing from
the thermo-economic perspective investigated the effect of compressor fouling on gas
turbine blade life, observing that for advanced blade materia's, fouling has less effect on
blade life. Many other researchers [14], [166], [167] have looked at the effects of
various engine operating conditions and design parameters on engine life, but the effect
of any operation parameter in relation to other parameters on engine life is either often
overlooked or loosely investigated. Such effects are usually carried out at engine design
point or user defined point. For instance, the impact ambient temperature has on creep
life may be investigated at a particular power level without considering the sensitivity of
the impact on engine life at different power levels. In this research, the impact of
ambient temperature variation on engine creep life, fatigue life and creep-fatigue
interaction life consumption at different shaft power levels are investigated. The effect
of shaft power on engine life consumption is aso studied at different ambient
temperatures. Also, the effect of engine degradation, expressed in terms of engine health
parameters indices reduction [159], on engine life is investigated at different shaft
power levels and ambient temperatures. These results together with those of engine life
tracking will give engine operators a general picture of how engine life is consumed
under different operation conditions and this will aid them in making decisions

concerning part load operations and condition-based maintenance.

2.6 Chapter Conclusions

Gas turbine performance, cases of engine degradation, gas turbine failure mechanisms
and methods of estimating engine components failures in different failure modes have
been considered in this chapter. Several works have been carried out in the field of gas
turbine lifing, ranging from creep life analysis to creep-fatigue life analysis. Some

knowledge gaps were identified with respective to works that has been done and in this
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research, an attempt is being made to fill some of the identified gaps- there will always
be further areas of research in the field and improvement of existing works.

In industria gas turbine operation, creep which is time dependent failure of amaterial at
elevated temperatures under stresses below the ultimate tensile strength of the material
is identified to be the major cause of failure. There are many models and methods for
estimating creep life of gas turbine materials. The methods could be broadly classified
into two approaches- the total life approach and the damage mechanics approach. The
time-temperature parameters are widely used. The Larson-Miller Parametric method,
one of the time-temperature parametersis found to be the most suitable for the creep life
analysis in this research. Fatigue life estimation models could also be classed as total
life approach and damage mechanics approach. Low cycle fatigue life is considered and
the modified universal dopes method is adopted for the fatigue life anaysis in this
work. Also, alow fatigue cycle counting model suitable for accumulating fatigue cycles

in industrial turbine operation is meant to be devel oped.

Failure of turbine blades may be due to combination of creep and fatigue in the form of
creep-fatigue interaction failure. Severa models used for analyzing creep-fatigue
interaction failure have been identified. Taira's linear accumulation method is adopted
for the creep-fatigue interaction life analysis, where its shortcomings are noted, and
these will be reduced with the application of relative life analysis. Relative life analysis
involves comparing the life obtained in each failure mode and at any point of engine
operation to a reference life in each mode so as to obtain results which stand for how
well the engine was operated in the period considered. Observations were made based
on the literatures reviewed. These include among others estimation of absolute life and
the difficulty in obtaining accurate results, low fatigue cycle assumptions, and
determination of different factors affecting engine life consumption on a narrow scale.

In this research, an attempt is being made to address some of these issues.
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3 ENGINE LIFE ESTIMATION PROCEDURES

The various life analysis models and the methodologies adopted for the analysis of the
various models are presented in this chapter. The relevant areas considered are the lifing
models adopted for life analysis, the methodologies employed in engine life
consumption analysis in the various failure modes, and integration of life estimation
models and sub-models required for life estimation using a flow diagram. In carrying
out the life analysis, an engine model is created in PY THIA and the model is adapted to
the operating conditions of the real engine using engine field data. Engine model
creation and adaption are considered in the next chapter. The created and adapted
engine model is able to predict the performance of the engine at different operating
conditions. This is necessary because the output from the engine performance
simulation is fed to the lifing models linked in PYTHIA to estimate the life

consumption in the various failure modes.

Thermal and stress models of the blade are developed from first principles. These
models are able to determine the temperatures and the stresses on the high pressure
compressor turbine blades at various sections. Coupled with the lifing models, the life at
each section of the blade is estimated. A means of capturing all the data from the redl
engine operation is ensured so that the life consumptions at several times within a day
are evaluated. The blade thermal model, blade stress model and the data capturing
module (data acquisition and pre-processing module) are presented in Chapter 4. To
ensure that the severity of engine operation is ascertained, the life consumption in each
mode is compared with a reference value. The concept of fatigue factor and creep-
fatigue interaction factor are introduced to access severity of engine operation under
fatigue analysis and creep-fatigue interaction analysis respectively. These parameters
are used together with creep factor for creep life analysis to ensure relative life analysis
in al failure modes.

In a day operation of the engine, or for any given period of engine operation, several
creep factors can be evaluated and the equivalent of theses creep factors termed
equivalent creep factor is used to represent the level of engine life consumption due to
creep for the period. Equivalent fatigue factor and equivalent creep-fatigue interaction

factor are used for assessing life consumption due to fatigue and due to creep-fatigue
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interaction respectively for any given period of engine operation. Fatigue and creep-
fatigue interaction comes into play when there is frequent shut down of engine. In
shutting down the engine after operating the engine for some hours, engine life is
consumed due to fatigue and when fatigue interacts with creep, engine life consumption
is faster. The contribution of fatigue life to creep fatigue interaction is assessed under
different operating conditions of the engine using equivalent fatigue and equivalent

creep-fatigue interaction factor values.

3.1 Creep Life Estimation Model and Creep Life Analysis M ethodology

The creep life of the high pressure turbine blades are estimated using the Larsson-Miller
Parameter method given by Equation (3.1),

%,Cj

t, :10( T (3.1)

All the parameters have their original meanings as presented in chapter 2. Depending on

the value of the Larson-Miller Parameter, Equation (3.1) can be expressed as,

(1000><LMP_Cj
t, =10 (3.2
Accuracy, widespread usage and availability of material properties are some of the
reasons why the Larson-Miller Parametric method is used for the creep life

consumption analysisin this research.

The Larson-Miller parameter, LMP in Equation (3.2) is stress dependent. It is read
based on the maximum stress obtained from the stress model in Chapter 4. The
temperature of the blade material is obtained from the thermal model. At any given
section of the blade under the operating condition of the engine, the temperature at the
blade section and the stress are obtained. The Larsson-Miller Parameter is read from the
LMP curve (the curve is converted to numerical values and the code written in this work
interpolates to obtain the LMP value based on the stress value). The time to failure is
thus estimated using Equation (3.2). The time to failure at each section of the blade is
estimated and the lowest value is taken, and this value is divided by a factor of safety
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(FoS) [168] to obtain the creep life CL under that operating condition. Thisis expressed
by Equation (3.3),
tf

CL =
FoS

(33)

The factor of safety employed depends on the application. In this work, relative life
analysis is carried out and hence the value of the factor of safety will not influence the
lifing results. The creep life of the HP turbine blades is estimated using the data points
available from the real gas turbine operation. The creep life at each engine operation
point is given in the form,

t. .
CL ot

' FoS (34

where CL , isthe creep life estimated at point i based on the data points available for

each day operation of the engine. The real engine operation data is collected in every 5
minutes, thus, it is assumed that at each data point the engine operates for 5 minutes. It
is possible to estimate the life consumption rate at any single data point; also life
consumption could be estimated in a given period of engine operation by selecting that
region of engine operation for analysis. To estimate the life consumption in a given
stable period of engine operation, the data acquisition and pre-processing system
developed in the course of this research guides one in selecting the region (see Figure

4.5 please).

Figure 3.1: Selection of Datafor Simulation and Life Analysis
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Figure 3.1 shows how any region of the data supplied per day could be selected for life
analysis. The datais supplied in excel sheet and two combo boxes are provided where
datais selected by specifying the start time and the end time of the day operation of the
engine. These two combo boxes are indicated as “Start Time” and “End Time”
respectively. By default, all the data supplied which represents one day engine operation
is used. To select any range, the “Select Data Range” radio button is checked and the
“Start Time” and “End Time” combo boxes will be visible. A single engine operation
point could be selecting by selecting the same time in the two combo boxes. To revert to
using al the data for life analysis, the ‘Use All Data’ radio button is checked. Much
about the program functionalitiesis given in Appendix A. The selected datais simulated
using the engine performance model and the PY THIA code to obtain gas path properties

such as temperatures and pressures required in the blade thermal and stress models.

3.1.1 LifeFraction, Equivalent Creep Lifeand Remaining Life
The creep life estimated at each point of engine operation only tells how long it will

take for the turbine blades to fail if engine operates at that condition continuously. In
practice, the engine operates at many different conditions and both the power output and
gas path properties which depend on power changes frequently from time to time (see
Figures 4.8 to 4.12). The life estimated at the different points varies. The actua engine
operation process is replaced by discrete steps based on the manner engine operation

datais collected, and life consumption is estimated based on the discrete data points.

Figure 3.2 shows the discrete processes extracted from an actual engine operation
period, the corresponding creep lives/equivaent creep life for the discrete processes, the
life fractions consumed at each discrete step, and the total life fraction consumed for the
entire period. The concept of life fraction is very useful for gas turbine users to assess
the amount of creep life that has been consumed for a complicated operation process.
The higher the creep life for a given discrete step or a given period of engine operation,
the smaller the life fraction consumed as shown in Figure 3.2.
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Figure 3.2: Actual and Equivalent Engine Operation Processes and Creep Life Consumption

The life fraction, LF at each operating point is the ratio of the time spent in that period
to the creep life at that operating point and thisis given by Equation (3.5),

L =2t

Yo (3.5

OT, isthe operating time in hours at each operating point. In this work, the operating

time at each operating point is 5 minutes (5/60 hour). Based on individual operating
points, the creep lifeis,

CL = OT

i T L_FI (36)

Employing Robinsons life fraction rule [155], the sum of the life fractions can be
expressed by Equation (3.7),

m m OT,
Y LF = ZC—L' =X (3.7)
i=1 i=1 i

m is the number of life fractions accumulated in time OT = ZO‘I’i , and x<1. Blade

i=1
failure will occur when the sum of life fractions is accumulated to unity, i.e. x=1. The

time taken for the sum of the life fractions to be accumulated to unity is the equivaent
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creep life (ECL). The equivalent creep life is estimated at any point from the sum of life

fractions and the time taken to obtain the sum of life fractions. From Equation (3.7), in

timeOT = > OT, , the sum of the life fractionsisx=)_LF, . In aunit time, say 1 hour,
i=1 i=1

the sum of the life fractionsis given by Equation (3.8).

X=1 (3.8)

X=t, x =2 — (3.9

Assuming the sum of the life fractions is unity ( x=1) in timet,, then t; is the

equivalent creep life and it is given by Equation (3.9),

t, = ECL =21 (3.10)
> LF,
i=1
The equivalent creep life can be presented as in Equation (3.10),
20T,
EcL--2 _ 5 — (3.11)
2R 2o
i=1 i=1 Cl—.

The sum of the total operating hours for a day will be 24 hours if the engine is not shut
down. If the engine is shut down, the programme automatically selects the period the
engine was in operation for life estimation. It is pertinent to point out that the
equivalent creep life based on one day engine operation will not be the same as the
equivalent creep life representing a number of days. Results from the latter should be

more relied on since many days operation of the engine is considered in the latter.

It is possible to also calculate the remaining life of the blades if the equivalent creep life
and the time the engine has been in operation are known. The remaining life is the
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difference between the equivalent creep life and the total time of engine operation. If the

total time the engine has been in operation is OT;,, and the equivaent creep life at that

point iISECL , then the remaining life RL issimply,

RL=ECL-OT,, (3.12)

3.1.2 Relative Creep Life Analysis

The absolute values of creep life and equivalent creep life obtained may not be
absolutely accurate, as several assumptions were made in obtaining the life analysis
sub-models. Also, the absolute equivalent creep life at any period of engine operation
will not tell how well or unfavourable the engine has been operated for that period. By
comparing the life obtained at each operating point or the equivalent creep life obtained
for aday or a number of days of engine operation with a reference value, the impact of
the engine operation on the creep life for that period will be appreciated. Ghafir [37]
employed the concept of creep factor to assess the impact of engine operation on the
creep life of the engine. The creep factor at a given operating point of the engine is
given by Equation (3.13),

CF, = CL (B3
CLRef

where CF, is the creep factor at each point of engine operation while CL .. is a

Re f
reference creep life. In this work, equivaent creep factor is introduced to assess the
severity of engine operation for any given period. The equivaent creep factor ECF for
the operation of the engine for any given period is the ratio of the equivalent creep life
for the period to the reference creep life and it is given by Equation (3.14),

ECL
CLRef

ECF =

(3.14)

The equivalent creep factor is thus used to judge the fairness of engine operation for a
given period. The reference life may not be the design life of the engine as may be
provided by the OEM. It may be chosen at a steady operating condition where the
operator of the engine wants the blade life to be. In this work, the reference life is
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chosen at a particular engine operation point where the models developed in this work
give the creep life which value is close to the time turbine blades failed due to creep in
previous operations. If creep factor is greater than unity, then the engine is being
operated at a more convenient condition with respect to the reference life, if it is less
than unity, the engine is operated at worse conditions. The creep life analysis in this
work will be based on the creep factor and the equivalent creep factor at any point and
period of engine operation respectively. Since accurate equivalent creep life for a period
of engine operation is difficult to estimate, the equivalent creep factor should be
obtained from the creep factors of individual engine operating points. From Equations
(3.11) and (3.14),

T
ECL ;O ' 1
ECF = = X
CLRef OTI CLRef
i=1 CL.
20T
ECF = —= 3.15
o (3.15)
i-1| CL
CLRef
CL, :
But, ' =CF, (seeEquation 3.13). Therefore,
Re f
>0t
ECF =2 (3.16)

3.1.3 Integrated Creep Life Estimation System

In this work, an integrated creep life estimation system could be extracted from the
entire life assessment algorithm by bringing the thermodynamic and adapted engine
performance model together with the data acquisition and pre-processing model, the
blade stress model, blade thermal model, and the creep life model. With the integration
of the various models into one assembly, the creep life assessment of the targeted blades
is feasible and could be carried out in any period of engine operation in a short time. It
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accepts engine field data and pre-processes it and sends it to the thermodynamic model.
The thermodynamic model carry out simulations using PYTHIA code and provides
relevant data for the blade thermal and stress models. The blade thermal and stress

model s provide the temperatures and stresses required in the creep life model.

A Flow diagram of the integrated creep life estimation system is shown Figure 3.2. Five
models make up the integrated creep life estimation system and they are enclosed in the
dotted square, while the input data to the models and the output results from the system
are placed outside the dotted square. At each point of engine operation, creep life
estimation could be carried out and the outputs of the integrated creep life estimation
system are the creep lives/creep factors at each point of engine operation and the
equivalent creep life/equivalent creep factor for the entire period of engine operation.
The equivaent creep factor for any period of engine operation could be obtained by
simply providing al the engine operation data for that period for life analysis.

Figure 3.3: Integrated Creep Life Estimation System
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The integrated life estimation system is incorporated in PY THIA as a different program
module. Also, modules for fatigue life calculation (considered in chapter 7) and creep-
fatigue interaction life calculation (considered in chapter 8) are aso developed and
incorporated in PYTHIA. The details and the functionalities of the life analysis program
modules developed in this research (using C-Sharp programming language) are givenin
Appendix A. A Sequential Solution-Algorithm Tree (SSAT) of the creep life estimation
process is provided in Appendix E.1. SSAT is a tree-like representation of a given
problem, similar to the solution trees employed in the solution tree problem solving
procedure [169] , but the parameters are given wider representation in the SSAT
approach. Details of the SSAT approach are given in Appendix D.

3.2 Low Cycle Fatigue Life Model and Fatigue Life Analysis M ethodology

The fatigue life model adopted is the modified universal slopes method given by
Equation (3.17),

A - 0.832 . -0.53
gzo.ez{éj (2Nf)‘°-°9+o.0196gf°-155{E“j (2N, J°* (317

where A—Zg isthetotal strain amplitude, o, isthe ultimate tensile strength of the material,

E isthe Young's Modulus of the material, ¢, is the true fracture ductility, and N, is

the number of stress cycles to failure. The choice of the Modified Universal Slopes
Method is due to the fact that it provides best results in fitting fatigue data [148].
Equation (3.17) could be expressed in terms of nominal aternating stress amplitude, o,

by multiplying both sides of the equation by the modulus of elasticity, E as given by
Equation (3.18),

G, = 0.6236u0.832EO.168 (ZNf )—0.09 n 0.01968f0'1550u_0'53 E153 (2Nf )—0.56 (3.18)

The stress amplitude o, is obtained from the stress model in this work, and the number

of stresscyclesto failure N, isestimated.

The failure of a component in fatigue depends on the stress amplitude and the mean

stress about which the load fluctuates. In fatigue life estimation, test results showing
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cycles to failure at different stress amplitudes are utilized. Tests about fatigue are
usually conducted under constant stress amplitude and constant frequency. In practice,
members are subjected to a range of fluctuating loads. Blocks of loads could be
generated from the entire load spectrum, where each block consists of loads of the same
stress amplitude and mean stress. The task is to determine how much damage each
block of load will do. Damage summation rule provided by Palmgren and Miner [145],
the Palmgren-Miner rule, is used in this case [47], [144]. The damage summation is
given by Equation (3.19),

m ni
D= Z N (3.19)
i=1 f

where mis the number of blocks of load formed, n is the number of cycles

corresponding to the i ™ block, N, ;is the number of cycles to failure corresponding to

. . n . : :
the stress amplitude at the i™ block. — represents a fraction of damage. Failure is
fi

assumed to be cumulative and faillure occurs whenD =1. From the above, two
parameters are to be determined in fatigue life analysis. These are:

e Thenumber of cyclesto failure at a given stress amplitude, and
e The number of stress cycles corresponding to a given block of load defined by
the stress amplitude.

Figure 3.3 shows the steps employed in carrying out fatigue life consumption of the gas
turbine blades in this research. The load history in this research is obtained as stresses
which are estimated from the compressor shaft speed and engine gas path properties
gotten from the simulations in PYTHIA, and data provided in 24 hours of engine
operation. The stresses are estimated using the stress model developed in Chapter 4. The
program developed in this research and incorporated in PY THIA enables the execution
of the various steps in Figure 3.4. Also, estimation of fatigue life consumption and

equivalent fatigue life in agiven period of engine operation is carried out quickly.

78



Figure 3.4: Algorithm for Fatigue Life Estimation

In this work, a low cycle fatigue model (Equation 3.17) is adopted to calculate the
cycles to fatigue failure a a given stress amplitude (corresponding to each block of
load) while a new cycle counting method is proposed to estimate the equivalent stress

cycles (fatigue cycles) in each block of |oad.

3.2.1 Low Cycle Fatigue Idealization and Cycle Counting

In aero-engines, one low cycle may constitute quick take-off from one point at high
power level and landing at another point within a short while, especially for military
operations. In industrial engines, accelerating the engine from standstill to maximum
engine rotational speed and then returning to standstill constitutes one complete low
cycle operation [48] . Also, peak operation of engine on daily basis constitutes a low
cycle operation for each day. In industrial engine operations, especialy the LM2500+
engine under consideration, the stress amplitude reached even in maximum engine

speed condition does not expose the hot section blade materials to fail under low cycle
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fatigue regarding the stress the materias are exposed to; the number of cycles are far
above the low cycle limit presented above. But in gas turbine blades, large strains occur
in areas of stress concentration [79]. Bearing thisin mind, low cycle fatigue idealization
is formulated by assuming that areas of stress concentration might occur and hence the
resulting stresses are increased to the low fatigue failure region. This is necessary
because frequent engine shut down is practised in most gas turbine power plants. In
essence, as the engine is operated for a long time, areas of stress concentration might
occur in the compressor turbine blades and thus daily shut down with a view to

extending life equally constitutes low cycle fatigue life consumption.

Low cycle fatigue of gas turbine materials, the compressor turbine blades in this case
stems from the cyclic nature of the forces the blades are exposed to, and the cyclic
nature of the forces results from variations in the power setting [48]. Although one low
cycle is obtained per day for peak operation of industrial turbines, and the power level
may be described as steady in many cases, but several different power values may be
obtained within the operation period. Ambient temperature varies very often within a
day and this aone leads to different shaft speed levels even if the range may be small.
Figure 7.2 shows the required compressor shaft speed level and the actual shaft speed
levels for one day operation of an industrial gas turbine. The compressor shaft speed is

expressed in terms of compressor relative rotational speed PCN.

Figure 3.5: Actual and Required Shaft Speed Levelsin a day Operation of an Industrial
Gas Turbine
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If in practice, the required compressor relative rotational speed level which is the
compressor relative rotational speed level set for the engine operation is obtained at
every point of the engine operation, one low cycle of engine operation could be counted
from the start to the shutdown of the engine. The actual compressor relative rotational
speed level varies in practice and this will lead to low fatigue failure in less time since
the blades actually undergo more stress cycles. The equivalent number of low cyclesin
peak operation of the engine per day should be more than one as a result of shaft speed
variation and this value should be estimated.

There are instruments for recording the cumulative low cycle fatigue damage rotating
members in turbines undergo. One of such instruments patented by Meyer [170] records
the rotational speed and provides a number of operating sequences each assigned with a
predetermined constant life ratio. For a particular mission of engine operation, the
effective or equivalent number of fatigue cycles consumed is estimated by accumulating
fractional cycles from six different sequences based on speed and a unity cycle using

Miner’srule put in the form of Equation (3.20),
Ng, =1+¢N_ +N; +aN, +eN, + BN, + N, (3.20)

N is the equivalent number of cycles, ¢,56,a,¢,8 and y ae the life ratio
multiplicative constants for all six of the possible sequences, N, ,i =¢,5,a,¢,8 and

y is the number of times a given sequence of operating region was traversed. Most of

such equipment finds usage in aircraft engine operations and their shortcomings could
be easily identified. In the above case, getting the operating ranges and providing
appropriate life ratio multiplicative constants are some of the issues. Also, in low cycle
fatigue life analysis, if the number of fatigue cycles are not recorded but the power or
speed of the engine is recorded, one should device a means of getting the equivalent
cycles from either the power data or speed data. Getting the equivalent cycles from the
shaft speed data will be more appropriate noting that power variation does not always
lead to speed variation in gas turbine operation. A case in point is when the inlet guide
vanes are adjusted to vary the air intake leading to power output variation at constant
shaft speed.
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Knowing the history of engine operation, the several methods of engine cycle counting
for low fatigue life analysis are available. Some of these methods are the peak count,
mean crossing count, peak-trough count, level crossing count, range count, range pair
count, range-mean count, markov matrix count, reservoir method, bathtub method, and
rainflow cycle counting method. Of these, the rainflow counting method is
predominantly used [171]-{175]. In these cycle counting methods, such as the rainflow
technique, the stress time history is used. This means the stresses imposed in a given
rotating component over a given period of engine operation are utilized to generate the
equivalent number of fatigue cycles imposed on the component. The fatigue cycles are
defined as closed stress/strain hysteresis loops. The stresses may be fully reversed or
alternates about a mean stress value. One major advantage of the rainflow counting
method is that it does not require knowledge of the entire load history [171], this make
it possible for on-board application. The rainflow counting method makes use of a

sequence of stress ranges which the fatigue damage procedure could not account for.

Operators of industrial turbines will likely have history of engine shaft power or
compressor speed over time as against the stress values. In this research, the shaft speed
of engine operation is available and techniques of generating the equivaent fatigue
cycles from the shaft speed history are sought. In aircraft turbine engine operation, four
sequences of engine operation are identified depending on transition from one speed
level to another speed level. These are from zero to maximum speed (type 1 transitions),
idle to maximum speed ( type 2 transitions), intermediate to maximum speed ( type 3
transitions), and transitions between any two speed levels except maximum speed (type
4 transitions) [158], [175]. The equivalent number of cycles from the given load history
isgiven by Equation (3.21),
N, N

N =N, +—2+—2 3.21
“ 440 (3.21)

N, are number of the type 1 transitions, N, are number of the type 2 transitions, and
N, are number of the type 3 transitions within the period of engine operation. Type 4

transitions do not contribute to the fatigue cycles for life analysis. This modd is
basicaly used by the US Air Force [158]. The issue with the above model is neglecting
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the contributions of intermediate load transitions. With respect to Figure 3.4, going by
the above model, very few type 3 transitions could be obtained together with one type 1
cycle if the engine is eventually shut down. Severa type 4 transitions are obtainable in
real engine operations and these will definitely contribute to the overall low cycles

accumulated for a particular period of engine operation.

3.2.2 Proposed Fatigue Cycles Counting M odel

The method presented in Equation (3.21) is widely used for aircraft engines. Severd
variations of speed which will definitely contribute to low cycle fatigue failure are left
out. In industrial operations, a bit steady load is assumed, but the load varies a lot with
time usualy influenced by changes in ambient conditions. In aircraft engines, large
changes in speeds could be recorded and such data over time can be subjected to cycle
counting procedures such as the rain flow cycle counting method. In applying rain flow
counting method, the available load history isfirst pre-processed and several minor load
variations are smoothed out. Thus, the rain flow cycle counting method and the model
presented in Equation (3.21) are idea for estimating fatigue cycles undergone by
aircraft engine rotating members. In industrial turbine operation, the speed variation is
minima and an alternative means of accumulating the fatigue cycles in rotating
members is sought in this work. Though minor in most cases, the variation of each shaft
speed from the set speed level contributes to fatigue failure and hence a fractiona
fatigue cycle is involved in such changes in shaft speeds. With shaft speed level set at

N, when speed level changes from any level N, to the next level N, , , the contribution

i+1°

to fatigue cycle is proportiona to the difference between the two speed levels. That is,

cycle contribution parameter (CCP) is proportiona to the difference between N, and

N,,, given by Equation (3.22),

CCPxN;,; — N;

(3.22)

The set speed level about which the actual speed levels revolve has much influence on
the cycle contribution due to speed variation. Equation (3.22) is put in dimensionless

form by dividing with the set speed level and is given by Equation (3.23),
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ccpew (3.23)

S
CCP' is the dimensionless cycle contributing parameter. Considering the type 1 load

transitions in Equation (3.21), severa different speed levels might have been traversed
in raising the speed from 0 to maximum speed, depending on the time intervals in which

the speed is recorded. Assuming n different speeds are recorded, O to maximum speed
inclusive, then applying Equation (3.23) to the speeds, (n—1) CCP's will be obtained:

N, - N N, -N N,,—-N N,-N
ccp'=—2—1; CCP',=——2%2; .. ;CCP' ,=—"Lt "2-CCP' =—"—"1
NS S NS S
(3.24)
Summing all theCCP's, we obtain,
n-1 _ _ — — —
> CCP'= Ne By Mooy Moo= Noz B oNoy M =Ny 55
=) Ng Ng Ng Ng Ng
But N, = Ng , and N, =0, therefore,
U= N,-N, Ng-
ccp=—1_ 1=_3° 0:1 (3.26)
i=1 Ns Ns

The sum of the dimensionless cycle contributing parameters between successive speeds
from zero to maximum gives one fatigue cycle, the same as type 1 load transition gives
one fatigue cycle as given by Equation (3.21). Thus, intermediate speed transitions
should be viewed as fractional contributions to the total fatigue cycles. Several different
speed levels could be obtained in a given period of engine operation. The closer the
difference between two adjacent speed levels, the smaller the cycle contributing
parameter. The difference between two corresponding shaft speed levels may be
positive or negative. Hence, the absolute value of the CCP' should be used for

determining the equivalent cycles from the speeds obtained from engine operation. The

equivalent number of cyclesis as expressed by Equation (3.27),

—_J (3.27)




where n is the number of different speed levels recorded in the course of engine
operation, and kis the cycle determining exponent, which should be in the range
0.7<k<1. In this range, the fractional cycle term in Equation (3.27) closely
approximates the fractional cycles from the load transitions in Equation (3.21), and in
addition, the value of k chosen depends on the frequency of load recording. If the load
is recorded in short time intervals, kvalue very close to 1 will suffice, but if the time
interval is large, then smaller value of k should be used to have larger values of cycle
contributing parameters to account for the ‘unrecorded speeds'. In this work, severa
engine shaft speeds are recorded in a day operation of the engine, but k = 0.95isused in
order to obtain more cycles and be a bit conservative. In this proposed model, the
fractional cycles discarded using Equation (3.21) are accounted for, no matter how
small. Alternatively, only increase in shaft speed could be used in estimating the cycle
contributing parameters and the result multiplied by two to obtain the equivalent fatigue
cycles. But it will be easier to provide a computer code to generate the equivalent
fatigue cycles from data of engine operation using Equation (3.27) as against the
alternative proposed.

The fatigue cycles actualy result from stress variations and are aso referred to as stress
cycles. In this light, the fatigue cycles should be accumulated from the stress history of
the blades. In this work, the centrifugal stress and the bending moment stresses the
blades under study experience are considered. The centrifugal stresses contribute more
to the total stresses and they could be easily obtained from the shaft speed and blade
dimensions. Using the variation of centrifugal stress to accumulate the equivalent
cycles, the stress cycles at different sections of the blade could be obtained and fatigue
life estimation is thus carried out based on the stress accumulated at the various sections
(see Figure 5.13). The equivaent stress cycles accumulated for each node of the blade,
N 4 Using centrifuga stressvariation is given by Equation (3.28),

eq

i+1 i
Ocr,d “Ocr,d

Neya = i{ J (3.28)

s
OcE.d
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i+1

where a‘CF,d, o qand o 4 are the centrifugal stresses at each node for the i " data

point, the next data point and the set speed level respectively. The total stress variation
at each node could be used to accumulate the stress cycles. The total stress at each node
of the blade consists of the centrifugal stress as well as the bending moment stresses.
The equivaent stress cycles accumulated for a given period of engine operation due to
variation of the total stressis given by Equation (3.29),

i+1

i
n —
GTot, d GTot, d

-3

i=1

J (3.29)

S
GTot, d

i+1

Cluar Orrgand o, 4 arethetotal stresses at each node for the i ™ data point, the next

data point and the set speed level respectively. The equivalent stress cycles accumulated
using Equations (3.28) and (3.29) are close because the centrifugal stress and the total
stress at each node are close due to the low value of the momentum change stresses. The
centrifugal stress model and the total stress models are given in Chapter 4. Although

the cycles accumulated at each node N, ,is evauated, in this work this will be
represented as N, . The model proposed in this research takes every shaft speed level

into consideration, closely approximates the model for aircraft fatigue cycles counting
used by the US Air Force, and it can be easily programmed; these make it more

appropriate in this research

3.2.3 Low Cycle Fatigue | mplementation

In low cycle fatigue life analysis, the equivalent number of fatigue cycles in a given
period of engine operation is determined. Then, using an equivaent stress level of
engine operation over the period, the number of cycles to fallure is estimated. In this
research, the number of cycles to failure is estimated using the modified universal
slopes method. The estimation of the fatigue cycles to failure corresponding to each
block of load using the Modified Universal Slopes Method is requires iteration process.
For each block of load, the stress amplitude is obtained from the stress model devel oped

in Chapter 4 while the number of fatigue cycles to failure, N, is gradually increased

until the right hand side (RHS) of the equation is equal to the value of the stress
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amplitude (the left hand side- LHS). The N, obtained at the point the RHS equals the

LHS is the fatigue cycles to failure. The agorithm for estimating the fatigue cycles to
failure corresponding to each block of load using the Modified Universal Slopes
Method of low fatigue life analysisis given in Figure 3.6.

Figure 3.6: Algorithm for Estimating Fatigue Cyclesto Failure

Further analysis involves estimation of fatigue factors and equivalent fatigue factor for a
given period of engine operation. The effects of both shaft power level and ambient
temperature on low cycle fatigue life isinvestigated in this work. Appendix E.2 shows a
Sequential Solution-Algorithm Tree of the fatigue life estimation process.

The fatigue life consumed is estimated by dividing the equivalent cycles by the number
of cyclesto failure as given by Equation (3.30),

D, =2 (3.30)
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D, is the fatigue damage parameter which is a fraction of the fatigue life consumed

during the period of engine operation. Fatigue failure is estimated at the nodal point in
the blade where creep failure is most likely to occur. Since data for life anaysis is
supplied in days of engine operation, the fatigue life analysis will be carried out in days
of engine operation as well as any period of engine operation. In a given day of engine

operation, the number of stress cycles or fatigue cyclesto failure N, could be estimated

using the average stress value experienced in the day. It could also be estimated using
the maximum stress value for conservative fatigue life analysis. Fatigue failure is
stochastic, thus, using the average stress value, the minimum stress value and the
maximum stress value in estimating the cycles to failure and hence the fatigue damage
parameter will give an appropriate region of fatigue failure results that will account for

the probabilistic nature of fatigue. Instead of using Equation (3.30) where N, is
evaluated at a specified stress level, mean vaue of the equivalent stress N, could be

obtained and the fractions of fatigue life consumed at each operation point (each engine
operation point is assumed to last for 5 minutes, the interval within which engine
operation properties are recorded) are evaluated and accumulated using Palmgren-Miner
linear accumulation rule which assumes that the fractional fatigue damages are additive.
Thisisgiven by Equation (3.31),

D, =—! (3.31)

D, ; isthe fatigue damage parameter at each operation point, Nj is the mean value of

the equivalent cycles accumulated per day of engine operation (the same for all

operating points), and N ; is the number of cycles to failure at each operation point.

N, isgiven by Equation (3.32).

N =l (3.32)

N, ;is the equivalent cycles for day jof engine operation, and n is the number of
operation points recorded. In one day operation of the engine, the sum of the fatigue

damage parameters D,  , (represented generally for each day asD ) will be,

fos_j
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n n N

D a =§Df,i =Zl ij. (3.33)
n n N

Df,d_lzsz,i ZZN . (3.34)
i=1 i=1 Ny

In any period of engine operation, the sum of the fatigue damage parameters, D,  is
given by Equation (3.35),
N,

Df,s:ZDf,i ZZN

i=1 i=1

(3.35)

fli

where N, isthe mean value of the equivalent cycles accumulated, Ny . fortheentire

period of engine operation, and m isthe total number of engine operation points where
fatigue damage parameters are evauated. The fatigue damage parameter for a day
operation of the engine using Equations (3.30) and (3.35) respectively for severa days
of engine operation gives results that are aimost the same with difference of about
7x107*%. But Equation (3.35), which is similar to Equation (3.31), is used for the

analysis here since the fatigue damage parameters of individual operating points are
evaluated and accumulated. Based on the Palmgren-Miner rule, fatigue failure occurs
when the fatigue damage parameter is unity, at which point the total fatigue life is
consumed. That is, at the point of fatigue failure,

D,, =1 (3.36)
=1

For fatigue failure in practice, the damage parameter varies from 0.8 to 1.2, and in most
industrial applications, failure is assumed when the damage parameter is 0.75 [175].
Failure at unity damage parameter is assumed in this work. The time to fatigue failure
could be expressed in days or hours of engine operation, or in the number of fatigue
cycles to fallure where the average cycles consumed per day for the entire period of
engine operation is used as the basis. The fatigue life at each point of engine operation
depends on the maximum stress level and assuming that the engine is shut down from

that stress level. For complicated engine operation, the equivaent fatigue life, N,

which is the number of fatigue cycles to failure for the period of engine operation, will
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be used. The equivalent fatigue life is obtained from the accumulation of fatigue
damage parameters and it is given by Equations (3.37) and (3.38),

m N iﬁa
D, =) a-d (3.37)
" ;Nf,i N o
> N
N, o = o (3.38)
f.ed ™ m N '
2N

=1

-

The equivaent time to fatigue failure (ETFF) t; ., could be estimated if the number of

cycles accumulated N and the time taken to accumulate the cycles t,are known.

eq,a’

The cycles accumulated per unit time N, | is given by Equation (3.39),

N, 2N
N, =—==1 (3.39)
— ta m
2t
i=1
t, isthe time spent at each engine operation point. The equivalent time to fatigue failure
is given by Equation (3.40),
N¢ o
tieg= N (3.40)

Making relevant substitutions from equations (3.38) and (3.39) in Equation (3.40), the
equivalent time to fatigue failure is given by Equation (3.41),

t, o = (3.41)

The equivalent fatigue cyclesto failure N, . and the equivalent time to fatigue failure

f.eq

arerelated in the form given by Equation (3.42),
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N,
=1

t, o =N, (342

Results of fatigue life analysis will be presented in terms of equivalent cycles of fatigue
failure at any point of engine operation, but more generaly in terms of relative life
analysis, considered next. Further details of equivalent fatigue life expressed in any time
frame of engine operation together with relative life analysis expressions are given in

Appendix F.1.

3.2.4 Relative Fatigue Life Analysis- The Concept of Fatigue Factor

In the low cycle fatigue idealization, obtaining the equivalent number of fatigue cycles
to fallure at a given period of engine operation and estimating the fatigue damage
parameter will only reveal the amount of fatigue life consumed, but this will not tell
how well the engine is being operated for the period considered. Like the creep factor
approach, if the number of cycles to failure is compared with the cycles to failure at a
particular reference point, fatigue life will be obtained relative to the reference point,
and this will give the operator of the engine an idea of the wellness of the operation of

his engine. The fatigue factor (FF) is given by Equation (3.43),

N
Fatigue Factor (FF)=—" (3.43)

f,Ref

where N, is the number of cycles to faillure at a given engine operation point
(corresponding to a particular block of load), and N, .., is the number of cycles to
failure at the defined reference point. If N, <N, .., the engine is operated at a worse
condition with respect to the reference point, if N; >N, ..., theengineis operated at a

favourable condition with respect to the reference condition. In a given period of engine
operation, the equivalent fatigue factor will be estimated. This is the ratio of the
equivalent fatigue life (equivalent cycles to fatigue failure) to the cycles to fatigue
failure at the reference point; thisis given by Equation (3.44),
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N
EFF = 19 (3.44)

f,Ref

EFF is the equivalent fatigue factor, and N,  is the equivalent cycles to failure based

on the entire period of engine operation.

3.3 Creep-Fatigue I nteraction M odel and Creep-Fatigue I nteraction
Life Analysis M ethodology

The creep-fatigue interaction life of the HP turbine blades in this work is estimated

using linear accumulation law (Taira’'s method) which has both creep and fatigue

damage terms as presented in Equation (3.45),

N, t
2y, 7P (345)

where N; isthe number of cycles at stress amplitude o, , N, ;isthe number of cycles
to failure at stress amplitude o , t; isthe time spent at stress-temperature combination
corresponding to o, while t, ;is creep fracture life at stress-temperature combination

corresponding to o, . Dis a parameter which value ranges from zero to unity. When

D isunity, failure occurs. The value of D hence shows the level of damage a material
has undergone and materials should be replaced when D approaches unity. Smaller
values of D portrays more life of the component in question. The value of D lying
between zero and unity makes the model linear. This linear summation rule/model
predicts linear behaviour and thus makes unsafe prediction for cyclical work-softening
materials but conservative prediction for cyclical work-hardening materials, but,
different behaviours are often exhibited by actual materials [156]. The limitations of the
linear accumulation of creep and fatigue [78] notwithstanding, Equation (3.45) will be
explored further and used for creep-fatigue interaction analysis in thiswork. Figure 3.7
shows the nature of the model and how the two categories of materials highlighted
above relate with it.
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Figure 3.7: Nature of Creep-Fatigue I nteraction Model [156]

In view of the behaviour of different materials to creep-fatigue interaction failure,
different values of D should be applied to different materials under failure. For cyclica
work-softening materias, the value of D at failure should be less than 1, hence using
the linear model leads to un-safe prediction of material life. For cyclical work-hardening
materials on the other hand, the value of D at failure should be greater than 1, thus the
linear model leads to conservative life prediction. To evade the variance in the
behaviour of different materials to the creep-fatigue interaction failure, the linear model
is used in this research while the life obtained is compared to a reference life. Thisis
considered later in this chapter. Using the linear model, under failure, Equation (3.45)
takes the form of Equation (3.46),

N. t
D g N | 3.46
Z Nf,i th,i ( )
Each of )’ NNi and ztt—' is viewed as separate damage terms- fatigue and creep
fli fli

(rupture) respectively. In thislight , we can write [157],

D + Dyypre =1 (3.47)

fatigue
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Since creep is estimated using LMP to give the number of hours to failure and fatigue
will be analyzed to reveal the number of cycles to failure, the linear cumulative damage
will only reveal the cumulative damage the material (in this case, HP turbine blades) has
undergone. Having knowledge of the history of engine operation, the creep-fatigue
damage the material undergoes at various times could be evaluated and the time to
creep-fatigue interaction failure can be estimated and presented either in days (or hours)

of engine operation or cyclesto failure.

Considering the creep term for each operation point, the creep damage parameter for

each operation point D ; is,
D, =— (3.48)

Considering the low cycle fatigue term for each engine operation point recorded, the

fatigue damage parameter for each operation point D, ; isgiven by Equation (3.49),

D, , =— (3.49)

N, ;is the fatigue cycles to failure for the i™ point of engine operation, which data is
available. N, isthe number of cycles experienced at each point of engine operation.

Designating the creep-fatigue damage parameter as D at each engine operation

c+f !

point, it will be given by Equation (3.50),

D, =— 4 3.50
N, (3.50)

Knowing the creep-fatigue damage parameter at any point of engine operation, the time

to creep-fatigue failure could be obtained. The time to creep-fatigue failure t, , ; is

given by Equation (3.51),

t - i = y i , (3.51)
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In terms of cyclesto failure, Equation (3.51) takes the form of Equation (3.52),

N,  =— = i (3.52)

N .. ;IS the number of fatigue cycles to creep-fatigue interaction falure. From

Equations (3.51) and (3.52), the relationship between time to fatigue failure and cycles
to fatigue failure is obtained, and it is given by Equation (3.53),

(3.53)

Considering one day operation of the engine, N, is taken as the mean value of the

equivalent fatigue cycles estimated per day as in the previous sections. Thus expressed
for the j ™ day with n operation points,
N

N =N,=N, = :“ (3.54)

The creep-fatigue damage parameter for the day, designated as D, ; , with n operation

pointsis given by Equation (3.55),

Dc+f,d:'zn:_i+zn: | (3.55)

The time to creep-fatigue failure based on data for one day operation of the engine is
given by Equation (3.56),

Zl:tl leti (3.56)
b o = S = = n :
Dc+f d zttl +Z NN|

In terms of cyclesto failure, Equation (3.56) takes the form of Equation (3.57),
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>N, N,
=L = =t 3.57
N o N (3.57)

2t TN

i i=1

fli

Considering any period of engine operation, N, = N_ is the mean vaue of the

equivaent fatigue cycles accumulated in the period, and it is given by Equation (3.58),

Ny,
N, =N, =< (3.58)
m

N, isthetotal number of fatigue cycles accumulated, and mis the number of engine

operation points where fatigue damage parameters are estimated. The sum of the creep-

fatigue damage parameters designated as D for a given period of engine operation

c+f,s

isgiven by Equation (3.59),

t, N,

Dc+f,s :Zr-’_; Nf

i=1

(3.59)

For such complicated engine operation process, the equivaent creep-fatigue life (ECFF)
will be evaluated. The time to creep-fatigue interaction failure and the cycles to creep-
fatigue interaction failure for daily operation of the engine are best expressed as
equivalent values aso, since several engine operation points are used in getting the
creep-fatigue interaction life. The equivaent creep-fatigue life is the time taken for the
sum of the damage parameters to be unity when the engine is operated in different
conditions, and it is given by Equation (3.60),
>t

ECFL ==
D

ti

= ' 3.60
TN (3.60)

=1

+
te izﬂ:Nf

i

I
i

=1
c+f,s

The time to creep-fatigue interaction failure in Equation (3.60) is in hours of engine
operation. This could be expressed in cycles of engine operation when the equivalent
cycles experienced in the period of engine operation are evaluated. This is given by
Equation (3.61),
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ECFL = % = — t_'ﬂ N (3.61)
=1

+
te izﬂ:Nf

c+f,s

3.3.1 Creep-Fatigue Interaction Life Analysis System

A creep-fatigue interaction life analysis system could be extracted from the overal life
analysis system. The creep-fatigue interaction life analysis system gets inputs from the
outputs of the creep life analysis system and the fatigue life analysis system as already
pointed out. Figure 3.8 shows the creep-fatigue interaction life analysis system which is
linked to PYTHIA and interacts with the other two life analysis systems considered in
this research. To carry out the creep-fatigue interaction life consumption of the HP
compressor turbine blades of the LM 2500+ in any period of engine operation, the creep
life consumption should be estimated first followed by the fatigue life consumption
before implementing creep-fatigue interaction consumption. The results of the creep-
fatigue interaction life output could be in terms of fatigue cycles to failure or time to
failure. Results are generaly presented in terms of relative life analysis values- creep-
fatigue interaction factors at different engine operation points and equivalent creep-

fatigue interaction factor for a given period of engine operation.

Figure 3.8: Creep-Fatigue Interaction Life Analysis System
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3.3.2 The Concept of Creep-Fatigue I nteraction Factor

Like the creep factor and the fatigue factor, the creep-fatigue interaction factor is used
to assess the severity of engine operation under creep-fatigue interaction life
consumption. The creep-fatigue interaction factor at any point of engine operation is
expressed by Equation (3.62),

t
CFE = f,ctf (3.62)

f,c+f_Ref

CFF isthe creep-fatigue interaction factor or creep-fatigue factor for short, t; . ; . is

the time to creep-fatigue interaction failure at a reference point. It can also be expressed

in terms of cyclesto failure as given by Equation (3.63),

N
CFF=— "' (3.63)

f,c+f_Ref

N ¢ rer IS the number of cycles to creep-fatigue interaction failure at the reference
point. From Equations (3.51) and (3.62), the creep-fatigue factor is as given by Equation
(3.64),

t _
CFF=_ et 1 & (3.64)

f,e+f_Ref tf,c+f_Ref i i

In terms of cycles to failure, from Equations (3.52) and (3.63), the creep-fatigue
interaction factor is given by Equation (3.65),

1 N,
CFF = D (3.65)

f,c+f _Ref ! !
c+f _Re oy

1:f Nf,i

Equations (3.64) and (3.65) gives same result and the choice of which equation to useis

based on availability of the required data and convenience.

For a complicated operation process, the equivalent creep-fatigue interaction factor
(ECFF) is evaluated; it is the ratio of the equivalent creep-fatigue life to the creep-
fatigue life at the reference operating condition and it is given by Equation (3.66),
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ECFF = ECFL (3.66)

f,c+f _Ref

And in terms of cyclesto failure, the equivalent creep-fatigue interaction factor is given
by Equation (3.67),

EcFF = ECFL (3.67)

f,c+f _Ref
By making substitutions in Equations (3.66) and (3.67), the equivalent creep-fatigue
factor for complicated operation using time to failure and cycles to failure are given
respectively by Equations (3.68) and (3.69),

t.
o o izﬂ:tf,i+iz—1:Nf,i
ECFL 1 ZN‘
ECFF B Nf,c+f Re f B Nf,c+f Re f g X til_l X Ni (369)

3.3.3 Relationship between Life Analysis Factors

At any point of engine operation, the creep factor (CF), fatigue factor (FF), and creep-
fatigue interaction factor (CFF) could be expressed in a single relation. Considering
individual operating points, from Equations (3.53) and (3.63) the creep-fatigue factor is
given by Equation (3.70),

N _
CFF=— "' - 1 W (3.70)

f,c+f _Ref Nf,c+f_Ref ti i

But t; , =CF xt; ooy and N;;=FFxN; ... Making these substitutions to Equation

(3.70) and ssimplifying, we obtain the relation between the three life anaysis factors at
each engine operation point as,
N. CF xFF xt; per X Ny gpes

CFF = ' X
Nf,c+f_Ref (FF x N ge xt,)+(CF Xtt et X N;)

(3.70)
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In terms of time to failure, the relationship between the life analysis factors will be in
the form given by Equation (3.72),
t. CF xFF xt; poy x N ooy

CFF = ! X
U et Ret (FF X Nj gy xt)+(CF xt; i xN;)

(3.72)

The creep-fatigue interaction factor / equivalent creep-fatigue interaction factor could
also be expressed in terms of both time to failure and cycles to failure as shown above.
Appendix F.2 shows further details of creep-fatigue interaction life expressions and

expressions of creep-fatigue interaction factor in different time frames.

3.4 Integration of Life Estimation Models

The three life estimation models and the sub-models and data required for the life
analysis are shown in the flow diagram in Figure 3.9, each set distinguished with
different colours. The sequence of activities to be carried out to obtain life analysis
results from the life estimation models could be derived from the flow diagram in
Figure 3.8.

Figure 3.9: Flow Diagram of Life Estimation M odels
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The engine performance model is created in PYTHIA and together with PYTHIA they
form the heart of the life analysis agorithm. The engine performance model is a
thermodynamic model of the real engine which is made to produce results similar to the
real engine by adapting the engine model to the real engine operation conditions. The
creation and adaptation of the engine performance model is considered in Chapter 5, but
the respective methodol ogies are presented later in this chapter. The engine performance
model takes input from engine operation data and does performance anaysis using
PYTHIA code to get some data (gas path properties) required for the blade thermal and
stress models. The blade thermal and stress models take further input from blade data
and interacts with PY THIA which in turn interacts with the creep model, fatigue model
and creep-fatigue interaction model. Apart from the engine operation data and the blade
data, the fatigue model requires fatigue-related material properties as input while LMP
master curve isrequired for the creep life model.

For a given period of engine operation, the blade life is obtained from the results of
individual engine operation points using life fraction accumulation rules. The output
from the creep model is creep life in terms of number of hours to failure and life
consumed in hours. Remaining life could also be presented. In terms of relative life
analysis, the equivalent creep factor at any duration of engine operation could be
obtained as an output. In this work, in any period of engine operation, the creep factor
for each engine operation point and the equivalent creep factor for the entire period are
presented. In the fatigue life model, the number of cycles to failure could be obtained as
the output. Also, the output in terms of severity of engine operation could be given as
the equivalent fatigue factor of engine operation for a given duration. Equivalent creep-
fatigue interaction factor could be obtained from the creep-fatigue interaction model.
The output in this model can equally be the number of hours to creep-fatigue interaction
failure or the remaining life in hours due to creep-fatigue interaction. The relative life
results are generaly provided in each failure mode. Fatigue life analysis is usualy
considered if the engine is often shut down. Even if the engine is in continuous
operation, fatigue failure will still set in because of the variation of shaft speed. The
developed fatigue counting model will make the fatigue life analysis possible for any
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period of engine operation; therefore, creep-fatigue interaction falure can also be

carried out for any given period of engine operation.

From Figure 3.9, the basic tasks involved in this research could be identified, and these

are summarized below:

Development and analysis of blade thermal model - Considered in Chapter 4
Development and analysis of blade stress model - Considered in Chapter 4
Creation of engine performance model in PY THIA- Considered in Chapter 5
Adaptation of engine performance model - Considered in Chapter 5

Validation of the engine performance model - Considered in Chapter 5
Development of data acquisition and pre-processing module — required for
single point life anaysis, aso serve as a subroutine in the main program
developed in this research — Considered in Chapter 4

Analysis of life estimation models

Integration of various models in PYTHIA — the capabilities and the
functionalities of the life analysis software developed is given in Appendix A.
Estimation of blade life using various lifing models

Vaidation of overal life estimation models by carrying out life consumption
analysis for a number of months of engine operation. This shows both the
feasibility of the life tracking process and how results compare with what is
obtainable in real engine operation process.

Further analysis of life estimation models to detect the influences of shaft power
variation, ambient temperature variation and engine degradation on the various
relative engine life analysis parameters employed and developed in this work.
Sensitivity of the life analysis factorsto each effect is carried out.

Further investigation aimed at arriving at engine operation conditions that

warrants only creep life estimation even if engineis shut down frequently.
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3.5 Engine Performance Model Creation in PYTHIA

To carry out life analysis of an existing engine, the performance model of the engineis
created in PYTHIA. The engine performance model is a thermodynamic model of the
real engine. An engine model is created in PYTHIA by assembling component bricks,
which are expressed as component icong[176]. The component icons include INTAKE,
COMPRE (for compressor), BURNER (for combustor), TURBIN (for turbine),
SPLITTER, MIXEE or MIXFUL, NOZCON (for convergent nozzle), DUCTER, etc.
The last icon in any engine model created in PYTHIA is PERFOR, which is used for
final calculation of performance. Each icon is clicked and the initial component
performance parameters are supplied. The creation of the engine performance model of
the LM 2500+ engine used in this research is considered in Chapter 5.

3.6 Adaptation of Engine Performance M odel

Adaptation is the tuning of the engine model through mathematical processes for the
engine model to run at various operating conditions and produce results that are similar
to those of the real engine operating in same conditions. There are two types of
adaptation the engine model can be subjected to. These are design point performance
adaptation and off-design performance adaptation. In setting up the engine model and
providing data for each brick based on the available field data, it is noteworthy that not
every relevant data could be obtained, for example, the high pressure turbine entry
temperature. This and many other parameters are estimated. When the model is run, the
estimated output performance parameters will not be the same as the actua output
performance parameters from the real engine. That is, predicted engine performance
may be dlightly different from real engine performance [176]. With proper adaptation of
the engine model, the difference between the predicted performance parameters and the
engine field data can be minimized greatly. PY THIA has the capabilities of carrying out
both design point performance adaptation and off-design performance adaptation.
Design-point adaptation and off-design adaptation procedures are presented in the
following sub-sections.
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3.6.1 Design Point Perfor mance Adaptation

Design point performance adaptation is an inverse mathematical problem and involves
the selection of to-be-adapted component parameters and target performance
parameters [176], [177]. The to-be-adapted component parameters are also referred to
as independent adaptation parameters or gas turbine design point parameters while the
target performance parameters also termed dependent adaptation parameters or
measurable or measured performance parameters176]. As the name implies, the
independent adaptation parameters (to-be-adapted component parameters) are to be
provided by the user and are inputted in the bricks or icons in the engine model as
initial component performance parameters, for example, compressor and turbine
efficiencies. The measurable parameters (target performance parameters) depend on the
values of the to-be-adapted parameters. There must be mathematical relationships
between the two sets of parameters- the essence is that, values of the to-be-adapted
component parameters combine in various ways to give rise to the values of the target
performance parameters. The mathematicd model for design point performance
adaptation as presented by Li et al. [16], [176], [177] issummarized here.

Having M number of target performance parameters and N number of to-be-adapted
component parameters, the relationship between the to-be-adapted performance

parameters z and the target performance parameters x isgiven as,
z=h(x) (3.73)

where h()‘() is a vector-valued function. Taking z,,X,as initial design point (baseline),

the Taylor series expansion of Equation (3.73) yields Equation (3.74),

oh(x)
X g

2=2,+ (X— %, )+ HOT (3.74)

HOT stands for the higher order terms in the expansion. A linear relationship thus
exists between the deviations of the respective parameters from the design point in the
form,

AZ=H - AX (3.75)
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Three cases can be identified with respective to the values of M and N.

CASEIl: M =N
Solution: AX=H™ Az (3.76)
CASE Il: M < N: Inthiscase, apseudo inverseis defined in the form,

H* =HT(HHT)" (3.77)
Solution: x=H"z (3.78)

CASE I11: M > N : A pseudo inverseis defined in this case as,

H* =(HTH)"HT (3.79)
Solution: x=H"z (3.80)

The root mean square (RMS) of the difference between the predicted and the target
parameters is used as a convergence criterion expressed as [176],

RMS=\/

where § is chosen as 0.001in most cases [16], [176]. The adaptation error of the i ™

2

(Zi, predicted Zi,target) <6 (3-81)

M=

Il
=

target performance parameter is expressed as[176],

Z . —Z
g = |,pred|;ed i,target %x100% (382)

i,target
PY THIA makes use of the above algorithm in carrying out design point adaptation. This
is applied to the LM 2500+ engine used in this research in Chapter 5.

3.6.2 Off-Design Perfor mance Adaptation

Gas turbines in practice operate in severa off-design conditions. Off-design
performance adaptation is thus carried out to ensure that the engine performance model
produces results similar to the rea engine in different off-design conditions of engine
operation. This has been considered by several researchers including Li et al.[159],
[178]-{180] and involves the application of scaling factors to the engine components
characteristic maps. This is done in order to calibrate the components characteristic

maps. Stamatis et al.[181] proposed a method that could ensure accurate simulation of
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engines of same type which may differ due to manufacturing or assembly tolerances.
Like the newer works, they equally exploit the modification of component maps, noting
that accurate component maps may not be required from the onset since the maps are
derived during the adaptation process. The off-design performance adaptation involving
the use of linear scaling factors has been studied and presented by [180], and the basic
methodol ogy employed for compressor map calibration is summarized bel ow.

In the off-design performance adaptation process, scaling factors are first obtained at the
design point (usualy with al characteristics known) and applied to the whole map. The
results are then used in generating the scaling factors at a defined range of off-design
points. The adapted component maps should be able to predict results similar to the real
engine at off-design conditions. The components map scaling technique in the
adaptation process could be applied to the compressors, combustors and turbines. Non-
linear off-design scaling factors could be sought [179]. Optimal set of off-design scaling
factors are obtained using genetic algorithm. This has been implemented in PYTHIA by

Li[180], and it is applied to the engine performance model in this research.

3.7 Off-Design Performance Calculation

At the design point of an engine, most engine parameters such as pressure ratio, speed,
mass flow rate and the power output are specified usually with the ambient conditions.
Components efficiencies are also given at the design point. The task normally involved
in design point calculation isto estimate the overall plant efficiency and the air flow rate
required to obtain the design power. The gas turbine engine, in practice, operates at a
wide range of speed and power output, coupled with wide changes in ambient
conditions. Any operation of the engine aside the design point is known as off-design
performance. This research involves the usage of direct engine measurement data
obtained at different off-design conditions. Engine performance simulations are carried
out using PYTHIA capabilities to estimate gas path properties at different locations of
the engine and compare such with the real engine data before lifing is carried out. Thus,

the off-design performance cal culation process is presented here.

There are severa methods employed in off-design performance calculations in gas

turbines. These methods involve components matching, gas path analysis, artificial
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intelligence based methods, fuzzy logic based methods, Kalman filtering methods,
Wittenberg's method and computational fluid dynamics based methods. Suraweera
[182] introduced core control method in predicting gas turbine off-design performance.
Components matching method is the most widely used method, and it requires the usage
of components characteristics- components maps. Generally, compressor characteristics,
combustor characteristics and turbine characteristics are needed in components
matching technique, knowing that turbine and nozzle characteristics are similar, thus the

three characteristics could be applicable to both industrial and aircraft engines.

Figure 3.10: Compressor Characteristics: (a) Pressure Ratio vs Non-Dimensional M ass

Flow, (b) Isentropic Efficiency vs Non-Dimensional M ass Flow

Figure 3.11: Turbine Characteristics: (a) Non-Dimensional Mass Flow vs Pressure Ratio-

Modified From [3], (b) Isentropic Efficiency vs Pressure Ratio
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Figure 3.12: Combustor Characteristics— Temperature Rise vs Fud/Air Ratio

Figures 3.10, 311 and 3.12 show the compressor characteristics, turbine characteristics
and combustor characteristics respectively. The components characteristics specify a
wide range of the variations of mass flow, pressure ratio, efficiency and rotational speed
for compressor and turbine. The mass flow and rotational speed are expressed in

dimensionless form. The combustor characteristics is expressed in terms of variations of

combustor temperature rise AT_.and fuel/air ratio F/ A(theoretical values) at various
combustor inlet temperatures T..;, [19]. The actual combustor temperature rise and

actual fuel/air ratio are obtained by defining combustion efficiency 1. in any form of

Equations (3.83) and (3.84),
77 — (F / A)theoreticd (3 83)
(F / A)actuall
AT
ncc _ cc, actual (384)
Ach ,theoretical

The value of the combustion efficiency is usually assumed in off-design performance
caculations, and it is quite high, in the range 98.5% to 99.5% due to nearly

stoichiometric combustion process [19].

108



The component matching technique calls for compatibility of mass flow, work and
rotational speed between various components. It is an iterative process and parameters
are guessed and compatibility checks are carried out. Also, a particular variable is
selected as the engine “handle’ which determines the matching conditions of the engine.
Commonly selected handles are speed, turbine entry temperature, and exhaust gas
temperature. Shaft power could aso be selected as engine handle, especialy for an
engine with free power turbine. The component matching technique is employed in off-
design calculations in PYTHIA. The agorithm applied in this method to the LM 2500+
engine type is presented in Chapter 5.

3.8 Blade Thermal and Stress M odels

In analysing each of the lifing models, temperature and stress are to be estimated. This
cals for the creation of blade thermal model and stress model respectively. The inputs
to these models come from blade data and engine operation data. Further data is
obtained from the engine performance model. The blade thermal and stress models are
developed from first principles. These models are analytical and give quite accurate
results compared to results from other stress and temperature analysis tools such as
ABACUS, ANSYS. The finite element anaysis (FEA) and computational fluid
dynamics (CFD) tools employed in stress and thermal analysis are able to produce quite
accurate results but they do not fit into this research because this research requires
continuous determination of engine life consumption using data from the real engine
operation. A one-off analysis of temperatures and stresses at various locations in the
blade using FEA or CFD tools will enable the calculation of time to failure due to creep,
but the loading has to be changed for any other data of engine operation. The results
from these tools from previous works help to fine tune the results from the analytical
thermal and stress models developed. Also, the data from the engine operation are fed in
PYTHIA to estimate some input parameters required in the stress and thermal models.
This necessitates the creation of analytical thermal and stress models that communicate
with PYTHIA inner code to generate lifing results. By incorporating the thermal model,
stress model, and lifing models in PYTHIA, it is possible to assess the life of the HP
turbine blades at every section of available engine data and hence estimate the

cumul ative damage the blades suffer for the given period of engine operation. The life
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of the engine is thus tracked using these developed algorithms. The development of
blade thermal and stress modelsis considered in Chapter 4.

3.9 Life Prediction Points on the Blade

In order to determine the life of the blades, each blade is divided into n sections and
temperatures are estimated at (n+1) nodes while stresses are estimated at the (n+1)
nodes in three chord-wise sites- leading edge (LE), trailing edge (TE) and farthest point
at the suction surface of the blade (indicated as SB). Figure 3.13 shows the division of
the blade into n sections and the (n+1) nodes (N; to Nn+1) where temperatures and
stresses are estimated are indicated. The temperature of the blade material is estimated
at the (n+1) nodes by applying aradial temperature distribution factor to the combustor
exit gases and assuming forced convection cooling of the blades. The temperature is
assumed to be equal at every location across each nodal point. In the case of the stress
value, at each node, the maximum stress at the three chord-wise sites is taken and used

for life calculation.

In creep life consumption analysis, a each node, the estimated blade material
temperature and the maximum stress at the node are used to estimate the creep life using
the Larson-Miller Parameter method. The LMP value in the Larson-Miller equation is
obtained by reading the value corresponding to the maximum stress level from the
Larson-Miller Master curve of the blade material. The numerical equivalent of the
master curve is provided and a code is written to obtain the LMP vaue through
interpolation. The smallest value of creep life at the (n+1) nodesis used to represent the
creep life of the blade. In fatigue life estimation, because creep-fatigue interaction
analysis is aso carried out, the fatigue cycles to failure are estimated at the same
location where the smallest creep life was gotten. Creep-fatigue interaction life is thus
estimated also at the same location where creep life as well as fatigue life was
estimated.

In practice, the location of minimum creep life may not be the location where the largest
stress value is obtained and where the smallest cycles to fatigue failure will occur. But
in industrial turbine operation where a bit steady power levels are maintained over time,

creep seems to dominate the failure modes. Thus, the location where creep failure is
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likely to occur is the same location where creep-fatigue interaction failure may take
place. Also, estimating fatigue life at each node and creep-fatigue interaction life at each
node and selecting the smallest value in each case is quite involved considering
computation time. These form the decision for carrying out fatigue life analysis and
creep-fatigue interaction life analysis at the location where blade failure due to creep
will likely occur.

Nr|+1 Tn+1
Section n

Figure 3.13: Blade Sections and L ocations of Life Estimation

3.10 Software Development and Engine Life Calculations

The creep life model, fatigue life model and creep-fatigue interaction life models have
been programmed and incorporated in PYTHIA using C-Sharp programming language.
The engine life analysis sub-models- data acquisition and pre-processing module, the
blade therma model and the blade stress model are developed and incorporated as
separate modules to make the life calculations feasible. The developed software thus has
new features besides those originally developed in PYTHIA. In the new software, two
sets of additional interfaces/windows are created. These are the “Life Setting Windows”
and the “Life Analysis Windows’. The Life Setting Windows are three in number. They
include the “Blade Life Setting Window”, “Creep Life Setting Window” and the
“Fatigue and Creep-Fatigue Interaction Setting Window”. Input data to the blade is
accessed through the “Blade Life Setting Window”. The “Creep Life Setting Window”
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enables us to obtain the LMP master curve data of the blade material, while through the
“Fatigue and Creep-Fatigue Interaction Setting Window” fatigue related input data are
provided for life analysis. The Life Analysis windows on the other hand are two in
number. These are the “Creep Life Analysis Window” and the “Fatigue and Creep-
Fatigue Interaction Analysis Window”.

The windows created to enable life calculation in this work are accessed through the
“Engine Design Window” in PYTHIA. Here, the “Engine Design Window” is modified
S0 as to communicate with the new windows created. Creep life analysis is carried out
via the Creep Life Analysis Window while fatigue life analysis and creep-fatigue
interaction life analysis are carried out through the Fatigue and Creep-Fatigue
Interaction Analysis Window. To carry out the engine life consumption for a given
period of engine operation, the real engine operation data is uploaded and simulations
carried out to obtain related data required in the blade thermal and stress models. Thisis
achieved through the “Engine Design Window” making using of the data acquisition
and pre-processing module developed and PYTHIA off-design calculation capabilities.
The windows developed, the basic functions of the software and how engine life

consumptions are estimated are presented in Appendix A.

3.11 Chapter Conclusions

The lifing models and methodologies employed in engine life consumption analysis in
each failure mode considered in this research have been highlighted in this chapter. At
the heart of the work is PY THIA and an engine performance model of the real engineis
created and adapted to the real engine operation conditions to provide simulation results
required by the blade thermal and stress models. The blade is divided into n sections
and life is estimated at (n+1) nodal points, where the minimum life is taken to represent
the time or cycles to failure at each engine operation condition. Results are generally
presented in terms of life analysis factors which tell how well the engine was operated.

The relevant basic tasks carried out in this research are also presented.

112



4 DEVELOPMENT OF ENGINE LIFE ANALYSISSUB-MODELS

The creep life and the fatigue life models require input data. The creep life model
requires blade metal temperature at various sections along the blade and stresses at same
locations. The fatigue life model requires stress values as input while the creep-fatigue
interaction model uses the outputs of the creep life model and fatigue life model as
input. Thus, two basic models are required in engine life anaysis. These are the blade
thermal model and blade stress model. Both models require simulated data from
PYTHIA as input data. A third model which felicitates the transfer of field data for
simulation is the data acquisition and pre-processing model. All the life analysis models
and the sub-models are integrated in PY THIA. The linking of the model to PYTHIA is
necessary because PYTHIA could carry out simulation of engine performance at any
operating condition of the engine and provide results which are needed as inputs in the
lifing sub-models. The linking of al the modelsto PY THIA isalso to ensure engine life
calculations are carried out in asingle platform.

The life analysis in this work makes use of al the data from the engine output for the
whole day. Life consumption at every 5 minutesis carried out (amounting to 288 points
of engine operation conditions in a day where engine life consumption is estimated).
The overall or equivaent life consumption for the day could be obtained. Also, the
equivaent life consumption for a number of days of engine operation or any period of
engine operation in a day could be estimated. Calling 288 data points from the output
of the rea engine for performance ssimulation in PYTHIA and obtaining gas path
properties for the blade thermal and stress models is paramount in this work. The data
acquisition and pre-processing sub-model is thus developed to achieve this. Figure 4.1
shows the structure of the three sub-models together with their inputs and how they

interact with the engine performance model.
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Figure4.1: Structure of the Engine Life Analysis Sub-M odels

Each of the models interacts with the engine (performance) model created in PYTHIA.
The development and analysis of the life analysis sub-models is considered in this

chapter.

4.1 Data Acquisition and Pre-Processing Module

In using PYTHIA for engine performance simulation or diagnostics analysis, one has to
set up analysis interphase after obtaining the engine performance model. Off-design
parameters are supplied manually. Also, engine degradation parameters under degraded
engine condition are inputted manually. Degradation under off-design condition could
be provided. Figures 4.2 and 4.3 show off-design set up and degradation under off-
design condition set up respectively in PYTHIA. In the off-design setting, ambient
temperature deviation is inputted. In the off-design under degradation setting, the off-
design case is till ambient temperature deviation while 1% degradation isimplanted in:
compressor efficiency and flow capacity, combustor efficiency, and compressor turbine

efficiency and flow capacity respectively.
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Figure 4.2: Off-Design Settingin PYTHIA

Figure 4.3: Degradation Under Off-Design Settingin PYTHIA

Assuming 288 data points are to be simulated and their outputs are to be used in the
lifing model; this will be a tough task. This was one of the challenges before the author
in this research. The way out is to set up data acquisition and pre-processing module
which calls an excel sheet where data from the field for one day operation of the engine
is available. The data acquisition and pre-processing model is a computer module which

forms a separate module in PYTHIA. It selects the data for the day operation of the
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engine, checks for periods the engine was not in operation using the results of the power
output, sends processed data to PYTHIA for simulation, gets simulation results (gas
path properties) from PYTHIA, and supplies same to the blade therma and stress
models. The code which is written in C-Sharp [183] has been included in PYTHIA |,
Figure 4.4.

Figure4.4: Uploading Datain PYTHIA for Simulation

Ambient temperature deviation and shaft power are used as off-design conditions in the
performance simulations in this work to obtain gas path properties required in the blade
thermal and stress models. Some of the parameters needed in the blade therma and
stress models are compressor shaft relative rotational speed (PCN), compressor exit
temperature, compressor turbine efficiency, compressor turbine inlet temperature and
pressure, compressor turbine exit temperature and pressure, coolant flow rate, and
coolant temperature. Some of the simulated parameters could be viewed from the

platform created for life analysisin this research, Figure 4.5.
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Figure4.5: Some Simulated Parametersfrom PYTHIA

These simulated parameters are used as inputs in the blade thermal and stress models.
The blade thermal and stress models aso require other input parameters aside the
simulated parameters from the engine performance model. The blade thermal and stress

model s are considered next.

4.2 Blade Thermal M odéel

The blade therma model helps in estimating the temperature of the blade at various
sections of the blade. The blade could be divided into a number of sections, say n.
Temperatures at the base of each section are then determined. In this work, the blade is
divided into 8 equal sections, making available 7 intermediate sectional lines and a
section at the blade root and tip respectively. Nine nodal points are thus available where
blade materia temperature is estimated. It is aso possible to assume that temperatures
at every point in the blade are the same, that is, uniform temperature distribution across
the span of the blade. In both cases, the blades are cooled by convection, where cooling
air is extracted towards the large stage of the compressor. This will lead to uniform
temperature model and one-dimensional temperature model. To aid the devel opment of
the therma model, the geometry of the blade and its associated parameters need to be
reviewed. Figure 4.6 shows the geometry of the blade in different views and some
parameters associated with blade geometry. In Figure 4.6(a), we can see two edges of
the blade. These are the leading edge (LE) which faces the direction of the fluid flow
and the trailing edge (TE). At the concave side of the blade (suction surface in Figure
4.6(b)), the farthest point from the axial axisisindicated as SB (see Figure 4.6(a)). This
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point together with the leading and trailing edges are to be noted, since they act as
points of likely highest mechanical stresses.

(@) First stage turbine blade in different views [184]

(b) Blade Parameters [185] (c) Blading Terminology [186], pp.13

Figure 4.6: Blade Geometry and Parameters

Other parameters about the blade geometry are illustrated / defined with the aid of
Figure 4.7.
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Figure4.7: Blade Dimensions

The blade pressure surface (see Figure 4.6(a)) when projected to a plane surface may be
rectangular or tapered. Rectangular blade surface is assumed in this case, since the
actual blade profile is amost rectangular. In Figure 4.7, LE Tip Radius is the distance
from the turbine axis of rotation to the blade tip at the leading edge while TE Tip Radius
IS the distance from the turbine axis of rotation to the tip of the blade at the trailing.
These two dimensions may not be the same. Similarly, the leading edge root radius and
the trailing edge root radius, designated as LE Root Radius and TE Root Radius
respectively may not be equal. In view of this, in this work, the mean value at the LE

and TE is used to represent the respective dimension. Thus, the blade tip radius R, is

given as,

1

Rbtp = E(RLE,Tip + RTE,Tlp) (4.1)

where R, and Ry, arethe leading edge tip radius and the trailing edge tip radius
respectively. The mean root radius of the bladeR,,,, where the LE root radius and TE

root radius are designated as R . o and R .  respectively is given by Equation (4.2),
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1

Ry = E(RLE,R: + RTE,RI) (4.2)

The blade height could be expressed in terms of the leading edge or the trailing. At any
of the two positions, the blade height is the difference between the blade tip radius and
the blade root radius. The mean blade height is,

B = Ry +Rar) @3

Figure 4.8: Blade Sections

Figure 4.8 shows the division of the blade along the span into 8 sections and the
locations along which temperatures and stresses will be estimated. The blade is divided
into 8 equal sections by using section lines L2T2 to L8T8. Two other sections lines are
included to coincide with the root of the blade, L1T1 and the tip of the blade, L9T9. The
section line, L5T5 which divides the blade into two equa halves is known as the mean
section of the blade [185] . In the one-dimensional therma model, temperatures at
nodes L1 to L9 and at nodes T1 to T9 will be estimated, with the assumption that
temperatures at nodes Li and Ti are the same, where i ranges from 1 to 9. That is, the

temperature variation is only in the radia direction. The uniform temperature model
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assumes that temperatures at every section of the blade are equal. This is not true in
practice. In both models, two sub-models are derived-model for blades without thermal
barrier coating and model for blades with thermal barrier coating. Thus, four thermal
models are developed in all. The one-dimensional thermal model is more representative
of red life situations, and since the engine under review in this study has blades that are
cooled and with thermal barrier coatings, the one-dimensional thermal model with
thermal barrier coatings is used for the life analysis in this work. The uniform
temperature model isintroduced for quick check of results and for comparison of results

if the need arises. Figure 4.9 shows the four thermal models.

Figure 4.9: Blade Thermal Models Employed
The thermal models are considered in the following sub-sections.

4.2.1 Uniform Temperature Model

The uniform temperature model assumes uniform blade temperature at every point of
the blade surface. Convection cooling is considered as a basis for obtaining the model.
Three system design parameters are employed in arriving at the uniform temperature
model. These parameters which are aso employed in the one-dimensional thermal
model are coolant mass flow function, overal cooling effectiveness and convective
cooling efficiency. Each of these parameters which are adapted from [187] and could

also be obtained from [188] is considered in turn.
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|. Coolant mass flow function

Considering overal energy balance, as coolant flow at temperature T, enters the

n

blade through the blade hub or root and exits at the blade tip at temperature T, , asin

Figure 4.10, the following relations are obtai ned:

e Theenergy input to thewhole blade, Q,, is,

Qin = hg Bp Bht (Tg _Tbm) (44)

where h;is the external heat transfer coefficient, B, is the perimeter of the blade, T is

the bulk gas temperature, and T,,, is the bulk temperature of the blade material.

e The energy removed from the whole blade is,

Qout = mc_BCp_ca(Tc ex _Tc_in) (45)

where m, g is the mass flow rate of the cooling air for cooling each blade, C, , is the
specific heat capacity of the cooling air. With m,, as the total mass of cooling air, N,
the number of bladesand m; , asthe mass fraction of air for blade cooling, the cooling

air per blade is given by Equation (4.6),

m _ Mo XMy g (4.6)
c B Nb

Under steady state, the energy input to the whole blade is equal to the energy removed
from the blade, thus,

Qin = Qout

hg Btht (Tg _Tbm): mc_BCp_ca(Tc_a _Tc_in) (47)

Rearranging Equation (4.7) yields,

m, C T,-T
nF = c_B~p_ca — [ g bm J (48)
h,B, B, T in

c_ex
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where m*, a non-dimensional representation of coolant mass flow, is referred to as
coolant mass flow function [187]. Thisis the ratio of difference in temperature between

the blade and the hot gases and increase in temperature of the cooling air.

Figure 4.10: Heat Transfer and Coolant Temperaturesin a Turbine Blade -M odified from

[187]

[1. Overall cooling effectiveness
The overal cooling effectivenesse is defined as the ratio of the difference in

temperature between the blade and the hot gases and the difference in temperature

between the hot gases and coolant inlet temperature. Thisis given by Equation (4.9),
£q =20 (4.9)
[11. Convection cooling efficiency

The convection cooling efficiencyn, is given as the ratio of the coolant temperature rise

to the difference between the blade bulk material temperature and the coolant inlet

temperature, given by Equation (4.10),
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Tc_ex _Tc_in (4 10)
e = Tbm _Tc_in .

Combining Equations (4.8) to (4.10), we express the cooling effectiveness in terms of
the other two parameters in the form,

m*n,

=—° 4.11
1+ m*n, (411

Eq

From Equation (4.9), the blade metal bulk temperature could be expressed as,

Ty

m

= Tg — & (Tg _Tc_in) (412)

The high pressure turbine blades under study are in two-stage design. The first stage is
exposed to much higher temperatures than the second stage, thus the first stage blades
life is being focused in this work. The bulk gas temperature T is the temperature at the
exit of the nozzle guide vanes, NGV or temperature at the inlet of the rotor stage. T, is
less than the temperature at the inlet of the high pressure compressor turbine, (turbine
entry temperature, TET or T in this work). The TET and the coolant inlet temperature

are obtained from the performance simulations in PYTHIA. The overal cooling
effectiveness, which value in practice is about 0.5 [187] is assumed in most cases, this
value is also assumed in this work. For multi-stage analysis where the blade life of more
than one stage is targeted, the coolant exit temperature at each stage has to be estimated.
This will serve as the coolant inlet temperature of the subsequent stages. This is
obtained from Equation (4.10) expressed in terms of the nozzle guide vanes in the form,

T@C<_NGV,i :Tirf_NGV,i —Tc_nov (TNGV _Tirtl:_i) (4.13)

where T\, isthe coolant inlet temperature at stage i, T, \ov,; IS the coolant exit
temperature at stage i, T, isthe NGV bulk meta temperature , and 71, g, is the

convective cooling efficiency of the NGV. For the first stage, Equation (4.13) takes the
form of Equation (4.13a),

Te?(_NGV,l = Tir:_NGV,l —Tc_nov (TNGV _Tir:_ NGV,1) (4.139)
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The nozzle guide vane convective cooling efficiency, 1. s, IS obtained from Equation

(4.11) by assuming a value for the convective cooling effectiveness of the NGV,

€1 oy - Denoting the NGV non-dimensional mass flow as m* ., , we get,

/gﬁ_NGV

* *
M~ \ev _km NGV ngf_NGV)

(4.14)

Ne nev

The NGV non-dimensional mass flow is assumed to be about 40% of the NGV coolant

mass percentage, ¢,., [189] given as,

m x I m
Prnov = = T e (4.15)
rnt_in rnt_in

where m; ., is the mass fraction of air for NGV cooling, m,g, . isthe mass flow
rate of air for NGV cooling, m is the total mass of cooling air, m, ;. isthe total mass

flow rate of air at turbine inlet, it is the difference between the air flow rate at

compressor inlet, m, ;, and the cooling air flow rate m,, plusthefuel flow rate m, :
r‘.nt_in = r‘.nc_in - mca + mf (416)

In theory, the fuel flow rate is usualy assumed to be equal to that of the cooling air,
thus the flow rate at turbine inlet is taken to be equal to the air flow at compressor

intake. The nozzle guide vane metal temperature T, is obtained from Equation (4.9)

as,
Thev = Tir?_NGV —&% Nov (Tir?_NGV _Tirf_ NGV ) (4.17)

where T,) s, is the bulk gas temperature at the inlet of the NGV and T o, is the

NGV coolant inlet temperature. This is assumed to be equal to the blade inlet coolant
temperature. For stage 1, T3 \, isequivalent to the turbine entry temperature (TET) or

Ts in this work. This value, and the coolant inlet temperature, as already stated are
obtained from performance simulations in PYTHIA. For subsequent stages, the nozzle

NGV bulk gas temperature is estimated by considering the number stages and the
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temperature drop per stage. Assuming n stages and equal temperature drop per stage,

the temperature drop per stage T, 4, IS,

TET-T, .,

(4.18)
n

dp_stg

where T, ., isthe temperature of the gas at the exit of the turbine. The temperature at

the exit of the first stage serves as the temperature at the NGV inlet in the second stage,
and the sequence continues. The temperature at the exit of the i™ stage To.; isgiven by

Equation (4.19),

T =TET —ixT, (4.19)

p_stg

Alternatively, with n stages, the product of the pressure ratios will give the overal

pressure ratio PR, given by Equation (4.20),

P

PR = P_ex = PRy X PRy, x PRy 3 x... x PRy, (4.20)

n

P, is the pressure at the exit of the (entire) turbine stage, P, is the pressure at the inlet
of the (entire) turbine stage, PRy,,, PRy,,, PRy, ... , andPRy, are the pressure

ratios of the various stages of the turbine. Assuming equal pressure ratio per stage,
denoted as PRy, Equation (4.20) will bein the form,

PR= (PR, )" (4.21)
Thus, the pressure ratio per stage is obtained from the overall pressure ratio given by
Equation (4.22),

1

PR,, = PR" (4.22)
With the pressures at turbine inlet and turbine exit (P,and P, ) obtained from the

simulationsin PYTHIA, the intermediate pressures could be obtained using the pressure

ratio per stage and the inlet and exit pressures. The pressure at the exit of stage 1,
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denoted as P, , (denoted generally for stage i asP, ;) is given by Equation (4.23) where

P.. isthe pressure at the inlet of stage 1 (obtained from simulationsin PYTHIA),

1

P, =P, x PR (4.23)
The pressure at the exit of stage 1 acts as the pressure at the inlet of stage 2, and

following this sequence, al the intermediate pressure values could be obtained.

Alternatively, the pressure at the exit of stage m, (m<n), denoted as P, ,, could be

obtained from Equation (4.24),

m

Py = Payx PR? (4.24)

When m=n, the pressure obtained will be the pressure at the exit of the (entire)
turbine stage which is obtained from the simulations. P, is actually the pressure at the
inlet of the NGV, the pressure at the inlet of the turbine stage is obtained by applying a
nozzle guide vane recovery pressure NGV, . Using the equations obtained so far will
not introduce much error because NGV pressure recovery is usually close to unity. The
TET and the temperature at the exit of the turbine are obtained from the ssmulations in
PYTHIA. The corresponding intermediate temperatures could be estimated using
Equation (4.25), assuming the polytropic efficiency n,isthe same for each stage,

(rn-Lnp

I:)exi ”n
Ty =T x| == (4.25)

T

«i and T, are the temperatures a the exit and the inlet respectively at stage
i . The temperature at the inlet of a given stage is the nozzle guide vanes (NGV) inlet
temperature, and since the blades are cooled, the actual temperature of the hot gases at
the inlet of the rotor blades will be less than the temperature at the inlet of the NGV-
thisis considered later in this section. The temperature at the exit of a given stage forms
the temperature at the inlet of the NGV of the next stage. The polytropic efficiency is

obtained from Equation (4.26),
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Ini1-n,|1 (E j "
77 =
?/h I:)in

Appendix C-1 shows how the polytropic efficiency given by Equation (4.26) is
obtai ned.

(4.26)

In this work, the turbine has only two stages and the intermediate temperature is
estimated assuming equal temperature drop per stage. The temperature at the exit of the
HP compressor turbine is Tg and this value is obtained from performance simulation
results. The temperature at the exit of the first stage is obtained from Equations (4.18)
and (4.19). The temperature at the inlet of the rotor blades in each stage is less than the
temperature at the exit of the NGV. The blade inlet temperature at each stage is obtained
by considering temperature of the gas at the NGV are cooled and then considering
adiabatic mixing of the gases at the NGV exit and at the point of entering the rotor
blades [37]. The mixing of the hot gases at the NGV exit with the NGV coolant exit

gasesisshownin Figure4.11.

Considering the cooling of the NGV, the following relation is obtained,

mc NGVC (Te(;( NGV Tirf_NGV) m m pg(ln NGV Teg_NGV) (4.27)

where C, ,is the specific heat capacity at constant pressure of the hot gases, and

T wov  the bulk gas temperature at the exit of the NGV, and it is obtained from

Equation (4.27 ) in the form,

mc C ca [+c c
Teg_ NGV Tir?_ NGV T % (Tex nev — Tin_ NGv ) (4.273)
in~p,g
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Figure4.11: Determination of Turbine Inlet Temperature

The bulk gas temperature at the blade inlet T, ;is obtained by considering adiabatic

mixing of the cooling air at the exit of the NGV and the gas stream at the exit of the
NGV. Taking C, ,as the specific heat capacity at constant pressure of the hot gas

stream after mixing,
(mNGV_c + rn_in)x Cp,m ><Tir?_B = mNGV_cCp,caTPf(_NGV + r‘nt_incp,g-r(:)%_NGV (428)
From Equation (4.22), T,]  isobtained as,

T”? 5 = mc_NGVC{),caTe(;(_NGV‘ + ri.|(_inCp,gTeg_NGV (429)
- (mc_NGV + rT't_in )X Cp,m

And C,  isgivenas,

Com= m?_NGV xCphea + m?_m xC (4.30)

p p.9

where mt ., and m{ ; are the mass fractions of the NGV cooling air and the hot gas

stream at the exit of the NGV respectively which enter the mixing chamber. Because

m; ey iSSmall compared tom? C,.nisapproximately equal toC,, .

f_in»y
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For multi-stage design, we have obtained expressions for determining the temperatures
a the various stages of the design: at NGV inlet and exit, and at blade inlet and exit.
The corresponding pressures are determined under blade stress model. We now consider

two cases- blade without thermal barrier coating and blade with thermal barrier coating.

CASE I: Bladewithout Thermal Barrier Coating
For blade without thermal barrier coating, the blade metal temperature T,,,is obtained

using Equation (4.12), where the temperature of the gas at the blade inlet T, ¢ is used

intheplace of T, . Itisaso given here for convenience.

Tbm = Tir?_B — &y (Tir?_B _Tc_in) (412&)

The blade metal temperature is gotten by exploiting many other equations presented in
this chapter. The temperature obtained is assumed to be the same at every section of the
blade. A Sequential Solution-Algorithm Tree (SSAT) of this model, which shows the
basic steps required in obtaining the required parameter (in this case, blade metal
temperature for cooled blades without thermal coating with uniform temperature at
every section) isgiven in Appendix D.1.

CASE I1: Bladewith Thermal Barrier Coating

Thermal barrier coatings coupled with air cooling leads to appreciable reduction in
blade metal temperature. The thickness and the type of material used in thermal barrier
coating depends on the structure desired and the application intended [190]. Thickness
of thermal barrier coating (TBC) materias is usualy in the order of 100pm to 2mm
[191]. Cao et al.[192] gave the properties of different materials used for thermal barrier
coatings. The property of interest in thiswork is the thermal conductivity of the thermal
barrier coating material in addition to the thickness of the coating. If the blade has
thermal barrier coating, the blade metal temperature in Equation (4.12) is equivaent to
the temperature of the coating material. Equation (4.12a) will thus be put in the form of

Equation (4.31) where T, .is the temperature at the outer surface (wall) of the TBC

bc_s

material.
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Ttbc_s = Tir?_B — &y (Tir?_B _Tc_in) (431)

The temperature of the blade material is obtained by considering the energy transfer
between the hot gases to the TBC surface and the energy transfer from the TBC material
to the surface of the blade. The energy transfer from the hot gases to the TBC surface

Q, wc iSgiven by Equation (4.32),

Qg_tbc = hg A[bc_s(Tg _Ttbc_s) (432)

Ay s isthe surface area of the TBC material, the heat transfer surface area. The energy

transfer from the TBC material to the blade surface thc_bm Is given by Equation (4.33),

_ k1bc A\bc_s (Ttbc_s - Tbm )

thc _bm — 5 (4 33)
the

K, Is the thermal conductivity of the TBC material (in W/mK) andd,, is the thickness

of the TBC material (in m). Under steady state condition, the heat transfer rate from the
hot gases to the TBC is equal to the heat transfer rate from the TBC to the blade
material. Therefore Equating Equations (4.32) and (4.33) and re-arranging, the blade
material temperature is obtained as given by Equation (4.34),

5 C
Ton = Toe o — (t—bj xhy (T, =Ty <) (4.34)

bc

T, is the temperature of the gas at turbine inlet, same as T3 ;. The only unknown
parameter in Equation (4.34) is the external heat transfer coefficienth,, and it is given
as,

Nu  x k
_ NHg * Ry
h, =———

(4.35)
C

where Nu,, k,and c are the Nusselt number of the gas, thermal conductivity of the gas
and the average chord of the blade. k, is read based on the average gas temperature, in

this work the value is interpolated using property tables provided by The Engineering
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ToolBox [193]. The blade chord c is estimated from the blade geometry while the
Nusselt number is estimated using an empirical relationship in the form [194],

Re, \'( T, )
Nu, = Nu', c (4.36)
2x10 Ttbc_S

where  Nu', is the nomina mean Nusselt number, it is equa to Nu, when the

-
Reynolds number of the gas Re, equals 2x10°and ———1. The exponent yis

thc_s

estimated from the relation [194],

Re -0.4
=0.1 g 4.37
y A( 2x10° J ( )

3
[

Figure4.12: Heat Transfer Data for Turbine Blades ([194], pp.34)

Nu', and the Reynolds number exponent X could be obtained from data about

correlation of heat transfer for wide range of turbine blades [194] . This is shown in
Figure 4.12. The values of Nu', and x are read based on the ratio of the blade inlet
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angle to the gas outlet angle (see Figure 4.6) both values which are obtainable and
shown later in this work.

The Reynolds number is given as,

xV xC
Re = Po™Vas e (4.38)

’ Hex

where p, isthe gas density, V,, . isthe absolute velocity of the gas at the exit of the

blade, u, is the blade exit gas viscosity. The viscosity at the exit of the blade is

obtained using the Sutherland Equation given as[195],

3
T +C(T)?
=, = — 4.39
Hex u°T+C(TOJ (4.39)

where p_ is reference dynamic viscosity (in Pas or uPas, u, =18.27uPa.s), C is
Sutherland’s constant (C =120K ), T, is reference temperature in Kelvin (
T, =29115K), T =T, is the input temperature in Kelvin. The gas density is

expressed in terms of the blade exit static pressure p,, and static temperature t,, as,

Pex

=—— 4.40
Rxt,, (4:40)

Pg

where Ris the gas constant (in JkgK). The static temperatures and the pressures at the
exit of each blade stage will be obtained in the blade stress model considered later in
this chapter. All the parameters required in estimating the external heat transfer
coefficient of the hot gases are now known and the blade metal temperature could be
estimated using Equation (4.34). It is pertinent to point out that the blade metal
temperature obtained for blade with thermal coating will be much less than that
obtained without thermal barrier coating, the value of the former much influence by the
thermal conductivity and the thickness of the thermal barrier coating. The temperature
reduces with increase in the thickness of the thermal barrier coating but increases with

increase in the thermal conductivity of the thermal barrier coating used. The latter is
usually assumed to be constant for a given material, thus an appropriate thickness of the
thermal barrier is required to achieve a design temperature with other parameters
known. A Sequential Solution-Algorithm Tree of thismodel is given in Appendix D.2.
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4.2.2 One-Dimensional Blade Thermal M odel

The one-dimensional blade thermal model is influenced by the temperature profile at the
exit of the combustor which is characterized by two parameters. These parameters are
the overall temperature distribution factor (OTDF), and the radial temperature
distribution factor (RTDF) [196]. OTDF affects NGV while RTDF affects rotor blades.
The RTDF is given by Equation (4.41),

- TBur _Mean

Tmax
RTDF =

Bur _Mean ~ 'Bur _In

(4.41)

T, 1S the maximum circumferential mean temperature anywhere in the combustor exit,
commonly called the streak temperature [197] , Ty, |, isthe burner inlet temperature,
while Tg, yen 1S the mean burner exit temperature. Ty, ., represents the mean

temperature recorded around the span of the blade [198]. The location of the maximum
temperature results from random hardware variations and it cannot be localized for a
fleet of engines [197]. The RTDF determines the life of a rotor blade because as the
rotor rotates, the blades experience the circumferential average of the temperatures at
any radial plane [199]. The maximum temperature is gotten from Equation (4.41) as
given by Equation (4.42),

Tmax = TBur _ Mean + RTDF (TBur _Mean TBur _In ) (442)

The burner inlet and exit temperatures are obtained from the performance simulations in
PYTHIA. The burner exit temperature obtained from the simulation is taken as the
mean burner exit temperature in thiswork. Lower values of RTDF are recommended for
uniform temperature profile [189], and it should be less than 20% [199]. RTDF of 0.12
isused in thiswork.

134



max

Bur _ Mean

Figure 4.13: Blade Sections and Radial Temperature Distribution

The blade is divided into 8 equal sections and temperatures at the 9 nodes are to be
determined (see Figure 4.13). The percentage distance of each section line from the root
along the blade span or height is given. At the mean section, indicated as mid, the
location is 50% distance aong the span from the blade root. It is worthy of note that
these nodes can be represented with numbers 1 to 9. The radial temperature distribution
and locations of maximum and minimum temperatures are indicated. An arbitrarily line
indicating the burner mean exit temperature is also included. In this work, the maximum
radial temperature is assumed to be at a distance of 62.5% from the blade root (since
peak profile occurs mostly above blade centre [197]), while the minimum temperature
Is assumed to be at the blade root and blade tip as in Figure 4.13. Also, assuming linear
temperature distribution from the maximum temperature to the minimum temperature at
the blade root and blade tip respectively, the hot gas temperatures at the 9 nodes are
estimated as follows:

Tg,Root = Tg,l = Tg,Tip = Tg,g = Tmin (4.43&)

Tg,ez.s%Rt = Tg,6 =T (4.43b)
4'Tmin + Tmax

Tgr25um = 5 (4.43c)
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3Tmin + 2Tmax

Ty =2 0 (4.43d)
T, o = @ (4.43¢)
T, e =% (4.43f)
T, o = % (4.439)
T, oo = @ (4.43h)

T, ro 1S the gas temperature at the root. This is the same as the temperature at node 1

denoted as T,,. T, , is the temperature at the blade tip which is the same as the

g,Tip

temperature at node 9, T, ,. Since minimum gas temperatures T ;. is assumed to occur
at the blade tip and blade root, Equation (4.43d) is obtained. T, ,,, isthe gas temperature

at the mid-section of the blade. The other notations apply to the gas temperature at the

indicated percentage distance from the root of the blade, thus T 4,5, Stands for the gas

temperature at 87.5% distance from the blade root. Since T, represents the mean

ur _Mean
temperature of al the nodal temperatures, the minimum temperature is obtained as,
oT, —4T

Ty =——— = 4.43i
min c (4.430)

Appendix C.2 shows how the hot gas temperatures at the 9 nodes are obtained. In the
analysis, temperatures at each blade section will be estimated (sections 1 to 8). To do
this, the mean section gas temperature will be used to represent the temperature of the
section. This is imperative because an element of distance is employed in the
temperature estimation. For each section, the mean section gas temperature is the mean
value of the gas temperatures of the two nodes bounding the section, and this is given
as,

T+ Ty,
Tyae = 25 (4.44)

g,Seci 2
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For section 1,

Tg'1 +Tg’2

Tosa = B (4.45)

The blade metal temperature at each section, T, o is estimated using Equation (4.12)

expressed in terms of the section as,

Thss = Tgsa — € (Tg,Seci - Tlrc1,i ) (4.46)

where T, . isthe coolant inlet temperature at the section. For section 1,

In,i
Tt = Tg,Secl — &g (Tg,Secl - Tlﬁ,l) (4.47)

For subsequent sections, the coolant exit temperature of the previous sections form the
C

coolant inlet temperature of those sections. For instance, in section 1, T, ,, whichisthe

coolant exit temperature from section 1, is the coolant inlet temperature of section 2.
Thisisillustrated in Figure 4.14.

Coolant Out

t
T¢ _—
Ex,S/

c
Ex,7 — TIn,S

e e /

4 gy 1 =1y 2
c
TIn .1 Coolant In

Figure 4.14: Blade Coolant Inlet and Exit Temperaturesat Various Sections
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The coolant exit temperature at each section, Tg, ; is obtained by considering overall

energy balance at the section, exploiting Equation (4.7) put in the form,

hg,Seci PSeci'Seci (Tg,Seci _Tm,Seci ): mc_BCp_ca(TECx,i _Tlﬁ,i) (4-48)

where h, o, is the externa heat transfer coefficient for each section, Py, is the
perimeter of the section, |4 isthe height of the section and m,  isthe mass flow rate

of air for cooling each blade. From Equation (4.48), the coolant exit temperature at each

section is,

TS, =TS, + Mo Psecr:f:lgf ~Tnss) (4.49)
From Equation (4.9),

Tyso —Tmea =61 (Tyae — TS (4.50)

Therefore, the coolant exit temperature at each section is,

h o Pole. xe T on —T<.
TEcxi :T|f1,i n 9,Seci © Seci S?u Cff( g,Seci In,|) (451)
mc_B p_ca

For section 1,

TS —T° 4 hg,SeclPSecll Sc1 X € gt (Tg,Secl _T|?1,1)
Ex1 — lin1 M oC, o

(4.52)

The external heat transfer coefficient for each section h, ., is obtained as in the

Equation (4.35), but this time expressed for each section in the form of Equation (4.53),

Ny s = = (4.53)

NU, o IS the Nusselt number of the hot gas for each section, ko is the thermal

conductivity of the hot gas for each section (read from tables based on the average gas

temperature of each section), and ¢, is the chord of each blade section (the same for

all sections since the blade is divided into 8 equal sections). The Nusselt number is
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estimated for each blade section using Equation (4.36), but expressed for each blade
section asin Equation (4.54),

Re ‘ Xaei T . Ysei
Nu, o = NU', o g,s@.J 93 (4.54)
o o ( 2x10° (Tm&,d

The nomina mean Nusselt number Nu'; o

and the exponent y., are read from Figure

4.12 for each section. The exponent y. is obtained from Equation (4.37) for each

section. The Reynolds number for each blade section is estimated using Equation (4.55),
similar to Equation (4.38),

- xV . X Cq
ReSeci _ pg,Sea Abs , Exi Seci (455)
Hogei

Py.sq 1S the blade exit gas density in each section, it is as given by Equation (4.40) but
expressed for each blade section in this case. V,, ; IS the absolute velocity at the exit
of the section, ug is the blade exit gas viscosity at the section. The viscosity at the
section is as given by Equation (4.39), but here T =T ;. Like the temperature of the

gases at each section (see Equation 4.44), the parameters used at the sections are taken
as the mean parameter of the bounding nodes. Thus given any parameter at a section,

Aeq Where Ao, could stand for density, viscosity, chord, etc.it is evaluated using

Equation (4.56),
A+ A
Ao = (4.56)
2
A, and A, ,, are the parameter at the two nodes bounding the section. The temperatures

a the node will be estimated by taking the average temperature of the blade metal
bounding the node. The temperature at the tip of the blade will be taken as the
temperature at section 8 of the blade material while the blade material root temperature
will be the temperature of the blade material at section 1. At every other node, the
temperatures are estimated using Equation (4.57),

T oo + T o
T _ m, Seci m, Seci+1 (457)

m,i 2
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T . isthetemperature of the blade material at node i . The two cases concerning blades

without thermal barrier coating and blades with therma barrier coating are now
considered here.

CASE I: Bladeswithout Thermal Barrier Coating

For blades without thermal barrier coating, the blade material sectiona temperatures are
estimated using Equation (4.47) while the nodal temperatures are obtained using
Equation (4.57). These equations are given below for convenience.

¢ Blade sectional temperatures:

Ths = Tgsa — € (Tg,Seci ~Tini ) (4.47)

¢ Blade nodal temperatures:

T oo + T o
Tm'i — m, Seci 2m,Se<:|+l (457)

Appendix D.3 shows a Sequentia Solution-Algorithm Tree of this model.

CASE I1: Bladeswith Thermal Barrier Coating

If the blades have thermal barrier coating, the sectional and nodal metal temperatures
are replaced by the temperatures of the thermal barrier coating material in Equations
(4.47) and (4.57). These are given by Equations (4.58a) and (4.58b) respectively,

Ttbc,Seci = Tg,Seci — & (Tg,Seci _T|E'i ) (4588.)

T, +T .
Ttbc‘i _ tbc, Seci 2tbc,SEC|+l (458b)

Ty ; IS the temperature of the TBC material at each node while T o, is the temperature

of the TBC material at each section. The temperature of the blade materia at each
section is as in Equation (4.34), but here it is given in terms of each blade section as in
Equation (4.59),

5tbo

XNy o Tg,Seci — Tipe, sec 4.59
ktbc ] . ( ) ( )

Tm,Seci =Ttbc,Seci _£
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Here, it is assumed that the thickness of the TBC is the same for al the sections. The
external heat transfer coefficient for each section is already obtained as given by
Equation (4.53). Therefore, every parameter required in determining the blade material
temperature at each blade section is known. The blade material temperature at each
node is taken as the mean value of the temperature of the sections bounding the node as
in Equation (4.56). The gas turbine blades analysed in this research have thermal barrier
coatings and are cooled. Hence, the last thermal model developed is applied for the life
analysis in this work. Blade material temperature estimated using this model clsely
approximates results obtained from FEA models under similar loading in the works of
Abu [200], Eshati [92] and other open literatures. A Sequential Solution Algorithm Tree
of thismodel isgivenin Appendix D.4.

4.3 Blade Stress M od€

The blade stress model considers the various stresses the blades encounter and evaluates
the maximum stress at different locations along the span of the blade. There are
different sources of stresses to turbine blades. These are stresses arising from the
centrifugal forces acting at any section along the blade span, stresses from gas bending
moments due to velocity and pressure change of the fluid passing across the blade,
bending moments stresses due to centrifugal forces from blade leaning, shear loading
stresses due to gas pressure or centrifugal twisting of blades, and stresses due to
complex loading arising from temperature gradients [201]. In this work, stresses arising
from centrifugal forces and bending moments due to pressure and velocity change of the
fluid traversing the blades are considered and applied in arriving at the stresses at
various sections of the blade. Bending moment due to blade leaning will not come into
play when at every section of the blade the centres of gravity lie on a single radia line
passing through the root to the tip of the blade, also shear stresses are negligible [201].
The magor stresses are due to centrifugal loading, but pressure change and velocity

change imposed stresses have to be considered.

In thiswork, the stress model is developed from [201] while the algorithm borrows alot
from [37]. Like in the blade therma model, the blade is divided into 8 sections and the

maximum stress arriving from the combination of the various stresses are estimated at
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three chord-wise locations - the leading edge (LE), trailing edge (TE) and the farthest
point at the suction surface of the blade, designated as SB (see Figure 4.6). The
determination of stresses at these locations is necessary since these are the most likely
sites for maximum stress (compression or tensile) [201]. The stresses to be considered
are now reduced to centrifugal stresses, bending moment stresses due to pressure
change, and bending moment stresses due to velocity change. The output of the stress
model is the maximum stress at the various sections in any of the three chord-wise
locations. Figure 4.15 shows the blade stresses to be estimated.

Figure4.15: Various Stresses Estimated in Blade Stress M odel

Before delving into each of these stresses, the sectioning of the blade with more detailed

dimensioning is necessary and is given in Figure 4.16. From Figure 4.16, h., is the

height of each blade section, it is the same for all 8 sections. Since the blade is divided
into 8 equal sections,

hy, =% (4.60)

where B,,is the mean blade height. R,, is the distance from the blade root to the
turbine axis, h., ,is the distance from the turbine axis to the centre of gravity of section

1. For sectioni, the respective distance will be denoted as h.;; and it is given by

Equation (4.61),

142



hes,i = R + N (i —0.5) (4.61)
h, , isthe distance from node 2 to the turbine axis. Node 1 coincides with the blade root
and its distance which can be denoted as h, ,is already denoted as R, . For nodei , the

respective distance from the turbine axis denoted as h, ; is given by Equation (4.62),
h,: =Ry +ixhg (4.62)

The above relations will aid in determining the stresses at the various nodes of the

blade.

Figure 4.16: Blade Sections and Dimensions

4.3.1 Centrifugal Stresses

The centrifugal stresses arise from the centrifugal loading, and could be obtained from
the centrifugal forces. These centrifugal forces will be estimated at each blade section.
The centrifugal forces will be highest at the blade root. Assuming the centrifugal force
at each blade section acts at the centre of gravity of the section, the centrifugal force,

Fo.; Will be,

143



Foei = My ¥ w?x hce,i (4.63)

where m; is the mass of the section, wisthe angular speed of the compressor shaft, (in
rad/s) and it is given as,

27N

N is the rotational speed of the compressor shaft (in rpm). In this work, the rotational
speed obtained from the performance smulations in PYTHIA is given as a relative

value, thus N isgiven by Equation (4.65),

N = PCN x N, (4.65)

PCN is the compressor relative rotational speed, and N, is the design speed of the

engine model created. The blades are not tapered and have amost uniform cross-

sectional area along the blade span, thus assuming the cross-sectional areas A at each

section of the blade are the same, the mass of each blade section will be the same and

will be given as,
mseci:mseC:pXASthec (4.66)

where pis the density of the blade material. The centrifugal force at the centre of

gravity of each blade section will now be given in the form,
Foei = My X ®® x heg, = iheg (4.67)

where xk =m,_ x®?® is a constant. The centrifuga force at the nodes of each blade

section will be determined. Since the blade is shroud-less, the centrifugal force at the
blade tip will be zero. The centrifugal force at the root of the blade (node 1) will be the
sum of the centrifugal forces at the centres of gravity of each of the 8 blade sections.
Thisisgiven as,

=8

(4.68)

i=1

At nodei , the centrifugal force F, will be,
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F=SF. (4.69)

Thus, for shroud-less blades, F, = 0. The centrifugal stress at each node o ; isgiven

by Equation (4.70),

Ocr = (4.70)

4.3.2 Bending M oment Stresses

The bending moment stresses are due to pressure change and velocity change of the
gases as they transverse the blade section. Thus, they are to be dealt with separately.
The pressure changeisin the axia direction while velocity change at each section of the
blade will be resolved in the axia and the tangential directions, and the resultant
velocity change force will be obtained. This resultant velocity change force when
assumed to act at the centre of gravity of the blade section will produce a bending
moment. Similarly, the pressure change when multiplied by the annulus area of a
section will produce the pressure change force, and if this force is assumed to act at the
centre of gravity of the section, it will produce a bending moment about any section of
the blade. Thus, the bending moments due to pressure change and velocity change are
determined first and the stresses they produce in any section are estimated using
Equation (4.71),

(4.71)

where M isthe bending moment about the neutral axis, | isthe second moment of area

about the neutral axis, y is the perpendicular distance from the point of the stress to the
neutral axis, while o is the bending stress to be evaluated. The sum of the bending

moments due to pressure change and velocity respectively are resolved about the blade

axis before applying in Equation (4.71).
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4.3.2.1 Pressure Change Bending Moments
The change in pressure as the gases pass through the blade is estimated by determining
the pressure at the inlet and the exit of the blade section. The change in the static

pressure Ap isthe same at each section of the blade and it is given as,

where p,, is the static pressure at the inlet of each blade stage and p, is the static

pressure at the exit of each blade stage. These parameters are obtained from their

respective stagnation parameters represented with capital letters, P, and P,

respectively. The axial velocities at the inlet and the exit of each stage of the turbine are

required in calculating these pressures. Details are given in the Appendix.

Taking the force to act at the centre of gravity of each blade section, the force on each

section of the blade, F depends on the size of the annulus area of the section and it

P,seci

isgiven by Equation (4.73),

_ Ap>< An,seci

P.seci —
Nb

E 4.73)

A «i istheannulus area of the blade section. For section 1, the annulus area will be,

Ah,secl = ﬂ-(hn,zz - I:'2brt2) (474)
For subsequent sections,
Ah,seci = ﬂ(hn,i+12 - hn,i 2) (475)

where 1< i <8. Since the force acts at the centre of gravity of each blade section, and
the centre of gravity of each blade section is located at the centre of the section aong
the blade span, the moment of the pressure force about the base of the section will be,

y hsec
P,seci 2

M, =F (4.76)

P,i

where M, ; is the pressure bending moment about the base of section i . The sum of the

bending moments about each node could be accumulated. At the blade root, the pressure
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change bending moment will be the sum of the bending moments at the base of al the 8

sections. Thus, at section i, the sum of the pressure bending moments about its baseis,
i=8
BM,, = z Mo, 4.77)

where BM; is the sum of the pressure change bending moments about the base of

section i of the blade. Detals of the various parameters and the thermodynamic
relations that will aid in the determination of properties used in the pressure change

bending moments are given in Appendix C.3.

4.3.2.2 Velocity Change Bending Moments
The velocity change as the gases traverse the blades creates forces due to change in
momentum. The forces could be estimated in both the axial and tangential directions at
each blade section by considering the specific mass flow of the gases as given by
Equation (4.78),

A

A, isthetotal annulus flow area of the gases and it is given by Equation (4.79),

m (4.78)

A, = (R’ ~Roi’) (479
R, and R, arethe mean blade tip radius and the mean blade root radius respectively.

Thus, with AV,, as the axial velocity difference for the first turbine stage (the same for

\%
AX, seci

all sections of the blade), the axial velocity change force F for each section of the

blade is as given by Equation (4.80),

eV My, x A i XAV,

AXx,seci T
Nb

(4.80)

The tangentia velocity change for each section of the blade is different and is denoted

asAV; . - For a given blade section, the tangential velocity change is evaluated at the

two nodes bounding the section and the mean value is used to represent the tangential
velocity change for the section. The tangentia velocity change force for each section is

given by Equation (4.81),
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m_ x X AVL
RV = o P X AV (4.81)

T,seci
Nb

where FY

T« 1S the tangential velocity change force at section i of the blade. The
velocity change bending moment of section i of the blade about its base, taking the
velocity change force to be acting at its centre of gravity is similar to Equation (4.76)

and is given for the axia and tangentia directions in Equations (4.82) and (4.83)

respectively:
v v hsec
M ai = Faxsec XT (4.82)
y y hsec
M T.i = FT,SECi X T (483)

M Xx,i is the bending moment of the velocity change force about the base of section i of

the blade about the turbine axial axiswhile My ;isitstangential counterpart. The sum of

the moments about the base of blade section i for the axial and tangentia directions are
given by Equations (4.84) and (4.85) respectively:

i=8
BM Xx,i = Z M Xx,i (4.84)

i=8
BMY, => MY, (4.85)

BM ., and BM/, are the sums of the bending momentsin the axial and tangential axis

of the turbine respectively. Steps at obtaining the axial velocities and the tangential
velocities at blade inlet and exit at different sections of the blade are presented in
Appendix C.3. The tangential velocity here is the tangential component of the absolute
velocity of the flow, referred to as whirl velocity in Appendix C.3.

4.3.2.3 Bending Momentsin Blade Direction

The axes (axia and tangential) of the aerofoil (of the blade) do not coincide with the
axial and tangential axes of the machine. The axial and tangential moments arising from
the pressure and velocity changes have to be resolved to the blade axial and tangential
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directions (see Figure 4.17). In Figure 4.17, BM , and BM; are the axia and tangential

bending moments on the turbine (machine) axial and tangential directions respectively.
The corresponding bending moments on the blade axial and tangentia directions are

indicated respectively as BM,, and BM,, . |, =1,,, IS the second moment of area

about the blade axial direction, while 1., =1, 1Sthe second moment of area about the

blade tangential axis. 6 isthe blade stagger angle which may vary from the blade tip to

the root, and hence from section to section of the blade.

Figure 4.17: Bending M oments Relative to Machine and Blade Directions

For each section of the blade, the bending moments about the base of the section in the
blade axial direction and tangential direction are as given by Equations (4.86) and

(4.87), where 6. is the blade stagger angle at the base of the section,
BM = (BM,, + BMY,, Jsing, + BMY, cos6, (4.86)

BM,, , = (BM,, + BMY, , Jcos, - BMY, cos, (4.87)
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BM , ; isthe bending moment in the blade axial direction at the base of each section of

the blade, BM,, ; isthe corresponding moment in the blade tangential direction.

4.3.2.4 Bending Moment Stresses

The stresses due to bending moments resolved in the blade direction are computed at
the blade leading edge (LE), trailing edge (TE) and farthest point at the suction surface
of the blade (SB). In Figure 4.17, X g and Xtg are the distances from the centre of
gravity (CG) of the blade to the blade LE and TE respectively in the blade axia
direction, Y g and Y ¢ are the corresponding distances in the tangential direction of the
blade. Xsg and Ysg are the distances from the CG to the farthest point at the suction
surface of the blade in the axial and tangential directions respectively. These distances
may vary from section to section along the span of the blade. At the base of any section,
the stress in each of the three locations (LE, TE and SB) can be expressed with a general

formula given by Equation (4.88),
BM, i xYs;, BM, . xXg,
, i , ,

BM _
Og,i =

(4.88)
| MIN, i | MAX ,i
In Equation (4.88), o¢! is the bending moment stress, G=LE at the leading edge,

G =TE at thetrailing edge and G = SB at the farthest point in the blade suction surface.

4.3.3 Total and Maximum Blade Str esses

The total stress at the base of each section of the blade in the three locations (LE, TE
and SB) is the sum of the centrifugal stress and the bending moment stress. This is
expressed as,

Oei =0 +0gy (4.89)

where o isthetotal stress at each of the three locations at the base of each section of

the blade. The maximum stress at the base of each section of the blades is used for the
life analysis of the blades. It is the maximum value of the three stresses at the base of

each section. Thus employing C-Sharp programming syntax, the maximum stress o, ;

could be expressed as in Equation (4.90),
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Tot

O =(072;) .max (4.90)

The distribution of stresses along the blade chord is similar to what is obtained from
finite element model presented in the work of Eshati [92] under similar loading;
although, the blade life is calculated at various nodes of the blade and the least value is
taken to represent the blade life in this work. A sequential Solution-Algorithm Tree of
the blade stress model is provided in Appendix D.5.

4.4 Chapter Conclusions

The engine life analysis sub-models are considered in this chapter. Three models are devel oped
to enable the engine life calculation feasible. The first is a computer module which collects the
field data, pre-processes it and sends the processed datato PYTHIA for off-design performance
calculations. Gas path properties are generated in the process and the results are compared with
those of the field data where data from the field are available, such as compressor exit
temperature and pressure. Some of the results obtained are sent to the two other models- blade
thermal model and blade stress model as inputs. Four thermal models are developed- uniform
temperature model with and without thermal barrier coatings, and one-dimensional temperature
model with and without thermal barrier coatings. The one-dimensional temperature model with
thermal barrier coatingsis used later for life calculations in this work as it fits into the nature of
the blades in the engine considered in this research. The thermal model estimates the
temperature of the blade material at 9 different nodes of the blade, as the blade is divided into 8
equal sections. Radia temperature distribution is applied together with convective cooling in
developing the thermal model. The stress model estimates the maximum stress at three chord-
wise sites (leading edge, trailing edge, and furthest point at the back of the blade) in each of the
9 nodal points of the blade. The stress model considers centrifugal stress and bending moment
change stresses arising from pressure change bending moments and velocity change bending
moments. Other sources of stresses are minor and thus not considered in the model. The
maximum stress at any of the chord-wise locations in each blade node is obtained in the blade

stress model and this value is used for the life analysis.
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5 ENGINE PERFORMANCE MODEL CREATION AND
MODEL ADAPTATION

An engine performance model of the real engine is created in PY THIA and adapted to
the conditions of the real engine so as to make engine life calculation feasible and to
ensure accurate estimation of engine performance parameters at any operating
condition. This is necessary because the lifing models and sub-models created and
integrated to PYTHIA make use of the some of the gas path properties, (especidly
temperatures and pressures at the inlet and exit of the high pressure turbine) from the
performance model. The creation and adaptation of the LM2500+ engine model is
considered here. The engine performance model is aso validated here. Also, the
algorithm for off-design performance cal culation using components matching technique
applicable to the LM 2500+ engine model is presented.

5.1 Creation of LM 2500+ EngineModel in PYTHIA

The creation of engine model in PY THIA involves the assemblage of component icons.
A prerequisite for setting up accurate engine model is proper configuration of the
components showing how the various components are related in graphical form. Figure
5.1 shows the configuration of the LM 2500+ engine model.

Figure5.1: Engine Performance Model Configuration
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The engine performance model in PYTHIA is shown in Figure 5.2 and the components

areidentified in Figure 5.3.

Figure5.2: LM 2500+ Engine Performance Model in PYTHIA

Figure5.3: Identification of Engine Model iconsin PYTHIA
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The next stage of the engine model creation is to click on each icon and fill in the initial
component performance parameters. For the INTAKE icon for instance, ISA T
Deviation and ISA P Deviation, which are the deviations of the ambient temperature
and pressure respectively from ISA conditions should be provided, together with other
relevant parameters. In providing the initial component parameters, the engine operation
data from the field isrelied on. The initial component parameters for the INTAKE brick

are shown in Figure 5.5.

Figure5.4: Parametersfor Setting up INTAKE Brick in PYTHIA

All the required data are provided for each brick or icon, and the engine performance
model is fully set up. The next step is to adapt the engine performance model to the rea
engine operation conditions.

5.2 Design Point Adaptation of the L M2500+ Engine M odel

The created engine model is adapted to both the design-point and off-design point
conditions. Here, only results of the design point adaptation are presented. As pointed
out in Chapter 3, to do design-point adaptation on the engine model, to-be- adapted
component parameters as well as target performance parameters are selected; these
parameters for the LM2500+ engine model design popint adaptation are as shown in
Tables 5.1 and 5.2 respectively.
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Table5.1: To-be-Adapted Component Parameters

No.  Parameter Symbol Unit
1 Mass flow at compressor inlet m, kg/s
Compressor pressure ratio PR _
3 Compressor isentropic efficiency N4 —
4 Compressor turbine isentropic efficiency Ner —
5 Power turbine isentropic efficiency Ner —
6 Burner exit temperature T, K
Table5.2: Target Performance Parameters
No.  Parameter Symbol Unit
1 Compressor exit temperature T, K
2 Compressor exit total pressure P, atm
3 Compressor turbine exit temperature T; K
4 Compressor turbine exit total pressure P, atm
5 Power turbine exit temperature Tq K

In addition to the above parameters, condition parameters are defined for design point
performance adaptation in PYTHIA. The condition parameters selected for this analysis
are:

e Deviation of ambient temperature

e Deviation of ambient pressure, and

e Power turbine auxiliary work.

The to-be-adapted performance parameters are selected at a steady operating condition
of the real engine. The selected point, which may be viewed as the design point, may
not the actual design point provided by the original engine manufacturer (OEM). In fact,
because of the constant changes in the environmental conditions from season to season,
it is pertinent the engine model is adapted to the prevailing operating conditions before

any further work is done, such as gas path analysis, diagnostics or life analysis.
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Data Selection

To aid the selection of stable operating condition, data acquisition and pre-processing
software was developed. A new data acquisition and pre-processing software similar to
the existing one but with more capabilities was developed in the course of doing this
work. More functions were added by M Sc students who did adaptation and diagnostic
works on the same engine. In this adaptation process, the selected datais in May 2014.
The data selection process is shown in Figures 5.5 and 5.6 for the newly developed
platform and the old platform respectively.

Figure5.5: Data selection Window- New Platform

Figure5.6: Data selection Window- Old Platform
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One of the advantages of the new platform is that it could obtain the mean value of any
range of selected data. This is more representative of all the values in any stable
condition than choosing a single point as in the case of the old platform. The criteriafor
data selection can be easily identified. These are selecting data in an interval in which
the power is in a steady state, and selecting data close to the nominal value in the
engine, in this case 30MW [202]. In this work, the selected power was 30.1045MW in
May 20 2014. Further capabilities of the data acquisition and pre-processing system and
how data is selected for diagnostic analysis or adaptation processes are well explained
in the works of Aziaka[203] and Bugging[204].

Set up of Adaptation Processin PYTHIA and Adaptation Results

The adaptation process is set up in PYTHIA by selecting the to-be-adapted component
parameters and the target performance parameters from the appropriate windows as
shown in Figure 5.7. Values of the target performance parameters and the condition
parameters are provided. Once the set-up is completed, linear and non-linear design
point performance adaptation can be done by pressing the respective menus under the
Run main menu (See Figure 5.8). The non-linear adaptation results were adopted in this

work.

Figure5.7: Adaptation Settingin PYTHIA
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In carrying out design point adaptation, the process may be repeated several times. After
each adaptation phase, the predicted parameters may be far from target parameters,
meaning large RMS value. The initial parameters in the engine model have to be
updated with the adapted parameters and the process is repeated. When the RM S value
is less than 0.001, the adaptation process may be stopped and the engine model should
be finally updated with the adapted parameters. In this work, RMS value of 6.55x10~*

was obtained as shown in the adaptation resultsin Figure 5.8.

Figure 5.8: Design-Point Performance Adaptation Results

In this research, the engine model was adapted to both design and off-design conditions
using the capabilities provided by PYTHIA.

5.3 Validation of Engine Performance Model

The adapted model ought to predict engine gas path parameters and performance
parameters that are very close to those of the rea engine at different operating
conditions; especially shaft power levels and ambient conditions. The engine
performance model is validated by running the model at different off-design conditions
and comparing relevant simulated results from the engine model with those from the
field. Power is used as the handle in the engine model and every gas path properties

responds to power changes. The compressor exit temperature, T, , and the power turbine
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exit temperature T, for 288 data points for field data and simulated data from the engine

model are compared in Figures 5.9 and 5.10 respectively.

Figure 59: Comparison of Field Data and Simulated Data - Compressor Exit

Temperature

Figure 5.10: Comparison of Field Data and Simulated Data - Power Turbine Exit
Temperature

The generation and comparison of relevant data is made possible by the author’s newly
developed life analysis model incorporated to PY THIA which can collect data from the
field in excel sheet as input directly. The developed platform admits 24 hours data, and
using shaft power and ambient temperature deviation as off-design conditions, other gas
path properties are calculated using the capabilities of PYTHIA. Data is collected in
every 5 minutes from the real engine and saved in excel, this amounts to 288 data values
in every 24 hours. In each of the graphs, the green line stands for field data while the

brown line represents simulated data. For the above comparisons, the maximum
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deviation between the field data and the simulated data occurs in the power turbine exit
temperature as indicated on the graph and the value expressed in percentage is less than
0.02%. The code is able to predict these deviations at each point. In some days, the

percentage deviation isvery minimal asin Figure 5.11.

Figure5.11: Close Matching of Field Data and Simulated Data

Another thing to look at is how other parameters respond to power variations. Figure
5.12 shows the shaft power output from the field while Figures 5.13 and 5.14 shows
respectively the response of field data and ssimulated data to power changes.

Figure5.12: Shaft Power Variation of Engine over 24 hours
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Figure5.13: Response of some Field Data to Shaft Power Variation
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Figure 5.14: Response of Some Simulated Data to Shaft Power Variation

In Figure 5.13, all the four parameters vary in the same pattern as the power, showing
that shaft power influences all gas path properties. Power is thus used as the handle in
the engine model created in PYTHIA. The simulated results also respond in line with
power variation as shown in Figure 5.14. Having tuned the engine performance model
to the real engine condition, and all gas path properties from the simulations closely
matching the rea engine properties, and also varying proportionately with power
changes, the output from the engine model could be trusted for further analysis such as

lifeanalysisasin this case.
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5.4 Off-Design Perfor mance Calculation of L M 2500+ Type Engine

The components matching technique of off-design performance calculation could be
applied to various engines. The application of this technique to an engine with gas
generator and a free power turbine (similar to the engine used in this research) is
presented below. A schematic diagram of the gas turbine unit is shown in Figure 5.15,
where the gas generator is placed inside dotted rectangle. The compressor turbine drives
the compressor, thus, the work output of the compressor turbine should be equal to the

work absorbed by the compressor.

Figure 5.15:Gas Turbine Unit- Gas Generator with a Free Power Turbine

In carrying out off-design performance calculation using the matching technique, some
basic assumptions have to be made. Some of these assumptions are given here.

e Themassflow rate at station 1, M, is assumed to be the same as the mass flow
rates at stations 3, 4 and 5 assuming fuel flow compensates the bleed air for
cooling. Thus, m =m, =m, =rm, =m

e The value of the pressure loss in the combustion process AP, is taken as a
percentage of the compressor delivery pressure P, (stagnation values are used),
and it is assumed.

e Ram effect in the intake processis negligible, also exhaust losses are negligible,
thus, P,=R =R, aso, T,=T,; P, and T, are the ambient pressure and

ambient temperature respectively.
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Shaft speed is taken as the engine handle. The basic steps in the matching process are
highlighted below.

STEP 1: IN THE COMPRESSOR

Assumptions: B, =P,; T, =T,

(i)

(i)
(iii)
(iv)

v)

(vi)

Select compressor rational speed N, calculate N/,/T,

Guess pressureratio, P,/P, (=P

 « | P, in Figure 3.10(a))
From compressor map (Figure 3.10(a)), read the value of the non-
dimensional mass flow, my/T, /P,

From Figure 5.16(b), read the value of the compressor efficiency, 7.
y-1

Calculate the compressor temperaturerise; AT, :L (&j -1{, y isthe

c 1

ratio of the specific heat capacities of the compressed air

Calculate the compressor work (specific work); CW = Cp,AT,,, Cp,is the
heat capacity of the compressed air

STEP2: IN THE COMBUSTOR

(i)

(i)
(iii)
(iv)

(v)

Assume values for the combustion efficiency , ., and pressureloss, AP,
Guess the combustor exit temperature, T,

Obtain T, from STEP 1 (v) and calculate the combustor temperature rise;
AT, =AT, =T, -T,

From the combustor map (Figure 3.12), read the theoretical fuel/air ratio and
calculate the actual fuel/air ratio using Equation (3.83)

Caculate:  (8)P, from P,/P,=1-(AP,/P,) ; (b) N/|T,; (¢) non-

dimensional mass flow at combustor exit; (m\/f / P3)

CC,EXIT

STEP 3: IN THE (COMPRESSOR) TURBINE

(i)

Guess turbine pressurerétio, P,/ P,
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(i) From turbine characteristic map (Figure 3.11 (a)), read the value of the non-

dimensional mass flow at turbine inlet, (m\/ﬁ /P3)T‘|NLET; from Figure

3.11(b), read the value of turbine isentropic efficiency, n,

(i) Cadculates (a) the temperature drop across the turbine,

-yp

P, : : - -
AT, =n,T,|1- (st ' , 7nis the ratio of the specific heat capacities of

4

P3
(P/P,)

dimensional mass flow at turbine exit, (m\/ﬁ/a)

T,EXIT

the hot gases; (b) P,: P, = , T, from T, and AT,, (c) The non-

(iv)  Calculate the turbine work, TW =n,Cp,AT,,, Cp, and n, are the heat

capacity of the hot gases and mechanical efficiency respectively

STEP 4: CARRY OUT CHECKS

0 Check for work compatibility between compressor and turbine:
IsTW=CW?
If YES, goto (I1); if NO, change the turbine pressureratio P, / P,

(I Check for compatibility of flow between combustor exit and turbine inlet:

Is (m\/T_3/P3)cc,EX|T :(m\/T_3/P3)T,INLET?

If YES, goto STEPS5; if NO, change the value of T,

STEP5: IN THE POWER TURBINE
(i) Calculate the turbine pressurerétio, P,/ P,: P,/P,=P,/P,; B, =P,
(i) From Figure 3.11(a), read the value of the non-dimensional mass flow at the

power turbineinlet, (m\/ﬁ /P, )PT,INLET

STEP 6: CARRY OUT FINAL CHECK

Check for mass flow compatibility at the exit of the compressor turbine and the inlet of

the power turbine:
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s (m\/ﬁlp“)T,EXIT :(rh\/ﬁlp“)PT,lNLET ?

If NO, choose another compressor pressure ratioP, / B; if YES, matching is completed.

The calculation could be carried out for another value of N.

The caculation of power output, overall plant therma efficiency, specific fuel
consumption, etc. could be easily carried out when matching is completed. The
algorithm of the matching technique presented here has nested-loop format and involves
iterations. Other methods of components matching in off-design calculations are in use,
and component matching algorithms of different engine configurations could be found
in many literatures [1], [3], [19]. PYTHIA exploits components matching techniques in
off-design performance calculations using the code provided by TURBOMACH [205],

Cranfield in-house gas turbine performance and diagnostic software.

5.5 Chapter Conclusions

In this chapter, engine performance model creation, model adaptation, model validation,
and off-design performance calculations are considered. The engine performance model
is created in PYTHIA and adapted to both the design and off-design conditions. The
creation of engine performance model requires the selection of component icons and
providing relevant data for the icons. The engine performance mode is a
thermodynamic model of the real engine and made to behave like the real engine
through adaptation. Design-point adaptation adaptation of the LM2500+ engine is
carried out and the results are presented. PYTHIA has the capabilities of both design
point adaptation and off-design point adaptation and these capabilities were exploited in
adapting the created engine model. The adapted engine performance model is validated
by comparing the ssmulation results from the engine performance model to the results
from the real engine in the field. The simulation results closely matched the results from
the real engine. Also, all gas path properties responds to power variation in the manner
expected in practice. The engine performance model is thus adjudged to be appropriate
for further work, such as life analysis in this case. The off-design performance
calculation process applicable to the engine model used in this research is aso
presented.
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6 CREEPLIFE ANALYSIS

The creep life consumption analysis of the HP turbine blades of the LM 2500+ engine
used in this research is presented in this chapter. Also, creep life tracking and factors
affecting creep life consumption are considered. The creep life analysis sub-models-
engine performance model, data acquisition and pre-processing model, blade thermal
model, and blade stress model are presented in previous chapters. These models and the
creep life estimation mmethodologies presented in chapter 3 are applied to real engine
operation data for creep life consumption analysis. In this work, the engine performance
model, the blade thermal and stress models, the data acquisition and pre-processing
module and the creep life model are assembled to form an integrated creep life
assessment system, where engine creep life at different periods of engine operation
could be estimated separately and cumulatively to obtain the equivaent creep life

consumption.

6.1 Creep Life Estimation for Daily Engine Operation
Figure 6.1 presents a comparison among the simulated creep life at each step, the
equivalent creep life, and the creep life fraction for one day operation of the engine; the

parameters evaluated using the models developed in this research.
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Figure 6.1: Predicted Creep Life, Equivalent Creep Life and Life Fractions for a typical
Day Operation
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Figureo.2: Creep Factorsand Equivalent Creep Factorsfor Cold Day Engine Operation

Figure 6.3: Creep Factorsand Equivalent Creep Factorsfor Hot Day Engine Operation

Figure 6.2 shows the creep factors for al the engine operation points and their
respective equivalent creep factors and reference line (equivaent to creep factor of
unity) for one day operation of the engine. The creep factors are quite high and only few
values are below the reference line which value is unity. The equivalent creep factor for
the day is 1.4556, which is much higher than the reference value. Figure 6.2 was
obtained from a day in January where temperatures were low (many of the recorded

temperatures were lower than the engine model design point ISA deviation
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temperature). Few creep factors are less than the reference value. In Figure 6.3 many
creep factors are less than the reference value. The data was obtained from a hot day in
June and quite a number of the recorded temperatures are above the engine model
design point ISA deviation temperature. The equivalent creep factor for the day
operation of the engine is 1.0545. Comparing the two days of engine operation, the
creep life consumption in the second day is higher as the lower equivalent creep factor
trandates to smaller value of equivalent creep life and hence shorter time to creep
failure (see Equation (3.14)).

The values of the creep factor at each point of engine operation depends largely on the
power level and the ambient temperature- the two off-design conditions considered in
engine off-design performance calculation. In Figure 6.3, if only temperature was
considered, almost all the creep factors would have been less than the reference value.
The power level at many points was lower than that of the engine performance model
design point value hence the creep factors are pushed up. The high creep factor values
recorded in Figure 6.3 is due to lower power output and thisis shown in Figure 6.4.

Shaft Power [MW]

Low shaft powers, leading to high

creep factors

Time (in time span of 5 minutes)

Figure 6.4: Influence of Shaft Power Variation on Creep Factor
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6.2 Creep Life Tracking of Gas Turbine Components. A Case Study

In this work, it is possible to monitor the creep life consumption of the HP turbine
blades quickly. This is done by analysing the daily life consumption of the engine to
obtain the equivalent creep factor of the engine operation per day. The equivalent creep
factor for a number of days of engine operation could be obtained as the code written
automatically calculates the equivalent creep factor for al the data it captures to
calculate the life consumption. By comparing the equivalent creep factors per day of
engine operation over a period of time, the engine operator will clearly see how well the
engine has been operated in that period. Also, an estimate of the life consumed in the
period will be noted in addition to an estimate of the remaining life of the engine. If the
equivalent creep factor over a given period is more than unity, then cumulatively, the
engine has been operated in a favourable condition compared to the reference life of the

engine.

To test the feasibility and the applicability of the developed agorithms for creep life
tracking, the developed creep life anlysis/tracking methodology is applied to 8 months
of real engine operation data to see how the engine life could be tracked. Figure 6.7
shows the equivalent creep factors per day for 8 different months of engine operation

(January, February, March, June and July, August, November, and December 2014).
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Figure 6.5: Equivalent Creep Factorsin Eight Months of Engine Operation

From Figure 6.5 (a), (b) and (c), the equivalent creep factors per day of engine operation
are all above 1. These months come with low ambient temperatures and hence low
engine life consumption with power level not too high. Very high creep factor valuesin
these three months result from very cold days. In Figure 6.5 (d), the equivalent creep
factors are quite high, but in many days, the value not much greater than unity. Thisis
because of a mixture of cold and hot days recorded in June while similar power levels of
engine operation were maintained. In July, as depicted in Figure 6.5 (e), the engine was

operated in a bit harsh conditions as the equivalent creep factors were lower than unity
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in some of the days. In August, the ambient temperatures were a bit high from the
beginning of the month up to the middle of the month and many equivalent creep
factors are close to 1 in this period. Between the 20" and the 25" of the month, low
temperatures crept in and the equivalent creep factors went up. In November, as shown
in Figure 6.5 (g), engine operation was not favourable in some days but quite favourable
in many other days. In December, temperatures were low generaly and the equivalent
creep factors were all above the reference value of unity as shown in Figure 6.5 (h). To
mitigate fast consumption of engine life in hot days, the power level should be reduced
if necessary. The effect of ambient temperatures and power level on creep life

consumption is considered later in this chapter.

To compare the impact of engine operation on creep life consumption of each month
considered, the equivalent creep factors estimated for each month of engine operation
are used. The equivalent creep factor of engine operation for each month considered is

givenin Figure 6.6.
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Figure 6.6: Equivalent Creep Factorsfor Each Month of Engine Operation

In Figure 6.6, the equivalent creep factor obtained for March and December are the
highest while the value for July is lowest. In March and December, the temperatures
were quite low in many days leading to favourable engine operation conditions and
hence high equivalent creep factors. In January and February, low temperatures were
recorded and the equivalent creep factors are quite high, though lower than those of
March and December. July came with highest ambient temperatures and lowest
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equivalent creep factor for all the months considered. Judging engine life consumption
for the entire period based on January data will lead to overestimation of engine life
since the equivalent creep factor of the 8 months of engine operation (overall equivaent
creep factor, denoted as OE) is lower than the value obtained in January. Also, using
July data for engine life estimation will give lower values compared to the overall

equivalent. The overall equivalent creep factor is representative of all the data employed
in the analysis.

The equivalent creep factors for each month of engine operation are different from the
overal equivalent creep factor for all the 8 months under review. Figure 6.7 shows the
percentage difference between the equivaent creep factor of each month and the overall
equivalent creep factor. Absolute values are used in the percentage evaluation. The
percentage differences are highest in March followed by December- the two months of

most favourable engine operation where the equivalent creep factor is much greater than
the reference creep life.
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Figure 6.7: Percentage Difference between Monthly Equivalent Creep Factorsand Overall
Equivalent Value

The percentage differences are lowest in June and November which equivaent creep
factors are very close to that of the overall equivaent. The percentage difference in July
IS quite high as its equivalent creep factor is the lowest in al the months of engine
operation under review. Comparing the percentage difference in July with those of
January and February, it is clear that the equivalent creep factors in January and

February are closer to the overall equivalent value compared to the equivalent creep
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factor value in July. The overall equivalent creep factor value is also included in Figure
6.7 for the purpose of completeness. The percentage difference at this point is zero since
the percentage difference is calculated based on the deviation of the equivalent creep

factor of each month of engine operation from the overall equivalent value.

The equivaent creep life based on each month of engine operation is given in Figure
6.8. The equivalent creep lives are in the same order with the equivalent creep factorsin
terms of magnitude. The equivalent creep lives are highest in March and December but
lowest in July. In January, February, March and December, the creep lives estimated are
each higher than the overall equivalent value; estimating engine life using the results of
any of these months will lead to over-estimation of engine life with respect to the
overal equivalent value. In June, July, August and November, the creep lives are each
lower than the overal equivalent value; thus, estimating life using any of these months
will lead to under-estimating of life compared to the overall equivalent value. Using the
July result for life estimation will lead to the highest under-estimated value while March
value will give the highest over-estimated life value.
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Figure 6.8: Equivalent creep lifefor each Month of Engine Operation

The overall equivalent creep life of the 8 months analysed is close to the values in June
and November, hence June gave the lowest value of percentage difference followed by
November. It is clear from the creep life values that accurate life estimation involves
using much data. Using the code developed in this work, analysing many data for
engine life consumption is possible within a short time. The remaining life based on

each month of engine operation could be estimated. The remaining life is the difference
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between the equivalent creep life and the number of hours the engine has been in
operation for the period considered. The smaller the equivalent creep life, the faster the

rate of engine creep life consumption, and vice-versa.

Table 6.1: Engine Operation Data

SIN Month Period of engine operation Equivalent creep factor
1 January 631.17 1.9858
2 February 498.50 1.9163
3 March 471.92 2.3633
4 June 619.92 1.4553
5 July 616.08 1.0180
6 August 683.58 1.2280
7 November 375.75 1.4412
8 December 328.16 2.3329
9 Overall 4211.08 1.5278

Table 6.1 shows the months of engine operation with the total hours engine was
operated in each month. The equivalent creep factors for each month are also included.
In the period considered, the engine was operated for a period of 421.08 hours and the
equivalent creep factor for the whole period is estimated as 1.5278. The creep lives and
the remaining lives predicted may not be very accurate, but the values in each case are
related to the actual values which are aways difficult to predict. This formed the
decision for relative life anaysis using the creep factors and the equivalent creep
factors. This enables the engine operator to ascertain the wellness of engine operation.
In al, the life tracking procedure developed in this research can clearly distinguish
between a set of engine operating conditions the level of wellness of engine operation in
each condition. Also, the remaining lives predicted will certainly give the engine
operators some idea of when engine component will fail and enable them to make

decisions concerning maintenance and replacement of affected parts.

6.3 Effects of Ambient Temperature and Shaft Power on Creep Life

From the previous section, it is clear that ambient temperature affects the creep life of
the HP turbine blades. Power also affects the creep life of the blades but the extent to

which the creep life is shortened or lengthened as a result of a unit increase or drop in
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ambient temperature at different power levels need to be investigated. Pinning the
temperature drop or rise effect on life to power level is necessary because power
influences creep life also and at different power levels the rise in ambient temperature
will have different magnitude of effect on the turbine blades. Shaft power (SP) levels of
70% to maximum power level (100%) and ambient temperatures of 5°C to 30°C
(expressed in terms of deviations from ISA condition) are employed to see the effect of
temperature drop on creep life at each power level. By increasing the ambient
temperature from 5°C to 30°C (-10 to 15 deviation from I1SA)) at the various power

levels, the creep factors of the engine operation are as shown in Figure 6.9.
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Figure 6.9: Creep Factors Variation with Ambient Temperature at different Shaft Power
Levels

In investigating the effect of ambient temperature increase on creep life, the effect of
unit increase in ambient temperature on creep life could be estimated by calculating the
percentage decrease in creep factor. In doing this, the original temperature before the
increase should be specified. Expressing the increase in ambient temperature in terms of
percentage may not be inappropriate, unless a universal starting temperature is accepted.
In this work, effect of ambient temperature on creep life consumption is investigated in
the range -10°C to 15°C deviation from ISA. -10°C deviation from ISA is used as a
basis for calculating percentage increase in ambient temperature. Based on this, at -9°C
deviation from ISA, the percentage increase in ambient temperature will be 10%. Thus,
a unit increase in ambient temperature or percentage increase in ambient temperature
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could be used in investigating the effect of ambient temperature rise on creep life; in
both cases, the starting point should be specified.

Increase in ambient temperature leads to increase in the temperature of the gases at
turbine entry, and the blades are exposed to higher creep life consumption. The rate of
life consumption depends on the power level of the engine. The creep factors decrease
with increase in ambient temperature at all power levels. This is because an increase in
ambient temperature leads to corresponding increase in the temperature of the gases the
blades are exposed to. The rate of decrease in creep factors with ambient temperature at
each power level is higher in the lower temperature band. This is because in the lower
temperature band the gases are more compressible and change in ambient temperature
in that range will produce more noticeable change in the properties of the gases at the
combustion exit compared to the higher ambient temperature band. Also, ambient
temperature has much influence on creep factor and hence creep life at lower power
levels than at higher power levels; this is understandable since at higher power levels an
increase in ambient temperature may not lead to too much significant increase in the
combustor exit gases. Higher values of creep factors are gotten in lower ambient
temperatures and lower shaft power levels, thus at each power level, higher percentage

decrease in creep factors are obtainable at lower ambient temperatures.

Figure 6.10 shows the average percentage decrease in creep factors with ambient
temperature at different power levels. The percentage decreases in creep factors with
ambient temperature for al the range of ambient temperatures considered are used in
getting the average value at each power level. For instance, at 70 % power level and -
10°C the creep factor is estimated; when the ambient temperature increases from -10°C
to -9°C, the creep factor drops by a certain percentage based on the original -10°C creep
factor value. As ambient temperature increases by a single step at a given power level,
the percentage decrease in creep factor is estimated in each case. The average value of
all the percentage decreases in creep factors due to ambient temperature increase a a
given power level is computed and this represents a single bar in Figure 6.10. The mean
value of the average percentage decreases for all the power levels is about 12.33 %.
Based on this value the creep factor of the hot section turbine blades will be reduced by
a factor of 2 (to half the origina value at set temperature and power level) when the
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ambient temperature is increased by 8.11 units. In terms of percentage increase in
ambient temperature, 1% increase in ambient temperature leads to about 1.23% drop in
creep factor. On the other hand, the creep factor will double when the ambient
temperature drops by 8.11 units at the power levels considered. This value though not
be taken as a global vaue but to a large extent portrays how engine creep life

consumption varies with ambient temperature increase and decrease.
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Figure 6.10: Average Percentage Decrease in Creep Factorswith Ambient Temperature at
Different Power Levels

A major consideration in industrial gas turbine operation isto consider operating at high
power level or low power level. Creep life increases with decrease in shaft power and
the rate of increase is higher in the higher power band (that is when power is dropped
from say 100 % 95 % the increase in creep life is higher compared to when power is

dropped from 75 % to 70 % at any prevailing ambient temperature).
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% increase creep factor: power drops from 95 % to 90 %
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Figure 6.11: Percentage Increase in Creep Factor with Shaft Power Drop at different
Ambient Temperatures

The increase in creep factors due to drop in power from 75 % power level to 70 %
power level and from 95 % power level to 90 % power level for different ambient
temperatures are shown in Figure 6.11. At a particular power drop, the increase in creep
factor is lower at higher ambient temperatures. At a particular ambient temperature,
increase in creep factor with power drop is higher in the higher power band. That is,
benefits in terms of increasing creep life from power drop are more pronounced at lower
ambient temperatures in the higher power band. This is because at higher ambient
temperatures the turbine efficiency drops hence lowering the power has less effects at

this poor operation region compared to the comfortable lower ambient temperature
operations.

The increase in creep factors with power drop increases to a peak and later drops as the
power drop occurs at lower power levels. Below 90 % power level, the values of
increase in creep factor with power drop are lower but with no proper trend. This is
shown in Figure 6.12; the mean vaues of the percentage increase in creep factor as
power drops from one level to another at different ambient temperatures are used in the
figure.
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Figure 6.12: Average Percentage Increasein Creep Factor with Shaft Power Drop

The trend in the increase in creep factor with power drop tends to show that operating
the engine far away from peak power conditions does not translate to faster saving in
creep life. Operating the engine in this case between 100% and 90% power levels will
mean lower engine life in terms of gains in dropping the shaft power. The results also
depict favourable engine operation close to peak power level as against peak power
level operation and operations far removed from peak power level. Although, the HP
compressor turbine blade life is higher at the lower power band, but the benefits in
increasing creep life with power drop are higher in the higher power band. A mean
value of 36.66% increase in creep factor with power drop is recorded in al power drops
and all ambient temperatures considered in this research. In terms of a unit drop in shaft
power, creep factor increases by 24.44% while creep factor increases by 7.33 % for 1%
drop in shaft power. Going by the last value, the blade life will double when power is
dropped by 13.64%. This vaue, like the value obtained in increase in ambient
temperature at different power levels, is not a global value, but tends to portray the
effect power drop has on creep life at different ambient temperatures. It is pertinent to
point out that shaft power drop has positive effect on creep life in the same magnitude
shaft power increase does negatively to creep life.

From the foregoing, power variation has more effect on creep life than ambient
temperature variation does. Since we have some control on the power level of engine

operation, it is of advantage to the operators of gas turbines. The magnitudes in the
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increase in creep life with power drop serve as guides to the gas turbine operator,
deciding whether it is necessary to operate at a reduced power level based on the power
demand. Operating at lower power levels may be necessary during periods of low power
demand and high ambient temperatures, but the benefits in dropping the power at high
temperatures are not much pronounced compared to the lower temperature range. The
decision to dropping power may not be taken solely on the need to increase creep life,
but at periods of low power demand, any decision to drop engine shaft power will

equally lengthen the creep life of turbine blades.

6.4 Effect of Engine Degradation on Creep Life

Although, in this work direct field data is employed in the engine life analysis and the
results obtained are those of the actual state of the engine, but there is the need to
investigate the nature of the results by planting degradation in the maor engine
components. This is necessary because gas turbine components undergo degradation
with time, and degraded engine components will lead to changes in creep life
consumption when the engine is operated under the same ambient temperature and other
operating conditions. Three components in gas turbine are usually considered in engine
degradation. These are the compressor, combustor, and compressor turbine. In this
research, the effect of compressor and compressor turbine degradations on the creep life

of compressor turbine bladesis investigated.

Methods of investigating degradation of gas turbine components have been extensively
studied [159]{162], [206], aso the effects of engine degradation on engine
performance has been looked at by severa researchers [163], [164]; but the effect of
degradation of engine health parameters on the life of engine components has not been
thorough investigated. Compressor degradation comes in the form of compressor
fouling and compressor erosion leading to reduction in non-dimensional mass flow
(flow capacity), reduction in compressor isentropic efficiency, and reduction in
compressor pressure ratio. Turbine degradation on the other hand may result from
turbine fouling and turbine erosion. Turbine fouling leads to drop in both turbine flow
capacity and isentropic efficiency while turbine erosion leads to rise in turbine flow

capacity but drop in turbine isentropic efficiency. Turbine degradation also leads to
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change in enthalpy drop and its magnitude is assumed to be inversely proportional to
flow capacity change. Li[159] defined the component degradations in terms of engine
health parameter degradation indices (degradation scaling factors). These indices for the
compressor are the flow capacity index, isentropic efficiency index, and the pressure
ratio index. The pressure ratio index is assumed to be equal to the flow capacity index.
For the turbine, the indices are the flow capacity index, isentropic efficiency index and
enthalpy drop index. The enthalpy drop index is assumed to be the inverse of the flow
capacity index. Thus, flow capacity index and isentropic efficiency index are used to
represent both compressor and turbine degradations, as the other index in each case is
implicit. The flow capacity index and the isentropic efficiency index are independent of
each other in both compressor and turbine degradations. The health parameter index in
each case is as the ratio between the degraded engine parameter and the clean engine
parameter and thisis given by Equation (6.1),
j“d

o =7 (6.2)

clean

., is the degradation index, ¢ stands for the component degraded ( compressor or

denote the

turbine), A represents the parameter degraded, while 2, and A,
parameter in the degraded and non-degraded (clean) conditions respectively. The clean
engine condition for any engine that has been operated for a while has to be specified
and its gas path properties noted. This is then used as a reference point with which
further engine gas path properties are compared with to estimate component

degradations.

Both compressor and turbine degradations lead to changes in the component maps.
Figure 6.13 shows the compressor maps for clean as well as degraded compressor while
the turbine maps for a clean turbine and a degraded turbine respectively are shown in
Figure 6.14.
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Figure6.13: Compressor CharacteristicsMapsfor Clean and Degraded Engines

Figure 6.14: Turbine Characteristics Mapsfor Clean and Degraded Engines
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The changes in the component maps due to degradation affect the overall engine
performance. The gas path properties at the various stations along the engine
components vary with components degradation. In life analysis, the temperatures and
pressures at the compressor exit and the turbine inlet/exit affect the life of the turbine
blades. Considering an engine with compressor efficiency degradation, the temperature
of the gases at the compressor exit is increased. This is shown in the temperature-

entropy (T-S) diagram of the compression process in Figure 6.15.

Figure 6.15. Temperature-Entropy Diagram of Compression Process with |sentropic

Efficiency Degradation

The numbering in Figure 6.15 is based on the LM2500+ engine performance model
given in Figure 4.1. The pressure at the exit of the combustor (P,=Ps in Figure 4.1) is
lower than P; due to pressure loss in the combustion process as shown in Figure 6.15. Ps
is the pressure at the exit of the compressor turbine. The isentropic compression process
without degradation in isentropic efficiency is process 2- 3i, while the actual
compression process without degradation in isentropic efficiency is process 2-3a. The

compressor isentropic efficiency n isdefined by Equation (6.2),
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T, -T
Ng =——2 (6.2)
T3a _Tz
The compression work W_ (in J/s) is given by Equation (6.3),
Wc = man,a(TBa _TZ) (63)

m, (inkg/s)isthe flow rate of the air , while C_, (in JkgK) is the specific heat capacity

: . T, -T o
of the air at constant pressure. From Equation (6.2), T,, - T, = —>—2; substituting in

Equation (6.3), the compression work is as given by Equation (6.4),
m,C

Wc =——=_P2 (T3i _Tz) (6-4)
nci

From Equation (6.4), when the compressor isentropic efficiency n, decreases, the
compression work W_ increases. To maintain the same compression work, the

compression process will not get to Ps. Pressure drops from P; to Py. The actud
compression process follows the path 2-3'. T3 is greater than T3, Thus in acompression
process with isentropic efficiency reduction, to maintain the required compression work
as in non-degraded engine condition, the pressure at the compressor exit decreases
while the temperature at the compressor exit increases. Since the compressor exit air
serves as the cooling air for the turbine stage, if the compressor turbine entry
temperature (TET) is the same as in non-degraded engine (TET will equally increase
with compressor degradation), the temperature of the compressor turbine blades will be
higher. This will lead to failure of the compressor turbine blades in less time compared
to a clean engine. Compressor flow capacity reduction also leads to increase in
compressor exit gas temperature. The gas temperature at the compressor exit (Tsin this
case), and the compressor turbine entry temperature (TET) are the two major parameters
which influence the temperature of the compressor turbine blade material and hence the

life of the blades under different cases of engine components degradation.

Both T3 and TET increase with ambient temperature and shaft power. Figures 6.16 and
6.17 show respectively T3 and TET vaues for two different power levels with clean

engine, engine with compressor flow capacity reduction, and engine with compressor
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isentropic efficiency reduction. The temperatures are expressed relative to a reference
point of engine operation. The temperatures are obtained at 90% power level and
maximum power level (100%) at different ambient temperatures expressed in terms of
deviations from ISA. Aside the clean engine, designated as CE, 1% reduction in
compressor flow capacity (FCR-flow capacity reduction) and 1% reduction in
compressor isentropic efficiency (EffR- Efficiency reduction) were implanted in the
engine performance model to obtain temperatures in the degraded case.
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Figure 6.16: Relative Temperature at Compressor Exit at different Power Levels and

different Engine Conditions
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Figure6.17: Relative TET at different Power Levelsand different Engine Conditions
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Comparing the compressor exit temperature for the clean engine with either case of
compressor degradation, the compressor exit temperature is higher for the degraded
cases at the two power levels. For the two cases of degradation, compressor isentropic
efficiency reduction leads to greater increase in compressor exit temperature at the two
power levels considered. A similar trend occurs in the turbine entry temperature; but in
this case, compressor isentropic efficiency reduction leads to relatively greater increase
in turbine entry temperature. From the above trend, one can conclude that for the engine
under consideration, compressor efficiency deterioration will lead to faster compressor
turbine blades creep life consumption compared to compressor flow capacity reduction.
The actual life analysis results due to engine degradation carried out later in this chapter

will confirm the above observation.

The gas turbine health status estimation process has been implemented in PYTHIA by
Li[159], thus in this research, PYTHIA is used to estimate the gas path properties of
degraded engine and the results are used the life analysis models developed in this
research to see the effect of various engine component degradation cases on creep life
consumption of the compressor turbine blades of the engine considered. Several cases
of degradation are considered. Table 6.2 shows the various cases of degradation
considered in this research. The first six cases have to do with degradation in single
health parameter in a single component and both components (compressor and
compressor turbine), while the remaining cases deal with degradation of combinations
of health parameters. The first six of cases will enable comparison of the effect of the
different health parameters on creep life in individua components and both
components. The last three cases will show which component degradation has more
effect on creep life. In addition, the last three cases will aso show if increase in
magnitude of degradation of the health parameter index will have corresponding
decrease in engine creep life. It is pertinent to point out that flow capacity index
reduction in compressor also implies reduction in pressure ratio index, but, in
compressor turbine, flow capacity index reduction implies increase in enthalpy drop

index.
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Table 6.2: Degradation Casesfor Creep Life Analysis

Case  Component Degraded Parameter
Efficiency Index [%]  Flow capacity Index [%]
- 0

I Compressor 1
I Compressor 0 1
Il Compressor Turbine -1 0
v Compressor Turbine 0 -1
Y Both Components 1 0
Vi Both Components 0 -1
VIl Compressor -1&-2 -1&-2
VI Compressor Turbine -1&-2 -1&-2
IX Both Components -1&-2 -1&-2

Per centage Decrease in Creep factors

To assess the relative effect of each degradation case on creep life, the percentage
decrease in creep factor at each power level and ambient temperature due to engine
degradation will be evaluated. The percentage decrease in creep factors due to engine
degradation could be obtained using Equation (6.5),

CF —CF
PD. = % x100 (6.5)

CE

PD: is the percentage decrease in creep factor, CF.cis the creep factor for the clean
engine while CF; is the creep factor for the degraded engine. At a given power level,

the creep factors changes with ambient temperatures for both the clean and degraded

condition. Thus, at a given power level, different creep factors are obtained for both the

clean and degraded engines, and the percentage decrease in creep factor could be

expressed for creep factors at each ambient temperature as given by Equation (6.6).
CFCE,i - CFDE i

PD.. . = —x100 6.6
CF,i CFCE’i x ( )

The percentage decrease in creep factor depends on the shaft power level and the
ambient temperature since creep factors vary with both shaft power level and ambient

temperature. The value of the percentage decrease in creep factor due to degradation
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obtained at a specified power level and ambient temperature indicates the magnitude of
the impact the degradation has on creep life. Larger values of percentage decrease in
creep factor portray greater impact of degradation on creep life and vice-versa. At a
given power level, the percentage decrease in creep factor could be evaluated at
different ambient temperatures and the mean vaue could be used to represent the
impact of degradation at that power level. Thisis given by Equation (6.7),

Z PD. .
PDCF_m = I:]'T (67)

PD.: ., isthe mean value of the percentage decreases in creep factor at a given power

level, and nis the number of ambient temperature levels where creep factors are
estimated for both clean and degraded engines.

6.4.1 Effects of Compressor Isentropic Efficiency and Flow Capacity
Degradationson Creep Life Consumption

To estimate the relative effects of compressor efficiency index and flow capacity index
reductions on creep life, 1% degradation in compressor efficiency index was implanted
in the engine performance model and simulated; thereafter, 1% degradation in
compressor flow capacity index was implanted in the engine performance model and
simulated, and the results are used in the creep life analysis models. Figure 6.18 shows
the creep factors for compressor efficiency index reduction and compressor flow
capacity index reduction for two different power levels and a number of ambient
temperatures. The results of the clean engine for same power levels are aso included.
The trends of the creep factors for the degraded engines are similar to those of the clean
engine. The clean engine (CE) creep factors as should be expected are higher than those
of the degraded engine at the two power levels and the ambient temperatures
considered. More appreciable difference between the creep factors for the clean and
degraded engines occur at lower ambient temperatures and lower power levels. Thisis
because large values of creep factors are obtainable from both engines at low ambient
temperatures and low shaft power levels.
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Figure 6.18: Comparison of the Effects Compressor Efficiency and Flow Capacity Indices

Degradation on Creep Factors at Different Power Levelsand Ambient Temperatures

From Figure 6.18, Eff deg @ 90% represents isentropic efficiency index degradation at
90% power level while FC deg at 90% represent flow capacity index degradation at
90% power level. The other notations follow similar convention. The creep factors for
the engine with compressor flow capacity index degradation are higher than those with
compressor efficiency index degradation (confirming the observations made in Figures
6.16 and 6.17); with very clear difference at the lower power level and lower ambient
temperatures. At the peak power operation and higher ambient temperatures, the creep
factors for the two degraded cases are amost the same, but those with flow capacity
degradation are still higher. This means for the engine under consideration, compressor
efficiency index degradation will lead to blade failure faster compared to compressor
flow capacity index degradation. Also, at peak power and higher ambient temperature
operations, the effects due to compressor efficiency index degradation and compressor

flow capacity degradation are almost the same and minimal.

The average percentage decreases in creep factors due to compressor isentropic
efficiency index reduction a 90% and 100% power levels are 16.34% and 12.46%
respectively. This shows that compressor isentropic efficiency index reduction has more

impact on creep life at lower power levels. This is because the compression process is
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more efficient in the lower power band, and reduction in efficiency in lower power
levels will have more noticeable effect on creep life at that power band. Compressor
flow capacity index reduction on the other hand produces 5.38% and 8.50% as the
average percentage reductions in creep factors at 90% and 100% power levels, the value
increases with power level. This is because flow capacity reduction aso leads to
pressure loss which value is high at higher power levels, and hence the effect of
degradation has greater impact as power level increases. Comparing these values with
those of compressor isentropic efficiency reduction shows that compressor isentropic
efficiency reduction has more impact on creep life than compressor flow capacity index
reduction, especially at lower power levels.

6.4.2 Effects of Compressor Turbine Efficiency and Flow Capacity

Degradationson Creep Life Consumption
The operation of the compressor is controlled by the operating conditions of the
compressor turbine. Degradation of the compressor turbine changes the operation of the
compressor turbine, and this in turn affects the gas path properties which determine the
life of the compressor turbine blades. The effect of 1% degradation in compressor
turbine flow capacity index on the compressor turbine blade life is compared with the
effect produced by 1% degradation in compressor turbine isentropic efficiency index in
Figure 6.19.

Creep factors [-]
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et Eff deg @ 100% === FC deg @ 100% =—eo=—CE @ 100%

Figure 6.19: Comparison of the Effects of Compressor Turbine Efficiency and Flow Capacity

Indices Reduction on Creep Factorsat Different Power Levelsand Ambient Temperatures
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In Figure 6.19, compressor turbine flow capacity index degradation gives creep factors
that are lower than those from the clean engine and the engine with isentropic efficiency
index degradation at al ambient temperatures. Like in the case of compressor
degradation, more noticeable difference in the creep factors occur at lower power level
and lower ambient temperatures. A strange occurrence in Figure 6.21 is that the engine
with compressor turbine isentropic index degradation gives creep factors that are higher
than those of the clean engine, indicating that the engine with compressor turbine
isentropic index reduction will have blades which will last longer than that of the clean

engine operating under same conditions. This occurrence is explained here. From Figure

6.15, the compressor turbine isentropic efficiency n,; isdefined by Equation 6.8,

2 (6.8)

Tis the turbine entry temperature (TET), T is the turbine exit temperature under
isentropic expansion while T, is the actua temperature at the turbine exit. From
Equation (6.8), T, isgiven by Equation (6.9),

Tea =Ts =1y (Ts —Tq ) (6.9)

The turbine work V\/t (in J/s) is given by Equation (6.10),

Vvt = thpt (Ts _Tea) = rhthtnti (T5 _TGi) (6-10)

mis the total mass of the hot gases at the point of expansion in the turbine while C , is
the specific heat capacity at constant pressure of the gases. From Equations (6.9) and
(6.10), when the isentropic efficiency drops, T,, increases while W, reduces. The

compressor turbine is meant to run the compressor for the set power level, thus
additional fuel is burn to increase the turbine entry temperature, but the compressor also
responds by reducing the pressure ratio and the temperature at the compressor exit.
Although there is increase in TET, the reduction in the compressor exit temperature is
greater, hence the relatively lower cooling air temperature extracted from towards the
last stage of the compression process leads to lower blade temperature and longer blade

life. Thisis only feasible for cooled blades. The overall thermal efficiency of the plant
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drops as a result of reduction in the turbine efficiency; this means increase in fuel cost
compared to the clean engine, thisis not desirable in practice.

Compressor turbine flow capacity index reduction has more negative effect on creep life
than compressor flow capacity index reduction. The average percentage reductions in
creep factors due to compressor turbine flow capacity index reduction evaluated at 90%
and 100% power levels are 13.77 and 15.25%. These values are higher than those due to
compressor flow capacity index reduction which are 5.38% and 8.50% respectively. The
impact of the compressor turbine flow capacity reduction on creep life is less than
compressor isentropic efficiency index reduction at 90% power level but it is greater at
100% power level judging from the values of the average percentage decrease in creep

factors.

6.4.3 Effects of Efficiency and Flow Capacity Degradations of Compressor
and Compressor Turbineon Creep Life Consumption

The effect of isentropic efficiency index reduction in both compressor and compressor

turbine on creep life is compared with the effect of flow capacity index reduction in

both components on creep life in this section. The comparisons are made at two power

levels and several ambient temperatures as shown in Figure 6.20.
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Figure 6.20: Comparison of the Effects of |sentropic Efficiency Index Degradation and Flow
Capacity Index Degradation in both Compressor and Compressor Turbine on Creep Life

Consumption
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Isentropic efficiency index reduction in both components has less effect on creep life
with average percentage decreases in in creep factors of 13.93% and 2.14% respectively
at 90% and 100% power levels compared to flow capacity index reduction which gives
average percentage decrease in creep factors of 19.07% and 22.52% respectively at the
two power levels. The creep factors for both degradation cases are lower than those of
the clean engine at the two power levels and ambient temperatures. At the 100% power
level, efficiency degradation gives very little reduction in creep factors at all ambient
temperatures. The effect of isentropic efficiency index reduction in both components on
creep life is lower than the effect compressor isentropic index reduction has on creep
life. Thisis because the compressor turbine isentropic efficiency reduction affects creep
life positively, thus the combined effect of isentropic efficiency degradation in both
components on creep life is less than the effect from only compressor isentropic
efficiency index reduction. The average percentage decrease in creep factors due to
compressor isentropic efficiency index reduction at 100% power level is 12.46% as
stated earlier, and this is much higher than the value gotten from both components
degradation which is 2.14%. Table 6.3 summarises the effect of the reduction of
different heath parameters on creep life using the values of the average percentage
decrease in creep factors evaluated at 90% and 100% power levels.

Table 6.3: Comparison of Effects of Health Parameter Reductions on Creep Life

SN. Component Degraded Parameter Aver age Per centage
Decreasein Creep Factor [-]

Eff. Index [%] FC Index [%] 90% 100%

1 Compressor -1 0 16.34 12.46

2 Compressor 0 1 5.38 8.50

3 Compressor Turbine 1 0 -4.36 -11.78

4 Compressor Turbine 0 -1 13.77 15.25

5 Both Components 1 0 13.93 213

6 Both Components 0 1 19.07 33.52

All the components health parameter degradation cases lead to life reduction except
compressor turbine isentropic efficiency reduction which leads to increase in creep
factor. The positive effect of compressor turbine isentropic efficiency reduction on
creep life accounts for lower values of average percentage decrease in creep factor in

both components compared to the values in compressor isentropic efficiency reduction.
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6.4.4 Effect of Compressor Degradation on Creep Life Consumption

Two cases of compressor degradation are considered. These are 1% reduction in
compressor isentropic efficiency and compressor flow capacity indices, and 2%
reduction in compressor isentropic efficiency and compressor flow capacity indices.
The respective effects of engine degradation on creep life were carried out at 70% to
100% power levels and ambient temperatures in the range 10°C to 30°C, expressed in
term of deviations from ISA condition. The creep factors for three different power
levels for the ambient temperature range are shown in Figure 6.21 (a) and (b) for the 1%
and 2% degradation cases respectively.
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Figure 6.21: Creep Factorsfor Clean and Degraded Engines (Compressor Degradation) at

Different Power Levels
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The creep factors for the clean engine (CE) are also presented in the figures together
with those of the degraded engines (DE) for the purpose of comparison. The creep
factors for degraded engines are lower than those of the clean engines at the different
power levels and ambient temperatures. The variation of creep factors with ambient
temperature and power for the degraded engines is similar to those of the clean engines-
higher at lower power level and lower ambient temperatures. Also at lower ambient
temperatures, the difference between the creep factor values for the clean and degraded

engines are higher compared to higher ambient temperatures.

Comparing the results of the 1% degradation with the 2% degradation, the creep factors
of the 1% degradation case are higher than those of the 2% degradation case at the
power levels and ambient temperatures; the degraded engine creep factors are closer to
the clean engine creep factorsin Figure 6.21 (a) than in Figure 6.21 (b). To make proper
comparison between the two cases of degradation, average percentage decrease in creep
factors at the various power levels should be estimated. The average percentage
decrease in creep factors at 90% power level for 1% and 2% degradations are 18.44%
and 33.71% respectively. This shows that the engine with 2% degradation has greater
impact on creep life and blade failure will occur faster compared to the engine with 1%
degradation. Also, the results show that doubling the values of the degradation indices
(increasing by 100%) does not double the rate of life reduction (the average percentage
decrease in creep factors at 90% power level increased by 82.81% in this case). The
average percentage decrease in creep factors increases dightly with power level,
indicating that there is high tendency to reduce creep life faster if degraded engine
operates at higher power levels. The average percentage decrease in creep factors for
1% degradation at 80%, 90% and 100% power levels are respectively 17.56%, 18.44%
and 19.30%.

The differences between the creep factors for clean and degraded engines are higher at
lower shaft power and lower ambient temperatures. This is because large creep factor
values are obtainable at lower power levels and lower ambient temperatures and the
effect of degradation which will lead to a given percentage decrease in creep factors will
lead to large reductions in creep factors at lower power levels and lower ambient
temperatures. The decreases in the creep factors due to compressor degradation (1%
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reduction in flow capacity and isentropic efficiency indices) at 80% and 100% power
levels for different ambient temperatures are shown in Figure 6.22.
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Figure 6.22: Decrease in Creep Factors Due to Compressor Degradation at different
Power Levels

Larger decrease in creep factors occur in lower ambient temperatures and and lower
shaft power levels, and the reason for this has aready been adduced. In terms of
percentage decrease in creep factor, on the average, the percentage decrease in creep
factor due to compressor degradation considering all ambient temperatures is aimost the
same at lower power levels, but increases greatly towards peak power operation. Thisis
shown in Figure 6.23. This is because towards peak power operations of the engine the
compression process becomes less efficient and relative increase in hot gases with

degradation is higher.
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Figure 6.23: Average Percentage Decreasein Creep Factorswith Compressor Degradation
at Different Power Levels
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The 2% reduction in compressor flow capacity and isentropic efficiency indices gave
percentage reduction in creep factors similar to 1% degradation case. This is shown in
Figure 6.24.
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Figure 6.24: Average Percentage Decreasein Creep Factorswith Compressor Degradation
at different Power Levels- 2% Deg. in FC and Eff. Indices

The average percentage decrease in creep factors for both cases of degradation increases
with shaft power. It is pertinent to point out that the values of the average percentage
decreases in creep factors at 2% degradation case do not double those of the 1%

degradation case for all the power levels considered.

6.4.5 Effect of Compressor Turbine Degradation on Creep Life Consumption

The effect of compressor turbine degradation on creep life is similar to that of
compressor degradation on creep life but of less magnitude. Figure 6.25 shows the creep
factors obtained for 1% reduction in compressor turbine flow capacity and isentropic
efficiency indices at different temperatures for three power levels together with the
creep factors of the clean engine for the purpose of comparison. At any ambient
temperature, the difference in creep factors between the degraded engine and the clean
gets smaller at higher shaft power levels. At 100% power level, the creep factors for the
degraded engine are almost the same as those of the clean engine. Also, at any power
level, the difference between the creep factors of the degraded engine and the clean
engine reduces with increase in ambient temperature. The average percentage decrease
in creep factors for 1% degradation case at 80%, 90% and 100% power levels are
11.99%, 10.35%, and 4.93% respectively; these values are much lower than the values
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obtained in compressor degradation. Compressor turbine degradation has less effect on
the creep life of the hot section blades compared to compressor degradation because
what goes on in the later stages of the turbine as the required power is set is basically
influenced in the compression stage. Also, compressor turbine isentropic efficiency

reduction has positive effect on creep life.
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Figure 6.25: Creep Factorsfor Clean and Degraded Engines (HP Turbine Degradation) at

different Power Levels

The 2% reduction in HP turbine flow capacity and isentropic efficiency indices
produces creep factors which trend is like that of the clean engine with average
percentage decreases in creep factors of 24.31%, 23.42% and 9.74% respectively at the
three power levels (80%, 90% and 100%). The average percentage decrease in creep
factors obtained at 80% and 90% power levels are more than twice the values obtained
for 1% reduction in the health parameter indices of the compressor turbine, unlike the
case of compressor degradation. Unlike compressor degradation, the average percentage
decrease in creep factor with turbine degradation is higher in the lower power band but
has no regular trend. This is shown in Figure 6.26 for 1% reduction in compressor

turbine flow capacity and isentropic efficiency indices.
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Figure 6.26: Average Percentage Decrease in Creep Factors with Compressor Turbine
Degradation at different Power Levels

The above occurrence is because turbine is more efficient in the higher power band and

the effects introduced by degradation of the turbine are less in the more efficient
operating region of the turbine.

6.4.6 Effects of Compressor and Compressor Turbine Degradations on
Creep Life Consumption

The combined effect of compressor and compressor turbine degradations on creep life

as may be expected is similar to the effect either component degradation has on creep
life but of higher magnitude.
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Figure 6.27: Creep Factors for Clean and Degraded Engines (Compressor and
Compressor Turbine Degradation) at different Power Leves
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Figure 6.27 compares the creep factors due to degradation of both compressor and
compressor turbine degradation with the creep factors of the clean engine at three
different power levels. The creep factors due to degradation of both compressor and
compressor turbine are lower than those of the clean engine at all ambient temperatures
and shaft power levels considered; like in the cases of individua component
degradations, the difference between the creep factors are more noticeable at lower
ambient temperatures and lower shaft power levels. The manner in the percentage
decrease in creep factors with shaft power is skewed towards that of turbine degradation
as shown in Figure 6.28. This should be expected as the operation of the compressor
turbine influences the operation of the compressor.
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Figure 6.28: Average Percentage Decrease in Creep Factors with Compressor and
Compressor Turbine Degradations at Different Power Levels

The average percentage decreases in creep factors for the 1% degradation case at 80%,
90% and 100% power levels are 27.94%, 26.70% and 23.32% respectively. The
respective values for the 2% degradation case are 49.33%, 48.86% and 41.70. Like in
the case of compressor degradation, increasing the degradation indices by a factor of
two does not increase the average percentage decrease in creep factors by a factor of
two. 2% degradation in the health parameters of both components at the operating
conditions considered nearly reduced the creep life to half the value in clean engine
operation. Comparison of the effects on creep life due to degradation of the various

components will suffice.
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6.4.7 Comparisons of Parametersin the various cases of Components Degradations

The average percentage decrease in creep factors at all ambient temperatures at the
different power levels due to degradation of the various components could be compared
to reveal the relative influence the degradation of each component has on creep life.
Figure 6.29 shows decreases in creep factors due to compressor degradation, turbine
degradation and degradation of both components (for 1% degradation in the respective
health parameter indices) at 80% power level while Figure 6.30 shows the respective
values at 100% power level.
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Figure 6.29: Comparison of Decreasesin Creep Factor Values with different Components
Degradations at 80% Power Leve
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Figure 6.30: Comparison of Decreasesin Creep Factor Values with Different Components
Degradations At 100% Power Level
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At all ambient temperatures, degradation of each component leads to higher reduction in
creep factor and hence creep life at lower ambient temperatures and lower shaft powers,
and the reasons for these occurrences have been given in previous sections. The sums of
the reductions in creep factors due to degradations in each component are dlightly
higher than those of both components degradations at al ambient temperatures. The
sum of the average percentage decrease in creep factors due to degradations in each
component is also dlightly higher than the average percentage decrease in creep factors
due to both components degradations at any power level for both 1% and 2%
degradation cases. For 1% degradation case at 90% power level, the average percentage
decrease in creep factors due to compressor degradation, compressor turbine
degradation, and both components degradations are respectively 18.44%, 10.35% and
26.70%. The sum of the average percentage decrease in creep factors due to compressor
and compressor turbine degradations is 28.79% which is a bit higher than 26.70%.
Compressor degradation has more effect on creep life than compressor turbine
degradation at all power levels and ambient temperatures as shown by the values of

average percentage decrease in creep factors.

Only 1 % and 2% degradations in flow capacity and isentropic efficiency is considered
respectively in each of the components- compressor, compressor turbine, and both
compressor and compressor turbine. The effect of degradation of each component on
creep life has been investigated and significant reduction in creep life is obtainable due
to components degradation. Higher percentage degradation in flow capacity and
isentropic efficiency in each of the components leads to higher rate of reduction in creep
life, although not shown in this work. Compressor degradation has more effect on creep
life than turbine degradation as noted previously. Compressor degradation also comes
more often than turbine degradation. Compressor degradation may occur in the form of
compressor fouling (deposition of debris in the airstream on compressor blades and
disc) which is a very common occurrence. Compressor fouling is a recoverable
degradation and it is corrected by either online washing or offline washing or
combination of both methods. The debris comes from the air and irrespective of the
efficiency of the air filtering system, compressor fouling will occur, the nature of the
environment playing akey role. In online washing, it is difficult to prevent all the debris
dislodged from the early stages of the compressor stage from settling in the latter stages.
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Operators of turbines often view the negative effect of degradation in terms of
additional energy cost in maintaining same power, but this work reveals that blade life
consumption is faster with engine components degradations and operators should worry
about that as well.

6.5 Comparison of the Various Effectson Creep Life Consumption

The effect of ambient temperature variation on creep life is expressed in terms of
percentage decrease in creep factors with ambient temperature increase. In doing this,
ambient temperature of 5°C (expressed in terms of deviation from ISA condition) is
used as a base temperature. Results of average percentage decrease in creep factors with
unit increase in ambient temperature are also expressed. In investigating the effect of
ambient temperature on creep life, at a given power level, percentage decreases in creep
factors due to unit ambient temperature increase are evaluated for a range of ambient
temperatures and the average value taken at the specified power level. The effect of
shaft power increase on creep life could be examined by computing the average
percentage decrease in creep factors with shaft power increase at different ambient
temperatures. For degradation, the values of average percentage decrease in creep
factors are computed by comparing the creep factor values of the clean engine with
those of the degraded engine at the different ambient temperatures and power levels.

To have a complete or holistic view of the various effects on creep life, the manner of
obtaining the average percentage decrease in creep factor should be specified. The average
percentage decrease in creep factors due to power increase is obtained a a particular
ambient temperature; this could be obtained at the different ambient temperatures (-10°C to
15°C deviation from ISA) where the range and the mean value could be gotten. The average
percentage decrease in creep factors due to power variation reduces with ambient
temperature, Figure 6.31; this is because air becomes less compressible at higher ambient
temperatures and changes in the properties of ar reduce with increase in ambient

temperature.
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Figure 6.31: Average Percentage Decrease in Creep Factors due to Shaft Power Increase

at different Ambient Temperatures

Considering the effects of ambient temperature variation, shaft power variation, the
different cases of engine degradation and the average percentage decrease in creep
factors defined for the various effect on creep life, the impact of the various effects on
creep life could be presented in their respective distinct forms and comparisons made
should indicate the ambient temperatures and the power levels at which the results are
obtained. Table 6.4 summarises the impact of the various effects on creep life. In each
effect, a range of the average percentage decrease in creep factors is given, together
with a mean value. For instance, in a unit drop in ambient temperature, the average
percentage decreases in creep factors are evaluated at 70% to 100% power levels. The
range indicates the smallest value and the highest value, while the mean value is
calculated using al the average percentage decreases in creep factors at the different
power levels. For the component degradations, results are shown for 1% and 2%
degradations in the health parameter indices of the respective components (cases VI,
VIl and IX in Table 6.2).
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Table6.4: Summary of Various Effectson Creep Life Consumption

SN. Effect Average % Decreasein Creep Factors|-]
Range Mean Value
1 Unit increase in ambient temperature 11.56-12.83 12.33
2 1% increase in shaft power 6.49-8.64 7.33
3 Unit increase in shaft power 21.64-28.81 24.44
4 Compressor degradation (1%) 17.62-19.30 18.22
5 Compressor degradation (2%) 32.31-35.22 33.34
6 Compressor turbine degradation (1%b) 4.41-12.19 9.68
7 Compressor turbine degradation (2%) 9.74-24.38 20.26
8 Both components degradation (1%) 22.81-28.00 26.36
9 Both components degradation (2%) 41.70-49.42 47.21

The effects of ambient temperature, shaft power, and engine degradation on creep life
presented in Table 6.4 are applicable for the ambient temperatures and shaft power
levels used in analysing the creep life consumption of the LM 2500+ engine used in this
research. For unit increase in ambient temperature, the lower value in the range occurs
at the highest power level while the higher value occurs at the lowest power level. For
1% increase in shaft power, the lower value in the range occurs at the highest ambient
temperature considered while the higher value occurs at the lowest ambient temperature.
In compressor degradation, the highest average percentage decrease in creep factors
considering all ambient temperatures occurs at the highest power level while in
compressor turbine degradation, the highest average percentage decrease in creep
factors is obtained at the lowest power level considered. In both components
degradation, the lowest average percentage decrease in creep factors is obtained at the
highest power level. Comparing the various effects on creep life, 1% increase in shaft
power has the lowest impact on creep life, but it should be made clear that power
variation is made in terms of unit percentage increase. A unit increase in shaft power
has more effect 1% degradation in any component. If ambient temperature increase is
expressed in terms of percentage increase, its effect on creep life will be the lowest. The

above results are only comparable at the specified changes in the quantities concerned.
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6.6 Chapter Conclusions

Creep life consumption, creep life tracking and the influences of shaft power variation,
ambient temperature variation, and engine degradation on creep life are considered in
this chapter. The Larson-Miller Parameter method is used for creep life analysis. The
blade materia temperature and stresses at different sections along the blade are
provided by the blade thermal and stress models presented in Chapter 4. The LMP value
is read based on the stress value estimated at each point of engine operation. Robinson
life fraction rule is applied to accumulate the creep life consumption for different
periods of engine operation, and to estimate the equivalent creep life for the same
periods of engine operation. Absolute creep life estimated may not be very accurate.
Thusrelative creep life analysisis carried out using the creep factor concept. Equivalent
creep factor is introduced to assess the severity of engine operation over any period of
time - thisisthe creep life estimation methodology presented in chapter 3. An integrated
creep life assessment system is developed and engine creep life at different periods of
engine operation could be estimated.

Engine creep life tracking is carried out by using data of 8 months of engine operation
to illustrate how engine creep life could be tracked using the developed algorithms in
this research. The creep life tracking produces results which are comparable with those
in real engine operation conditions thus confirming the accuracy of the life tracking

algorithms developed in this research.

In investigating the influences of shaft power variation, ambient temperature variation
and engine degradation on creep life, the following are the basic findings:

e Creep life generally reduces with an increase in shaft power, but increases with
reduction in shaft power at all ambient temperatures.

e The increase in creep life as power drops from higher levels to lower levels
increases initially and later drops- more favourable life increase occurs towards
peak power operation of the engine at any ambient temperature.

e Creep factor / creep life decreases with an increase in ambient temperature. At a
given power level, the rate of decrease in creep factors with ambient temperature

issmaller at higher ambient temperatures.
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Creep life increases with ambient temperature drop in the same magnitudes as
ambient temperature increase does to creep life reduction.

Judging by the values of the average percentage decrease in creep factors due to
engine components degradation:

o Compressor isentropic efficiency index reduction has more impact on
engine life than compressor flow capacity index reduction.

o Compressor turbine isentropic efficiency index reduction has little
positive effect on creep life.

o Compressor turbine flow capacity index reduction has more impact on
creep life than compressor flow capacity index reduction.

o Flow capacity index reduction in both components has more impact on
creep life than isentropic efficiency index reduction.

For 1% and 2% reductions in efficiency and flow capacity indices of compressor
and compressor turbine respectively, the creep life / creep factors are reduced.
The trends of the creep life / creep factors are similar to those of the clean
engines.

Increasing the engine health parameter reduction by 100% does not increase the
average percentage decrease in creep factors by 100% for compressor
degradation, but the average percentage decrease in creep factors is increased by
more than 100% at lower power levels for compressor turbine degradation.

The reduction in creep life due to engine degradation is more pronounced in
lower ambient temperatures and lower shaft power levels.

From the values of the average percentage decrease in creep factors:

0 Compressor degradation has more impact on creep life than compressor
turbine degradation.

0 A unit increase in ambient temperature has more impact on creep life
than 1% degradation of compressor turbine but has less impact compared
to 1% degradation of compressor.

0 1% increase in engine shaft power has less impact on creep life
compared to unit increase in ambient temperature, but a unit increase in
shaft power has more impact on creep life than 1% degradation of

COMPressor.
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7/ LOW CYCLE FATIGUE (LCF) LIFE ANALYSIS

Low cycle fatigue life analysis involves the strain-life approach to fatigue life analysis,
where a component in most cases is believed to undergo plastic deformation before
failing. Fatigue life consumption analysis of a component involves the determination of
the number of cycles to failure at a given stress amplitude, and the number of stress
cycles corresponding to a given block of load defined by the stress amplitude. The stress
amplitudes at different engine operation points are obtained from the stress model
presented in Chapter 4. The equivalent fatigue or stress cycles accumulated at any point
of engine operation is estimated from the values of the stress amplitudes. In this
research, alow cycle fatigue model is adopted to calculate the cycles to fatigue failure
at a given stress amplitude while a new cycle counting method is developed to estimate
the equivalent stress cycles (fatigue cycles) in each block of load. The methodologies
employed in the fatigue life consumption analysis of the HP turbine blades of the
LM2500+ engine used in this research is presented in chapter 3. The developed
methodolies are applied to real engine operation data in this chapter. Before considering
the application of the developed fatigue life consumption methodolies, the fatigue
cycles counting model presented in Chapter 3 is applied to real engine operation data to
estimate the fatigue cycles.

7.1 Application of Fatigue Cycles Counting Model

Figure 7.1 shows four different days of engine operation and the equivalent fatigue
cycles recorded using the proposed model with k =0.95. The equivalent number of
cycles depends on the transition of shaft speed from one point to the other. Comparing
Figure 7.1 (@) and (b), the shaft speed variation from point to point is more pronounced
in Figure 7.1 (a) than in Figure 7.1 (b), hence the equivalent number of fatigue cyclesis
higher in Figure 7.1 (a). In Figure 7.1 (c) and (d), more uniform shaft speed levels are
recorded leading to lower equivalent fatigue cycles compared to Figure 7.1 (a) and (b).
The respective results from the aircraft model where only type 3 speed transitions are
obtainable are approximately 2.875, 2.675, 1.975 and 1.850 respectively. The two sets
of results are comparable but the proposed model accounts for stress variations not

accounted for in the air-craft model hence the larger values.
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Figure 7.1: Shaft Speed Variation and Equivalent Number of Fatigue Cycles with
Proposed M odel

7.2 Low Cycle Fatigue Life Tracking: A Case Study

In life tracking for gas turbine that is shut down daily, the equivalent fatigue factors will
indicate how engine life is consumed due to fatigue as a result of frequent engine shut
down. In the absence of engine shut down, the cycle counting model developed
accumulates the fatigue cycles experienced as a result of variations in the stresses
imposed on rotating engine components with time. The fatigue life algorithm devel oped
in this research is applied to 8 months of engine operation using real engine field data to
ascertain the applicability of the developed algorithms. Figure 7.2 shows the equivalent
daily fatigue factors for 8 months of engine operation. It is same data used for the creep
life tracking. The equivalent fatigue factors are lower in January, February and March
of engine operation compared to the values obtained in June, July and August. Thisis

because fatigue life depends on the stresses on the blades which arise from engine shaft
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speed and momentum changes. The latter depends on the amount of air intake. In
January, February and March, lower ambient temperatures are recorded leading to
higher air intake (due to increase in air density with temperature drop). Even if shaft
speed is constant, only the centrifugal stress component will be constant, but the
increase in intake air leads to increase in the momentum change stresses and hence

higher aternating stress amplitude on the blades.
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Figure 7.2: Equivalent Fatigue Factorsfor Different Months of Engine Operation

If engine is shut down from high levels of aternating stress amplitudes in each day of
engine operation, fatigue life consumption is faster, and the equivaent fatigue factor
which indicates the wellness of engine operation due to fatigue is lower. The equivaent
fatigue factors are thus lower in the months of January, February and March compared
to the months of June, July and August of engine operation. Higher fatigue factors
indicate lower risk to fatigue failure. November engine operation is aso safe in terms of
fatigue life consumption as the equivalent fatigue factor is greater than unity for a
number of days. In December, lower ambient temperatures were recorded with
increased air mass intake and hence higher alternating stress amplitudes on the blades
like in January, February and March of engine operation; the equivalent fatigue factors

are thus quite low in many of the days.
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The equivaent fatigue factor for each month of engine operation will give a general
picture of how engine fatigue life is consumed in each of the months of engine
operation. Figure 7.3 shows the monthly equivalent fatigue factors for each of the
months of engine operation. The monthly equivalent fatigue factors are highest in June,
July and August, while lower values are recorded in January, February, March and
December. The overall equivalent fatigue factor (indicated as OEFF) is also included in
Figure 7.3. The overall equivalent fatigue factor is alittle above unity. This means the
fatigue life consumption of the blades is favourable in the period of engine operation.
The equivaent fatigue factor for each month of engine operation is different from the
overal equivaent fatigue factor. The closest monthly equivalent fatigue factor to the
overal equivalent value is the value in November. Engine fatigue life tracking, like
creep life tracking, requires the usage of large amount of engine operation data

especially when the results are to be relied on for future life consumption predictions.
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Figure 7.3: Equivalent Fatigue Factorsfor each month of Engine Operation

The fatigue cycles accumulated per period of engine operation using the cycle counting
model developed in this research reveadls the extent of stress variations, but this does not
tell the level of the maximum stresses experienced. Thus the fatigue factors do not have
similar trend with the mean fatigue cycles per day recorded for the various months,

Table 7.1. From Table 7.1, smoothest engine operation was recorded in November.
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Table 7.1: Engine Operation Data and M ean Fatigue Cycles per Day

SIN Month Number of days of Engine Operation M ean Fatigue Cycles Per Day
1 January 27 5.03
2 February 22 4.87
3 March 22 5.35
4 June 27 6.13
5 July 26 5.48
6 August 29 6.56
7 November 30 207
8 December 29 237

The equivalent fatigue factors obtained for the different months of engine operation
clearly shows the manner in which ambient temperature and engine shaft power affects
fatigue life. This goes to show that the algorithms developed for fatigue life tracking
predicts engine fatigue life consumption accurately. This validates the models and the
life tracking technique could be employed in tracking the life of other engine models.
The use of the fatigue factors and the equivalent fatigue factor in fatigue life tracking
also evades the excessive accuracy factor required in real fatigue life estimation and

provides a means for predicting the manner/trend of engine fatigue life consumption.

7.3 Effects of Ambient Temperature and Shaft Power Variation on
Fatigue Life

From the results of fatigue life tracking, it is clear that fatigue life consumption is higher
if the engine is shut down from high load level. Thus fatigue life consumption appears
higher during the months of low ambient temperatures where as a result of increased
intake air density and hence increased intake mass, the resulting momentum stresses
imposed on the blades are increased and even in cases of almost constant centrifugal
stresses, the resulting stress amplitude is increased leading to shorter fatigue cycles to
failure and lower equivalent fatigue factors. In investigating the effect of ambient
temperature on fatigue factor, the engine power level is pinned and the engine is
assumed to be operating at a constant ambient temperature before it is short down. At
the prevailing ambient temperature and power level, the stress amplitude is calculated
from where the cycles to failure based on the stress amplitude are estimated. The cycles
to failure are compared with the cycles to failure at a reference operating point to obtain
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the fatigue factor in each case. Like in the case of creep life analysis, shaft power levels
of 70% to 100% of maximum power, and ambient temperatures of 5°C to 30°C
(expressed in terms of deviations from ISA condition) are employed to see the effect of

temperature on fatigue life at different power levels.
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Figure 7.4: Fatigue Factors Variation with Ambient Temperature at different Shaft Power
Levels

Figure 7.4 shows the effect of ambient temperature on fatigue life consumption at
different power levels. At a given power level, the fatigue factors increases with
ambient temperature, reach a peak value and then drops. The peak value occurs around
ISA temperature deviation of -2°C (13°C). Thus at ambient temperatures between 0°C
and 13°C, the fatigue factors appear to increase, indicating that failure due to fatigue
decreases with ambient temperature increase in this temperature band. The above
occurrence is explained here. As ambient temperature increases, the density of air drops.
In the lower temperature band, the drop in air density with ambient temperature is
greater leading to high drop in intake airflow. This leads to large reduction in
momentum change stresses, and also tend to reduce the shaft power. To keep the shaft
power constant, the compressor shaft speed increases. The increase in the shaft speed
leads to increase in the centrifugal stress. The reduction in the momentum change stress
IS greater than the increase in the centrifugal stress in the lower ambient temperature
band. The result is reduction in stress and lower alternating stress amplitude. Reduction
in stress amplitude leads to increase in the number of fatigue cycles to failure and hence
increase in fatigue factors. The stress amplitude reduces until ambient temperature of
about -2°C ISA deviation, beyond which the centrifugal stress increase is greater than
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the reduction in the momentum change stresses. The stress amplitude thus increases at
the higher temperature band, defined by temperatures beyond -2°C ISA deviation. This

leads to the decrease in the fatigue cycles to failure and reduction in fatigue factors.

At any given power level, increasing the ambient temperature through the range of
temperatures considered lead to a decrease in the fatigue factor on the average. Higher
values of percentage decrease in fatigue factors due to increase in ambient temperature
for the specified ambient temperature range occur at higher shaft power levels. Thisis
shown in Figure 7.5. The trend in Figure 7.5 shows that on the average, ambient
temperature has much influence on engine fatigue life at higher shaft power levels. This
is because at higher shaft power levels, the stress amplitude resulting from the
centrifugal stresses and the momentum change stresses are higher and the tendency to

fatigue failure when engine is shut down increases.
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At a particular ambient temperature, the fatigue factors increases with shaft power,
reaches a peak and drops. This is shown in Figure 7.6 for ambient temperatures of 13°C
and 17°C respectively (-2°C and 2°C deviation from ISA).

Starting at a part load of 70%, at all ambient temperatures, fatigue factors increase as
power isincreased to 90%, but fatigue factors drop with further increase in shaft power.
At peak load operation (100% power level), the fatigue factors are higher than those at
75% power level at all ambient temperatures. The trend in the fatigue factor variation
with shaft power indicates that low part load and peak load operation exposes the
engine to faster fatigue life consumption if the engine is shut down often. Engine seems
to operate more efficiently around 90% power level. In this favourable region, the shaft
speed needs to change only a little to maintain the required power level. In the lower
power band and peak operations, changes in intake airflow will force large increase in
shaft speed to maintain the required power. This leads to much increase in the
alternating stress amplitude and lower cycles to fatigue failure and lower fatigue factors.
At any given ambient temperature level, increasing shaft power from 70% to peak
power level leads to an increase in fatigue factor on the average. The average
percentage increase in fatigue factor with shaft power increase (in the specified range)
decreases with increase in ambient temperature; this is shown in Figure 7.7. The average
percentage increase in fatigue factors with power increase in the specified range decreases with
increase in ambient temperatures because at higher ambient temperatures intake air becomes

less compressible and changes in the properties of the air are less pronounced.
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In practice, in most periods, the engine is operated between 90% power levels to peak
power level; in this case, operating the engine beyond 90% leads to faster engine fatigue

life consumption if engine is often shut down.

7.4 Effect of Engine Degradation on Fatigue Life

When any of the engine components is degraded, it will have effect on the fatigue life
consumption, especially when the engine is often shut down. The aternating stress
amplitude at any operating condition will be affected hence engine degradation will
affect fatigue life consumption. Compressor is the most commonly degraded component
in the gas turbine. Thus, only the effect of compressor degradation on fatigue life
consumption at different power levels and ambient temperatures is considered in this
research. Two cases of compressor degradation are looked at. These are 1% and 2%
reductions respectively in compressor health parameter indices as shown in Table 7.2.
Flow capacity index reduction in compressor also implies reduction in compressor

pressure ratio (asin creep life analysis under engine degradation).

Table 7.2: Degradation Casesfor Fatigue Life Analysis

Case  Component Degraded Parameter

Efficiency Index [%]  Flow capacity Index [%]
| Compressor -1 -1
I Compressor -2 -2

Anayzing the fatigue life consumption under 1% and 2% reductions in compressor
health parameter indices will show the extent to which the degradations affect fatigue
life, and in addition, reveal the effect of doubling the health parameter indices on fatigue
life. The effect of each degradation case on fatigue life will be investigated separately
and the results will be compared. The sensitivity of engine life to engine component
degradation, expressed in terms of percentage decrease in fatigue factors with
degradation will be used to assess the effect of degradation on engine fatigue life. The
fatigue factors for the clean and the degraded engines respectively will be employed in
estimating the percentage decreasess in fatigue life. At each power level and the various
ambient temperatures, the percentage decreases in fatigue factors is given by Equation
(7.2),
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FFe — FF...
PD..  =—=" PEL %100 (7.1)
’ I:FCE,i

PD.. ; is the percentage decrease in fatigue factor at each power level and at the
various ambient temperatures, FF. ;is the fatigue factor for the clean engine at a given
power level and temperature counter i, while FF,.; is the fatigue factor for the

degraded engine at same power level and temperature. The value of the percentage
decrease in fatigue factor indicates how engine fatigue life responds to engine
degradation at the given power level and ambient temperature. Higher vaues of
percentage decrease in fatigue factor indicate greater impact of degradation on fatigue
life and vice-versa. Results of the fatigue factors of the clean and degraded engines at

different power levels and ambient temperatures will be presented for comparisons.

7.4.1 Effect of 1% Reduction in Compressor Health Parameter Indiceson
FatigueLife

In implanting 1% degradation in compressor isentropic efficiency index and flow
capacity index respectively in the engine performance model, simulations are carried
out to obtain results for the fatigue life analysis sub-model. The fatigue factors obtained
at the various power levels and ambient temperatures are similar to those of the clean
engine in terms of their trend, but less than those of the clean engine in terms of
magnitude. Figure 7.8 shows the fatigue factors of the degraded engine together with
those of the clean engine at two different power levels and various ambient
temperatures. The fatigue factors of the degraded engine (DE) are lower than the fatigue
factors of the clean engine (CE) at all power levels and ambient temperatures because in
the degraded engine the compressor work reduces which will lead to reduced shaft
power output; to keep the power output at the required level (power is used as the
engine handle), the compressor speed is increased leading to greater centrifugal stresses
on the blades and hence lower fatigue life and fatigue factor. The momentum stresses
may reduce a little in the process with reduction in flow capacity, but the contribution
from the increase in centrifugal stresses is dominant. The difference between the fatigue
factors of the clean and degraded engines is dightly higher at lower power levels
because the compression process is more efficient at lower power levels and aso
responds more to changes in the compressor health parameters at lower power levels.
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The difference between the fatigue factors is amost independent of ambient
temperature. This shows that fatigue failure is influenced mainly by engine shaft power
and not ambient temperature. But if thermal stresses are considered also, ambient

temperature will also influence fatigue failure, but not as much as shaft power does.
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Figure 7.8: Fatigue Factors of Degraded and Clean Engines at different Power Levels and
Ambient Temperatures-1% Reduction in Compressor Health Parameters

The percentage decrease in fatigue factors due to compressor degradation at each power
level and various ambient temperatures is low. The average vaue of the percentage
decrease in fatigue factors at each power level and for the specified temperature rangeis
shown in Figure 7.9. The average percentage decrease in fatigue factors is higher at
lower power levels. The percentage decrease in fatigue factors at the different power
levels and various ambient temperatures are low, but, noting that fatigue cycles to
failure runs into thousands, this will lead to large reduction in fatigue cycles to failure.
The occurrence in Figure 7.9 depicts that compressor health parameters reduction has
more impact on fatigue life reduction at lower power levels than at higher power levels.
This is because of more efficient compression process at lower power levels. The
average percentage decrease in fatigue factors are evaluated at each power level and
ambient temperatures between -10°C to 30°C, expressed in terms of deviation from ISA.
The results are applicable at the given power levels and the ambient temperatures where
engine fatigue life is investigated. Also, the results may be dlightly different for
different engine models, but the trends will be the same. Noting that fatigue failure is
stochastic, some level of confidence should be applied in using the results for engine

condition monitoring.

220



0.08 1% degradation

0.07 -

0.06 -

0.05 -
0.04 -
0.03 -
0.02
0.01 A
70 75 80 85 90 95 100

Shaft Power [%]

Average % Decrease in FF [%]

o

Figure 7.9: Average Percentage Decrease in Fatigue Factors at different Power Levels -
1% Reduction in Compressor Health Parameter Indices

At a given power level, the percentage decrease in fatigue factors does not form a
regular trend with ambient temperature, but on the average, the value decreases with
shaft power as shown in Figure 7.9. At a given ambient temperature, the percentage
decrease in fatigue factors decreases with increase in shaft power. This is shown in
Figure 7.10 for two different ambient temperatures. The trend shows that engine
degradation has less effect on fatigue life at higher power levels. This is because at the
higher power levels, changes in the intake air properties responds less to the degradation
effect. The percentage decrease in fatigue factors does not form a proper trend with
ambient temperature hence the nature of the two linesin Figure 7.10.
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Figure 7.10: Trend of Percentage Decrease in Fatigue factors with Shaft Power at

different Ambient Temperatures — 1% Reduction in Compressor Health Parameter
Indices
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7.4.2 Effect of 2% Reduction in Compressor Health Parameter Indiceson
FatigueLife

2% reduction in compressor health parameter indices produces fatigue factors similar to
those of the clean engine and the 1% degradation case in terms of trend but of lower
magnitude at all shaft power levels and ambient temperatures. The fatigue factors of the
degraded engine and the clean engine are shown in Figure 7.11. Like in the case of 1%
reduction in compressor health parameter indices, the difference between the fatigue
factors of the clean engine and the degraded engine is dlightly higher at lower shaft

power level but not influenced by ambient temperature.
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Figure 7.11: Fatigue Factors of Degraded and Clean Engines at Different Power Levels

and Ambient Temperatures-2% Reduction in Compressor Health Parameter I ndices
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Figure 7.12: Average Percentage Decrease in Fatigue Factors at different Power Levels -
2% Reduction in Compressor Health Parameter Indices
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The percentage decreases in fatigue factors at each power level and different ambient
temperatures are higher than those of 1% degradation. The average percentage decrease
in fatigue factor, like in the case of 1% degradation, decreases with increase in shaft
power as shown in Figure 7.12. At each power level, the average percentage decrease is
greater than the value obtained in the case of 1% degradation.

At a given ambient temperature, the percentage decrease in fatigue factors, like in the
case of 1% degradation, decreases with increase in shaft power but of greater
magnitude. This is shown in Figure 7.13 for same ambient temperature levels
considered for the 1% degradation. In both degradation cases, the impact on fatigue life
is more pronounced in lower shaft power levels and is not being influenced by ambient
temperature. The trend in the percentage decrease in fatigue factors only indicates that
the impact of compressor degradation on fatigue life consumption is higher at lower
power levels, but for both clean and degraded engines, fatigue factors decrease close to
peak operation of the engine.
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Figure 7.13: Trend of Percentage Decrease in Fatigue factors with Shaft Power at different
Ambient Temperatures—2% Reduction in Compressor Health Parameter Indices

7.4.3 Comparison of the | mpacts of the two Degradation Cases on Fatigue
Life

From the values of the average percentage decrease in fatigue factors with compressor

degradation at the different power levels, 2% reduction of compressor health parameter

indices has more than double impact on fatigue life than 1% degradation. This means

doubling the compressor heath parameter indices has more than double impact on
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fatigue life consumption. For instance, a 70% power level, the average percentage
decrease in fatigue factors for the 1% and 2% degradation cases are 0.0702% and
0.1423% respectively (0.1423 > 2x0.0702). In both degradation cases, percentage
decrease in fatigue factors reduce with shaft power at a given ambient temperature. But,
it is worth mentioning that even in the degraded engine, fatigue failure will occur faster
if engineis shut down from higher power levels at any ambient temperature, in line with

Figure 7.6. This trend is shown in Figure 7.14 for both degradation cases at 13°C (-2°C
deviation from ISA).
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Figure 7.14: Fatigue Factor Variation with Shaft Power for Degraded Engines at a Given
Ambient Temperature

Aside showing that in the degraded engines, the fatigue factors vary with shaft power in
asimilar trend as in the clean engine, Figure 7.14 aso depicts that the engine with 2%
degradation case has fatigue factors lower than the engine with 1% degradation case at a
given ambient temperature and at all power levels.
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Figure 7.15: Average Percentage Increase in Fatigue Factors with Power Increase for
Degraded Enginesat a Given Ambient Temperature
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At a given ambient temperature, like in the case of the clean engine, increasing shaft
power from 70% to maximum power on the average leads to increase in fatigue factors.
The average percentage increase in fatigue factors due to power increase decreases with
ambient temperature; this is shown in Figure 7.15 for the two cases of degradation.
From Figure 7.18, the average percentage decrease in fatigue factors due to power
increase in the specified range is greater in the 2% degradation case at all ambient
temperatures. This should be expected since at 2% degradation the compressor health
parameters are reduced further compared to the case of 1% degradation and the
compressor speed has to be increased more than the 1% degradation case to maintain
the set shaft power level.

7.5 Chapter Conclusions

Low cyclefatigue life analysisis carried out in this chapter. The fatigue life model used
is the modified universal slopes method, as this method fits low cycle fatigue data
better, compared to many other methods. The stress required in this model is obtained
from the stress model developed in Chapter 4. In industrial gas turbine operation, a bit
steady operations are assumed and hence steady stress levels are obtainable, and a
fatigue cycle is counted when engine is shut down. Knowing that there are minor
variations in stresses from time to time, a cycle counting method is developed, similar
to what the US Air Force apply to Aero engines. The fatigue cycles to fallure are
estimated using the low fatigue life model, while the actua fatigue cycles experienced
are estimated using the cycle counting model developed. Pamgren-Miner damage
summation rule is applied to estimate the fatigue life consumption and the equivalent
fatigue life at any given period of engine operation. The low fatigue life model, the
cycle counting model, and the damage summation model are implemented in PYTHIA
to ensure engine life analysis is executed on a common platform. The fatigue life

analysis methodologies are developed and presented in Chapter 3.

Since fatigue failure is stochastic, and some assumptions are made in arriving at the
various models, absolute results of fatigue failure may not be too reliable. In the light of
the above, in this research, the concept of fatigue factor isintroduced, where fatigue life

obtained at any time frame of engine operation is compared to the fatigue life a a
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reference time frame of engine operation, both governed by the stress variations.
Considering complicated engine operation where severa different time frames of engine
operations are involved, the equivalent fatigue factor is used to represent the fatigue life
consumption. Equivalent fatigue factor of unity means the complicated engine operation
process consumes the engine fatigue life in the same rate as the reference time frame of
engine operation. If the equivalent fatigue factor is greater than unity, the engine
operation in that time frame is favourable compared to the reference time frame and

vice-versa.

The fatigue life models are applied to 8 different months of engine operation to track the
fatigue life consumption of the engine for the entire period, and to also test the
feasibility of the life tracking process. The models predict life consumption in a manner
similar to what is obtainable in real engine operation. The effects of ambient
temperature, shaft power and engine degradation on fatigue life consumption were
investigated. The basic findings are summarized below:

e At a given shaft power level, in the ambient temperature range 5°C to 30°C,
fatigue factors increases to about 13°C and then drop. On the average, there is
decrease in the fatigue factors for the entire temperature range at al power
levels.

e At a given ambient temperature, beyond 90% power level, fatigue factors
decrease with increase in shaft power.

e For an engine with compressor health parameter indices reduction, the fatigue
factors trend is similar to that of the clean engine, but lower in terms of
magnitude at all ambient temperatures and shaft power levels.

e The average percentage decrease in fatigue factors due to compressor
degradation decreases with increase in shaft power, where the average value is
evaluated at each power level for the different ambient temperatures

e Doubling the compressor health parameter indices reduction has more than

double impact on fatigue life consumption.
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8 CREEP-FATIGUE INTERACTION LIFE ANALYSIS

When a gas turbine engine is often shut down, especialy for peak load operations,
failure may result from the both creep and fatigue. In this, the time to failure due to
creep estimated at any point of engine operation will be higher than the actual time the
engine component concerned will fail. Even if engine is operated without frequent shut
down, operating conditions bring about variations in engine speed and stresses in
components from time to time. The stress variations in rotating components lead to the
accumulation of stress cycles (fatigue cycles) and failure of such components may result

from the combined effects of creep and fatigue.

The methodologies involved in carrying out creep-fatigue interaction life analysis were
developed in Chapter 3. Taira's linear accumulation method was adopted for creep-
fatigue interaction life analysis. The apparent shortcomings in the model were evaded
with the utilization of relative life analysis. The model takes input from both the results
of creep life analysis and fatigue life analysis, necessitating the life estimation to be
carried out at the same sections of the blade where both creep life and fatigue life
consumption were estimated. All the developed agorithms are inputed in PYTHIA
hence the creep-fatigue life consumption analysisis carried out in the same platform as
the creep life and the fatigue life analyses. In this chapter, developed methodologies are
applied to real engine operation data in order to track the creep-fatigue interaction life
consumption of the industria gas turbine blades under review in this study. Failure due
to creep-fatigue interaction is compared with creep failure under similar engine
operating conditions and the contribution of fatigue to creep-fatigue interaction failure
is investigated. Also, the effects of engine shaft power variation, ambient temperature

variation and compressor degradation on creep-fatigue interaction failure are examined.

8.1 Creep-Fatigue I nteraction Life Tracking: A Case Study

To test the feasibility and the applicability of the developed creep-fatigue interaction
algorithms in this research, the developed algorithms are applied to 8 months rea
engine operation field data. It is the same data used for testing both the creep life and
the fatigue life analysis algorithms. Figure 8.1 shows the equivalent creep-fatigue

interaction factors (ECFF) of the 8 months of engine operation under review.
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Figure 8.1: Equivalent Creep-Fatigue Factorsfor Different Months of Engine Operation
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The equivalent creep-fatigue interaction factors are higher during the months of low
ambient temperature engine operation where the creep factors are also higher. These are
in the months of January, February, March, and December. Lower values of equivalent
creep-fatigue factors are gotten in June, July and August, which come with high
ambient temperatures. The results in November are also low, as a bit high temperatures
were recorded in many days of engine operation. Higher equivalent creep-fatigue
factors are obtained in the months with low ambient temperatures because in industrial
turbine failure is more prone to creep as against fatigue failure. The contribution of
creep to the creep-fatigue interaction failure for daily shut down of engine is much

higher compared to the fatigue contribution.

To have a global view of the equivalent creep fatigue factors, the monthly equivaent
creep-fatigue factors are presented in Figure 8.2. The equivaent creep-fatigue factor for
each month is greater than 1, this means favourable engine operation in the entire period
with respect to creep-fatigue interaction failure at a reference operation point. The
lowest equivalent creep-fatigue factor, 1.03 was recorded in July, a bit safe operation.
Thisis the month with highest ambient temperatures and lowest creep factor values.
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Figure 8.2: Equivalent Creep - Fatigue Factorsfor each Month of Engine Operation

The equivalent creep-fatigue factor of the entire period of engine operation is also
included in Figure 8.2, designated as OECFF (overall equivalent creep-fatigue factor).
The overall equivalent creep-fatigue factor for the entire period of engine operation is
1.5. Thisindicates that the life consumption rate due to creep-fatigue interaction is 50%
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less compared to the reference engine operation condition. The engine operation in the
entire period is thus favourable.

The results of the creep-fatigue interaction are similar to those of creep because creep
contributes more to creep-fatigue interaction failure than fatigue. To have a proper view
of the larger contributions of creep to creep-fatigue interaction failure, the equivalent
creep factors and the equivalent creep-fatigue factors for two different months of engine
operation are presented in Figure 8.3 as data points. A month with low ambient
temperatures, January and a month with high ambient temperatures, July is used for the
comparisons. In both months of engine operation, the equivalent creep-fatigue
interaction factors closely approximate the equivalent creep factors for each day of
engine operation. The contribution of creep becomes more dominant in periods of high
ambient temperatures. The equivalent creep factors are closer to the equivalent creep-
fatigue factors in July of engine operation (Figure 8.3 (b)) than in January (Figure
8.3(a)).
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Figure 8.3: Comparison of Equivalent Creep Factors and Equivalent Creep-Fatigue
Factorsin two Months of Engine Operation

The equivalent creep-fatigue factor values are closer to the creep factor values in July
than in January because in July the tendency of fatigue failureis lower due to low intake
air and reduced momentum change stresses. Failure of the HP turbine blades is thus
more dominated by creep during periods of high ambient temperatures, which do result

in low shaft powers. If engine is often shut down from high shaft power levels, the
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contribution of creep to creep-fatigue interaction failure will be reduced compared to
shutting down from low power levels.

8.1.1 Low Cycle Fatigue Contribution to Creep-Fatigue I nteraction

The contribution of the low cycle fatigue life consumption to the creep-fatigue life
consumption can be expressed as life reduction due to fatigue life consumption in this
work. That is, under creep life consumption, the time to failure is estimated. As the
engine is operated for a given number of hours per day, say 12 hours and shut down, the
engine life consumption due to creep ought to be reduced by a factor of about 2. If
shutting down the engine constitutes a low cycle fatigue, the life consumption will be
reduced by a factor of less than 2. This may be viewed as life reduction as low cycle
fatigue interacts with creep. The average vaues of percentage reduction in life due to
fatigue interaction with creep for the 8 different months of engine operation are given in
Figure 8.4.
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Figure 8.4: Percentage Reduction in Life dueto Fatigue I nteraction with Creep

The percentage reduction in life is evaluated taking creep life as the base life. As creep
interacts with fatigue, the resultant life is less than the creep life and the decrease in life
due to fatigue contribution decreases with an increase in fatigue factors. The reduction
in life is highest in the months with low ambient temperatures where fatigue
contributions are highest. At the conditions where creegp dominance is more paramount,
the results of creep life consumption is not much different from those of creep-fatigue
interaction life consumption. Thus in such engine operation conditions, estimating only

creep life consumption is sufficient.
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8.2 Effects of Ambient Temperature and Shaft Power on Creep-
Fatigue Life

The results of creep-fatigue interaction show that the creep term dominates in the creep-
fatigue interaction failure. Thus, it is very likely creep-fatigue interaction failure will
respond to ambient temperature and power changes similar to creep. In this section, the
effects of ambient temperature and shaft power variations on creep-fatigue interaction
failure of the compressor turbine blades of LM2500+ engine is investigated. In
investigating the effect of ambient temperature on the creep-fatigue interaction life
consumption, the power level will be specified while creep-fatigue factors at different
ambient temperatures of engine operation are recorded. At a given ambient temperature
and power level, the maximum stress the blades are exposed is estimated. If the engine
is shut down from that power level and ambient temperature, assumed to operate at that
point for a defined time before shutting down, the creep life consumption as well as the
fatigue life consumption assuming one fatigue cycle is experienced could be estimated.
Shutting down the engine at same power level and different ambient temperatures will
generate different creep-fatigue factors which will show the trend of creep-fatigue

factors with ambient temperature.

To investigate the effect of shaft power on creep-fatigue life consumption, the ambient
temperature will be fixed while the engine is operated at different power levels before
shut down. The above anayses are made possible with the engine performance model
and the life analysis models developed in this research. Like in creep life and fatigue
life analysis, the effects of ambient temperature and shaft power on creep-fatigue
interaction analysis are carried out at 70% to 100% power levels and ambient
temperatures of 5°C to 30°C (expressed in terms of deviations from ISA condition).
Figure 8.6 shows the effect of ambient temperature variation on creep-fatigue
interaction at different power levels. The creep-fatigue factors, like the creep factors,
decrease with ambient temperature increase at al power levels. This is because the
creep failure contributes maorly to creep-fatigue falure. At higher ambient
temperatures, the creep-fatigue factors trend is closer to the creep trend as creep
contribution to creep-fatigue failure is more in higher ambient temperatures. At lower

ambient temperatures, the fatigue contribution increases but still far less than the creep

232



contribution; the creep-fatigue factors trend is less similar to the creep factors trend in
this temperature band. Both creep and fatigue contributions to creep-fatigue interaction
failure at a given ambient temperature increases with increase in shaft power, but creep
contribution increases faster; the creep-fatigue factors trend thus behaves more closely

with the creep factors trend at higher shaft power levels.
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Figure 8.5: Creep -Fatigue Factors Variation with Ambient Temperature at different
Shaft Power Levels

At any given power level, increasing the ambient temperature through the range of
temperatures considered lead to a decrease in the creep-fatigue factors as shown in
Figure 8.5. At lower ambient temperatures, the decrease in creep-fatigue factors with
temperature increase is small compared to same occurrence at higher temperature band.
This is because of the increase in fatigue contribution at lower ambient temperatures
and fatigue factors responds poorly to temperature increase. At the higher temperature
band, creep contribution increases leading to increase in creep-fatigue interaction
factors when temperature increase occurs at higher temperature band. Higher values of
percentage decrease in creep-fatigue factors due to increase in ambient temperature for
the specified ambient temperature range occur at higher shaft power levels, Figure 8.6.
The trend in Figure 8.6 shows faster engine creep-fatigue life consumption with
temperature increase at higher power levels. This is because at higher shaft power

levels, the contributions of both creep and fatigue to creep-fatigue life increases, and
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increase in ambient temperatures thus has more impact on the creep-fatigue failure at
higher power levels.
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Figure 8.6: Average Percentage Decrease in Creep-Fatigue Factors with Ambient
Temperature at different Power Levels

At agiven ambient temperature, the creep-fatigue factors decrease with increase in shaft
power. This is shown in Figure 8.7 for ambient temperatures of 13°C and 17°C
respectively (-2°C and 2°C deviation from I1SA).
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Figure 8.7: Creep-Fatigue Factors Variation with Shaft Power at Given Ambient
Temperatures

Creep life decreases with increase in shaft power at al ambient temperature, also
towards peak operations fatigue life decreases with increase in shaft power. With creep
dominating creep-fatigue interaction at al ambient temperatures and power levels,
increase in shaft power at any ambient temperatures leads to decrease in creep-fatigue
factors at all ambient temperatures as shown in Figure 8.7.
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At a given ambient temperature, increase in shaft power leads to decrease in creep-
fatigue factors as in Figure 8.7. On the other hand, increase in creep-fatigue factors
occur with power drop, in the same magnitudes as increase in shaft power does to creep-
fatigue factors decrease. Greater values of percentage increase in creep-fatigue factors
are obtained when power drop occurs at higher power levels. By estimating the increase
in creep-fatigue factors with power drop at different ambient temperatures, the mean
value is obtained at each power drop as shown in Figure 8.8. The results in Figure 8.8
are a bit similar to those obtained in creep life analysis where larger increase in creep
factors is obtained when power drop occurs at higher power levels. The large
contribution of creep to creep-fatigue interaction failure makes most of the creep-fatigue

results to be similar to the creep results.
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Figure 8.8: Average Percentage I ncrease in Creep-Fatigue Factor swith Shaft Power Drop

High values of increase in creep-fatigue factors are obtained when power drop occurs
around peak operation. Also, when shaft power increase occurs close to peak power
operation, creep-fatigue life consumption will be faster. In practice, in most periods of
engine operation, engine operates at part load, often gets to peak power levels.
Operating at part loads will lead to elongating engine life, but other considerations such
as specific fuel consumption at part load, power demand, etc. will be considered by
engine operators in making such decisions. For the sake of elongating engine life, in
high ambient temperatures, operating close to peak power should be avoided, unless it

becomes very necessary to do so.
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8.3 Effect of Engine Degradation on Creep-Fatigue Life Consumption

Degradation of any engine component affects the properties of the gas and hence the life
of the hot section components. Only the effect of compressor degradation on creep-
fatigue interaction life consumption is looked at here since compressor is the most
commonly degraded component in the gas turbine engine. Two cases of compressor
degradation will be considered: 1% and 2% reductions respectively in compressor
health parameter indices and these are shown in Table 8.1. The effect of each case of
engine degradation on creep-fatigue life consumption will be examined at different
power levels (70% to 100% power levels) and various ambient temperatures (10°C to

30°C expressed in terms of deviations from ISA condition).

Table 8.1: Degradation Casesfor Creep-Fatigue Interaction Life Analysis

Case  Component Degraded Parameter

Efficiency Index [%]  Flow capacity Index [%]
I Compressor -1 -1
I Compressor -2 -2

The extent to which engine compressor degradation affect creep-fatigue interaction life
consumption will be revealed by examining the sensitivity of creep-fatigue interaction
factors to compressor degradation at different engine operating conditions; that is, the
response of creep-fatigue interaction factors to compressor degradation will be
investigated at different conditions of engine operation. This is best presented in terms
of the percentage decrease in cregp-fatigue factors due to compressor degradation, and it
is given by Equation (8.1),
CFF; —CFFyg;

PDeer =~ crr x100 (8.1)
CE,i

PD. ; isthe percentage decrease in creep-fatigue factor at each power level and at the
various ambient temperatures, CFF. ; is the creep-fatigue factor for the clean engine at
agiven power level and temperature counter i, while CFF, ; isthe creep-fatigue factor

for the degraded engine at same power level and temperature. The vaue of the
percentage decrease in creep-fatigue factor indicates how engine creep-fatigue life

responds to engine degradation at the given power level and ambient temperature.
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Higher values of percentage decrease in creep-fatigue factor indicate greater impact of
degradation on creep-fatigue life and vice-versa. Results of the creep-fatigue factors of
the clean and degraded engines at different power levels and ambient temperatures are

presented for comparisons.

8.3.1 Effect of 1% Reduction in Compressor Health Parameter Indiceson
Creep-Fatigue Interaction Life

When the compressor health parameter indices are reduced by 1% each, the creep-
fatigue factors are reduced at each condition of engine operation. Figure 8.9 shows the
creep-fatigue factors for 90% and 100% power levels and at different ambient
temperatures for both the clean engine (CE) and the degraded engine (DE).
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Figure 8.9: Creep- Fatigue Factors of Degraded and Clean Engines at different Power Levels

and Ambient Temperatures-1% Reduction in Compressor Health Parameter Indices

The creep-fatigue factors of the clean engine are greater than those of the degraded
engine at the two power levels and the different ambient temperatures. Like in the case
of the creep factors variation with compressor degradation, the creep-fatigue factors for
the degraded engine are much lower than those of the clean engine at lower ambient
temperatures and lower power levels (this is on numerical scale since high values of
creep-fatigue factors are recorded at low shaft power and low ambient temperatures). At
100% power level and higher ambient temperatures, the creep-fatigue factors of the two
engines are aimost the same. The compression process is more efficient at lower power
levels and lower ambient temperatures and any change in compressor health parameter

indices will lead to more noticeable change in the creep-fatigue factors at lower ambient
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temperatures and lower shaft powers as larger values of creep-fatigue factors are
obtained in these regions. In terms of percentage decrease in creep-fatigue factors,
larger values are recorded at higher power levels and higher ambient temperatures
similar to the way creep factors respond to compressor degradation. Thus at a given
power level, the percentage decrease in creep-fatigue factors increases with ambient

temperature (though does not form a very regular trend). This is shown in Figure 8.10
for 70% and 85% power levels.
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Figure 8.10: Percentage Decrease in Creep-Fatigue Factors at different Power Levels and
Various Ambient Temperatures- 1% Reduction in Compressor Health Parameter Indices
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Figure 8.11: Average Percentage Decrease in Creep-Fatigue Factors at different Power
Levels- 1% Reduction in Compressor Health Parameter | ndices

The average percentage decrease in creep-fatigue factors are evaluated at each power
level and ambient temperatures between -10°C to 30°C, expressed in terms of deviation

from ISA. The average percentage decrease in creep-fatigue factors increases with shaft
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power as shown in Figure 8.11. Compressor heath parameters indices reduction thus
has more impact on creep-fatigue life consumption at higher ambient temperatures and
at higher power levels.

At a given ambient temperature, the percentage decrease in creep-fatigue factors
increases with increase in shaft power. This is shown in Figure 8.12 for two different
ambient temperatures, 13°C and 17°C. The trend shows that compressor degradation has
more effect on creep-fatigue life at higher power levels. This is because at the higher
power levels, the compression process is less efficient and compressor degradations
lead to greater percentage increase in the temperature of gases at the turbine entry. Since
creep-fatigue interaction life consumption is dominated by creep which is temperature-
driven, compressor degradation has greater impact on creep-fatigue life consumption at
higher power levels. The increase in percentage decrease in creep-fatigue factors does

not form a uniform trend with shaft power but on the increase.
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Figure 8.12: Trend of Percentage Decrease in Creep-Fatigue factors with Shaft Power at
different Ambient Temperatures — 1% Reduction in Compressor Health Parameter
Indices

8.3.2 Effect of 2% Reduction in Compressor Health Parameter Indiceson
Creep-Fatigue Interaction Life

The creep-fatigue interaction factors obtained for 2% reduction in compressor health
parameter indices are similar to those of both the clean engine and the engine with 1%
reduction in compressor health parameter indices in terms of trend, but less than those

of 1% compressor degradation in terms of magnitude. Figure 8.13 shows the creep-
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fatigue interaction factors for the engine with 2% compressor degradation and the clean
engine at 90% and 100% power levels and at different ambient temperatures.
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Figure 8.13: Creep-Fatigue Factors of Degraded and Clean Engines at different Power Levels

and Ambient Temperatures-2% Reduction in Compressor Health Parameter Indices

The creep-fatigue interaction factors for the degraded engine, like in the case of 1%
reduction in compressor health parameter indices, are much lower than those of the
clean engine at lower power levels and lower ambient temperatures. In this case, at
100% power level and higher ambient temperatures, there is still noticeable difference
between the creep-fatigue factors of the clean and degraded engines, signifying that 2%
reduction in compressor health parameter indices led to more reduction in creep-fatigue
factors than the 1% degradation case. Although more noticeable difference between the
creep-fatigue factors are obtained at lower power levels and lower ambient
temperatures, the percentage decrease in creep-fatigue interaction factors, like in the
case of 1% compressor degradation, is higher at higher ambient temperatures and shaft
powers. Thus at a given power level, the percentage decrease in creep-fatigue factors
increases with increase in ambient temperature as shown in Figure 8.14 for 70% and
85% power levels. The percentage decrease values are higher than those of 1%
degradation case at all ambient temperatures and shaft power levels. The average
percentage decrease in creep-fatigue factors computed at each power level and at the
different ambient temperatures increases with increase in shaft power like in the case of
1% degradation case but of higher magnitude, Figure 8.15.
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Figure 8.14: Percentage Decrease in Creep-Fatigue Factors at Different Power Levels and
Variousambient temperatures- 2% Reduction in Compressor Health Parameters
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Figure 8.15: Average Percentage Decrease in Creep-Fatigue Factors at different Power
Levels- 2% Reduction in Compressor Health Parameter | ndices

Like in the case of 1% reduction in compressor heath parameter indices, at a given
ambient temperature, the percentage decrease in creep-fatigue factors increases with
increase in shaft power as shown in Figure 8.16 for 13°C and 17°C ambient
temperatures. The percentage reductions are higher than those obtained for 1%
degradation. The percentage decrease in creep-fatigue factors for the engine with 2%
reduction in compressor health parameter indices is higher than those of the engine with
1% degradation case at all ambient temperatures and shaft power levels. This means the
engine with 2% degradation case has more impact on creep-fatigue interaction life than
the engine with 1% degradation case. To know the relative impact of the 1% and 2%
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degradation cases on creep-fatigue interaction life, the average percentage decrease in
creep-fatigue factors at different power levels should be compared.

2% Degradation

40
X 35
5 L
z 25 //
3 ——
D 15 -
S
$ 10
o
© 5

0 T T T T T T ]
65 70 75 80 85 90 95 100
Shaft Power [%]
=g % Dec. in FF @ 130C === % Dec. in CFF @ 170C

Figure 8.16: Trend of Percentage Decrease in Creep-Fatigue factors with Shaft Power at

different Ambient Temperatures — 2% Reduction in Compressor Health Parameter
Indices

8.3.3 Comparison of the I mpacts of the two Degradation Cases on Creep-
FatigueLife

In both cases of degradation, the creep-fatigue factors behave like the creep-fatigue
factor of the clean engine in terms of trend but of lower magnitude at all temperatures
and shaft power levels. The creep-fatigue factors for both the clean and degraded
engines decrease with increase in ambient temperature for a given power level; they
also decrease with increase in shaft power for a given ambient temperature level. Figure
8.17 shows the creep-fatigue factors for the two cases of degradation at 13°C (-2°C
deviation from ISA) and different power levels. Figure 8.17 also shows that the engine
with 2% reduction in compressor health parameter indices has creep-fatigue factors
lower than the engine with 1% degradation case at a given ambient temperature and at
all power levels. More noticeable difference between the creep-fatigue factors is
obtained at lower power levels because high values of creep-fatigue factors are gotten at
lower power levels.
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Figure 8.17: Creep-Fatigue Factor Variation with Shaft Power for Degraded Engines at a
Given Ambient Temperature

Increasing the compressor health parameter index reduction from 1% to 2% nearly
doubles the impact of the degradation on creep-fatigue interaction life at all ambient
temperatures and shaft power levels judging from the values of the average percentage
decrease in creep-fatigue factors. This means doubling the compressor health parameter
indices nearly doubles impact on creep-fatigue life consumption. For instance, a 70%
power level, the average percentage decrease in creep-fatigue factors for the 1% and 2%
degradation cases are 10.837% and 21.155% respectively, and for 90% power level, the
respective values are 16.053% and 30.096%. In both degradation cases, percentage
decrease in creep-fatigue factors increases with shaft power at a given ambient
temperature, and at a given ambient temperature, the percentage decrease in creep-
fatigue factors increases with shaft power level. The values of the percentage decreases
in creep-fatigue factors with compressor degradation obtained in this research are
specific to the engine model, different engine models will give different results but the
trends may be similar. Thus, the results could serve as guides to different engine

operators.

8.4 Chapter Conclusions

Creep-fatigue interaction life analysis is considered in this chapter. Taira' s linear creep
and fatigue accumulation model is used for the creep-fatigue interaction anaysis, while
the limitations imposed by the linear model are evaded by exploiting relative life
analysis. The creep-fatigue model gets inputs from the creep model and the fatigue
model. The creep-fatigue life analysis methodology using relative life analysis make it
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possible for engine operators to assess how well they operate their engines over time
and makes creep-fatigue life tracking feasible. The developed models were applied to 8
different months of engine operation using same data for the creep life analysis as well
as the fatigue life analysis in Chapters 6 and 7 respectively. The creep-fatigue life
consumption of the engine was tracked in the process and the results obtained were in
line with what is obtainable in real engine operation. Creep dominates the creep-fatigue
failure at the different conditions the engine was operated. This is expected as industrial
gas turbines are operated in a bit stable power conditions and fatigue cycles
accumulated over time are quite few. The contribution of fatigue to creep-fatigue
interaction increases with shaft power.

The effects of ambient temperature, shaft power and engine degradation on creep-
fatigue life consumption were also investigated. The basic findings are presented below:

e At a given shaft power level, creep-fatigue factors decrease with increase in
ambient temperature.

e At agiven ambient temperature, creep-fatigue factors decrease with increase in
shaft power.

e For an engine with compressor turbine health parameter indices reduction, the
trend of the creep-fatigue factorsis similar to that of the clean engine, but lower
in terms of magnitude at all ambient temperatures and shaft power levels.

e The percentage decrease in creep-fatigue factors due to compressor degradation
increases with both shaft power increase and ambient temperature increase.

e The average percentage decrease in creep-fatigue factors due to compressor
degradation increases with increase in shaft power, where the average value is
evaluated at each power level for the different ambient temperatures

e Doubling the compressor health parameter indices reduction nearly doubles the
impact on creep-fatigue life consumption.
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9 CONCLUSIONSAND FUTURE WORK

9.1 Conclusions

Gas turbines are widely used for civil/military aviation and industrial power generation
and many other utilities. These machines are operated at quite high temperatures,
especially the high pressure turbine blades, and are prone to failure due to creep, fatigue
and creep-fatigue interaction. In this work, algorithms are developed using appropriate
lifing models to simultaneously estimate the creep life consumption, fatigue life
consumption and creep-fatigue interaction life consumption of the high pressure turbine
blades of an industrial gas turbine using LM 2500+ engine operated by Manx Utilities at
Isle of Man as a case study. Relative life analysis is employed by comparing the engine
life estimated to a reference life in each faillure mode (where the reference life is dso
estimated from same algorithms in a specified engine operation condition) and the
resulting life analysis factor indicates how well the engine has being operated for any
given time frame. The usage of the life analysis factors lessens the excessive demand on
the accuracy of the life prediction method employed but makes engine operators aware

of the relative extent engine life is being consumed.

The aim of thiswork is to study and develop appropriate engine life estimation methods
and apply same to industrial gas turbine hot section blades by making use of direct
engine measurement data and make engine life tracking feasible and in less time, but at
low cost to the operators of the engines. To be able to carry out the engine life
estimation, an engine performance model is created in PY THIA, Cranfield University’s
in-house gas turbine performance and diagnostics software. The created model is
adapted to the real engine operation conditions. A data acquisition and pre-processing
computer module is created while blade thermal and stress models are developed to
provide temperatures and stresses at various locations along the span of the blade for
life analysis. Different life analysis models are selected for the creep life analysis,
fatigue life analysis and creep-fatigue interaction analysis respectively. The life analyses
models and the sub-models developed to make engine life consumption analyses
feasible are implemented in PYTHIA. The effects of various parameters on engine life
consumption are thoroughly investigated in the different lifing modes. The various
aspects of the research and some major findings in the research are are highlighted here.
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The engine performance model of the LM2500+ engine created in PYTHIA is adapted
to both the design and the off-design conditions of the real engine. The created and
adapted engine model must behave like the real engine for its output gas path properties
to be trusted for any further anaysis. To ascertain the accuracy of the engine
performance model, the model was applied to different conditions of engine operation
and it produces results that closely matched those from the rea engine. The model was

thus validated and applied in the engine life analysisin this research.

To ensure transfer of data from the real engine operation to the engine performance
model in PYTHIA for simulation, a data acquisition and pre-processing computer
module was created. This module accepts field datain excel sheets, sends the data to the
engine performance model and simulations are carried out using PY THIA code. Shaft
power and ambient temperature are used as parameters for off-design calculation
(simulation) while other gas path properties available from the real engine operation are
kept for comparison of results. The simulations are necessary because not al gas path
properties required in the life analysis process are available from the real engine
operation data; for instance TET. The results of the simulation are mainly gas path
properties and components efficiencies. The data acquisition and pre-processing
module compares the simulated results with those from the real engine where results
from the real engine exist, such as compressor exit temperature and ensure the results
are in good agreement. Some of the simulated results are sent to the blade thermal and
stress models through the data acquisition and pre-processing module. The module is
able to transfer data for any period of engine operation in a given day for simulations

and makes life analysisfeasible.

Four thermal models are developed in this research with each blade divided into 8 equal
parts and 9 nodes identifierd for life calculations. These are uniform temperature model
with and without TBC, and one-dimensional temperature model with and without TBC.
The one-dimensional model with TBC is used for life analysis. This model is developed
assuming convective cooling of the blades and aradia temperature distribution factor of
the combustor exit gases. The maximum gas temperature is assumed to occur at 62.5%
distance from the blade root which varies linearly to minimum values at the blade tip
and the blade root respectively. The blade material temperature is assumed to be the
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same at every point in each nodal location. Although, a number of assumptions were
made in obtaining the thermal model, the temperatures of the blade material predicted
are in line with results from FEA models under similar loading conditions. In the blade
stress model, centrifugal stress and bending momentum stresses are considered. Other
sources of stresses are identified to be minimal thus not considered in estimating the
blade stresses. The centrifugal stress is the major source of stress and it is highest in the
blade root. The bending momentum stresses arise from velocity change bending
moments and pressure change bending moments. Stresses are estimated at three chord-
wise sites (leading edge, trailing edge, and furthest point at the suction surface of the
blade) in each of the 9 nodes and the maximum value is used for life analysis in each
node. The evaluation of the stresses in the three sites is because maximum stress is

likely to occur in any of those sites.

The Larson-Miller Parameter method is used for creep life analysis. This model was
chosen for its accuracy and availability of material master curve of the blade material.
This modd requires blade material temperature, Larson-Miller Parameter (LMP) value,
and Larson-Miller Parameter constant which is known. The blade material temperature
is gotten from the blade thermal model while the LMP value is read from the master
curve based on the stress value gotten from the blade stress model. The LMP value is
obtained by interpolation from a numerical equivalent of the master curve. An
integrated creep life estimation system is built as a separate module in PYTHIA for

creep life consumption analysis.

Relative creep life consumption analysis is carried out by dividing the creep life
obtained with a reference creep life to give the creep factor. The creep factor stands for
the severity of engine operation at each engine operation point. If creep factor is greater
than one, it means favourable engine operation and vice-versa. Since the engine is being
operated in different conditions, the concept of equivalent creep factor is introduced in
this research to assess the wellness of engine operation in any time frame. Robinson’s
life fraction rule is applied to obtain the equivalent creep life in any period of engine
operation, and the ratio of the equivalent creep life to the reference life gives the
equivalent creep factor. If the equivalent creep factor is greater than unity, this portrays

favourable engine operation for the given period, and vice-versa. If the equivalent creep
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factor is unity, the cumulative engine creep life consumption is the same as operating
the engine in the reference condition for the entire period.

Engine creep life consumption could be tracked from the values of the equivalent creep
factors of engine operation which are easily gotten from the integrated creep life
estimation system. The creep life analysis a gorithms were applied to 8 different months
of engine operation to illustrate how engine creep life could be tracked and to test the
feasibility and the applicability of the creep life tracking process. The creep life tracking
of the 8 months of engine operation produces results which are comparable with those
in real engine operation (high equivalent creep factors obtained during low ambient
temperatures and lower shaft power levels and lower equivalent creep factors obtained
during periods of high ambient temperatures and high shaft power operations) thus
confirming the accuracy of the life tracking algorithms developed in this research.

The influences of shaft power variation, ambient temperature and engine components
degradations on creep life consumption were aso investigated in this research.
Components degradations come in the form of reduction of isentropic efficiency indices
and flow capacity indices. The salient findings about the various effects on engine creep
life consumption are summarized below:

o Generdly, creep life reduces with an increase in shaft power.

e More favourable life increase with shaft power drop occurs towards peak power
operation of the engine at any ambient temperature.

e Creep life increases with shaft power drop in the same magnitudes as shaft
power increase does to reduction in creep life.

o Creep life decreases with an increase in ambient temperature. At a given power
level, the rate of decrease in creep life with ambient temperature is smaller at
higher ambient temperatures

e Creep life increases with ambient temperature drop in the same magnitudes as
ambient temperature increase does to creep life reduction.

e Engine components degradations lead to decrease in creep life.

e Considering the reductions in isentropic efficiency and flow capacity reductions

in components:
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o Compressor isentropic efficiency index reduction has more impact on
engine creep life than compressor flow capacity index reduction
o Compressor turbine flow capacity index reduction has more impact on
creep life than compressor flow capacity index reduction
e For 1% and 2% reductions in efficiency and flow capacity indices of compressor
and HP turbine respectively, the creep life/ creep factors are reduced. The trends
of the creep life/ creep factors are similar to those of the clean engines, but less
in magnitude.
e Compressor degradation has more influence on creep life than HP turbine
degradation
e A unit increase in ambient temperature has more impact on creep life than 1%
degradation of compressor turbine but has less impact compared to 1%
degradation of compressor
e 1% increase in engine shaft power has less impact on creep life compared to unit
increase in ambient temperature.
e A unit increase in engine shaft power has more impact on creep life than 1%

reduction in health parameter indices of either the compressor or the HP turbine.

Fatigue life analysis is carried out in this research. The fatigue life estimation process
requires a model for estimating the fatigue cycles to failure and another model for
caculating the fatigue cycles accumulated in any period of engine operation. The
Palmgren-Miner rule is then applied to estimate the fraction of fatigue life consumed
from different blocks of loads obtained from engine operation, and thus estimate the
equivalent fatigue life which is usually in terms of the number of fatigue cycles to
failure for the different conditions of engine operation. The modified universal slopes
method is used for calculating the fatigue cycles to failure at any condition of engine
operation in this research. A low cycle fatigue life counting model suitable for analysing
the cycles accumulated in industrial gas turbine operation was developed. This model
was developed by considering the model the US Air Force use in accumulating fatigue
cycles in air-craft operation. The developed model accounts for every variation of
engine shaft speed. The development and the application of the fatigue cycles counting
model ensures that fractional fatigue cycles accumulated in the course of engine
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operation are generated and cycle counting does not depend on when engine is shut

down to represent one fatigue cycle as practiced in many circumstances.

Like in the case of creep life, absolute results are not depended on, thus the concept of
fatigue factor is introduced to assess the severity of operation at any time frame of
engine operation. The fatigue factor is the ratio of the fatigue cycles to failure at any
time frame of engine operation to the fatigue cycles to falure at a reference engine
operation condition. Equivalent fatigue factor, which is the ratio of the equivaent
fatigue life to the fatigue cycles to failure at a reference engine operation condition, is
used to represent the wellness of engine operation considering different time frames of
engine operation. If the equivalent factor is greater than one, this indicates slower rate of
fatigue life consumption with respect to the reference engine operation condition, and

vice-versa.

Fatigue life tracking of the engine is possible, and this was carried out for 8 different
months of engine operation to track the fatigue life consumption of the engine for the
period, and to also test the feasibility and the applicability of the life tracking process.
The fatigue life tracking results are similar to what is obtainable in real engine
operation. Also, the effects of shaft power variation, ambient temperature variation, and
engine degradation on fatigue life consumption were investigated. It was observed that
fatigue life is greatly affected by power level, while ambient temperature has only little
effect on fatigue life consumption. The basic observations concerning the various

effects on fatigue life consumption are presented below:

e At a given shaft power level, in the temperature range 5°C to 30°C, fatigue
factors increase to about 13°C and then drop. This stems from changes in the air
density which leads to decrease in the mass of the compressor intake air, the
shaft speed increases to balance the reduction in the momentum change stresses
leading to increase in stresses and lower cycles to fatigue failure beyond 13°C.

e For shaft power level above 90%, fatigue factors decrease with further increase
in shaft power at any ambient temperature

e _Fatigue factors decrease with compressor degradation at al ambient
temperatures and shaft power levels. Greater decrease in fatigue factors with
compressor degradation is obtainable at lower power levels.
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e When the compressor health parameter indices reductions are doubled
(increased by 100%) the impact on fatigue life consumption increases more than
100%.

Creep-fatigue life analysis is carried out in this research using Tara's linear
accumulation method. The creep-fatigue interaction model gets inputs from both the
outputs of the creep life model and the fatigue life model. Creep-fatigue interaction life
is estimated at the same locations in the blade where both creep life and fatigue life
consumption are evaluated. The creep-fatigue interaction life could be expressed in
terms of both time to faillure and cycles to failure. The concept of creep-fatigue
interaction factor is introduced to assess the severity of engine operation in any time
frame, while equivalent creep-fatigue interaction factor is introduced to assess the
severity of engine operation in different time frames. The use of the creep-fatigue
interaction factor overcomes the apparent shortcomings in the Tairas linear

accumulation model.

The contributions of creep and fatigue to creep-fatigue interaction life consumption are
expressed in terms of creep and fatigue damage parameters respectively, which
represent the fraction of creep life and the fraction of fatigue life consumed respectively
in any period of engine operation. Considering the contributions of creep and fatigue to
the creep-fatigue interaction life at different conditions of engine operation, it is
observed that creep contribution dominates at all power levels and ambient temperatures
but more dominance occurs in high ambient temperatures and lower power levels. At
such conditions where creep dominance is more paramount, the results of creep life
consumption is not much different from those of creep-fatigue interaction life
consumption. Fatigue failure never dominates but contributes more in higher power

levels of engine operation becauseit is driven by stress amplitude.

The creep-fatigue interaction life estimation methodology was applied to 8 months of
engine operation using same data for the creep life consumption analysis as well as the
fatigue life consumption analysis. The creep-fatigue life consumption of the engine was
tracked in the process and the results obtained were in line with what is obtainable in
real engine operation. On investigating the effects of shaft power variation, ambient
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temperature variation, and engine degradation on creep-fatigue life consumption, the

following are the basic findings:

Creep-fatigue factor decreases with increase in ambient temperature at a given
shaft power level.

Creep-fatigue factor decreases with increase in shaft power at a given ambient
temperature.

Creep-fatigue factor decreases with engine components degradation.

The percentage decrease in creep-fatigue factors with compressor degradation is
higher at higher ambient temperatures and higher power levels.

When the compressor health parameter indices reduction is doubled, the impact
on the creep-fatigue life consumption is nearly doubled.

Apart from developing agorithms that could be applied in engine life consumption

analysis exploiting different lifing modes, the developed lifing algorithms could be

applied to engine life tracking. Engine operators could use the developed life

consumption methodologies in monitoring the wellness of their engine operations.

Also, the results of the various effects on engine life consumption will be of immense

help to engine operators, especially, decisions concerning operating at part when with a

view to extending engine life. Generally, these results will help engine operatorsin their

condition monitoring and condition-based maintenance.

The aim of this research has been achieved and this research has contributed to the

existing body of knowledge in anumber of areas. These are summarized below:

A platform has been created to simultaneously determine creep life, low cycle
fatigue life and creep-fatigue interaction life consumptions using relative life
analysis. The use of relative life analysis ensures having accurate trend in the
engine life consumption irrespective of any minor shortcomings in the life
estimation models.

A means of quick assessment of engine life consumption has been created and

engine life tracking is possible using direct engine measurement data.

252



e A low fatigue cycles counting model suitable for industrial turbines operation
is developed. This model has the advantage of accounting for any minor
variation of compressor shaft speed which brings about variations in stress
levels. With this model, waiting for engine to be shut down to count one
fatigue cycleis avoided.

e In this research, by investigating the low cycle fatigue contributions to creep-
fatigue interaction life consumption at different engine operation conditions,
safety margins have been developed where creep contribution to creep-fatigue
interaction life is very dominant. At such margins, engine life consumption
analysis could be wholly creep and the results are not much different from
those of creep-fatigue interaction life consumption.

e In-depth analysis of the relative extent in which various factors affect engine
life has been carried out. These results will meet many needs of engine

operators.

9.2 Suggestions for Future Resear ch

Gas turbine life estimation methods and life monitoring algorithms are successfully
developed in this research thus achieving the am and the objectives set out from the
beginning. Inspite of this, thereis still much room for improving the present work and
there is need to look at other similar areas of research that will add to the present work
and widen the scope of its applications. Improvements in some of the models developed
and the life estimation methodlogy are first highlighted here, and this is followed by

some future areas of research that will add value to the present work.

I mprovements Required

Improvements are required in different aspects of the present work. These include
improvements in blade therma model, improvements in the blade stress model, and
improvements in the entire life estimation methodlogy. Each of these is considered in

turn.
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Improvementsin Blade Thermal Model

In the blade therma model, temperatures are estimated at 9 nodes. To have a better
temperature distribution, the nodes should be increased. Also, the maximum gas
temperature is assumed to vary linear to the blade tip and blade root. The temperature
variation is not actually linear; a quadratic function should be exploited to estimate the
temperature variation from the maximum location to the blade tip and root. Another area of
improvement in the blade thermal model is the usage of different radial temperature
distribution factors (RTDF). The RTDF is assumed. Thus, to have results that represent the
real situation better, which is not known, different values of RTDF should be used and the
average blade metal temperature used for the life calculations.

Improvementsin Blade Stress M odel

The stress model considers centrifugal stresses and stresses arising from pressure change
bending moments and velocity change bending moments. Stresses due to temperature
gradients were not considered in the present work. Also, shear loading stresses due to gas
pressure or centrifugal twisting of blades were left out. The temperature gradient stresses
need to be accounted for in future works. When these stresses are included, the total stresses
imposed on the blades will increase even if minor.

Improving the Life Estimation M ethodology

In the present work, to estimate the engine life consumption, the engine operation data for
each day is fed into the life estimation software and the engine life consumed per day or any
period within the day of engine operation is estimated. When data for another day is
uploaded, the life consumption for that day is estimated and the cumulative life consumed
for the two days is also calculated automatically. There is no limit to the amount of data to
be used for life estimation. The system calculates life consumption quickly but it is
necessary to take it to the next level. Thus, a maor improvement in the life estimation
process developed in this research is to couple it to the real engine so that it will take the
output of the engine and calculate the engine life consumption as the engine is being
operated. Thiswill enable the engine operators to monitor the rate at which the enginellifeis
consumed while in operation. The above improvement will require some adjustments in the
PYTHIA main code, the code that calls the blade thermal and stress models and the data
acquisition and pre-processing module. This is achievable and | strongly recommend it is

looked at in the future. Although, online engine life monitoring systems exist, but engine
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operators hardly have access to such tools. Also, issues of accuracy are rarely ruled. The use
of PYTHIA inthisregard is therefore encouraged.

Future Areas of Research

There are severa failure modes of gas turbine critical components. In this work, creep,
fatigue and creep-fatigue interaction are considered. Oxidation is one very common failure
mode which a so acts as catalyst to the speedy occurrences of both creep and fatigue. When
creep, fatigue and oxidation are brought under one umbrella, it is often termed thermo-
mechanical fatigue (TMF) which mechanism is yet to be properly defined/understood.
Since this work exploits analytical models for life analysis aimed at making engine life
tracking feasible, in the future, | suggest the effect of oxidation should be built into it
making use of the engine operation properties.

The gas turbine hot section components include nozzle guide vanes and rotor blades. In this
work, the life analysis methodologies are applied to only the high pressure turbine rotor
blades. The Application of the Lifing Methodology to Nozzle Guide Vanes in the future is
recommended. This will be achieved by developing a thermal model and a stress model for
nozzle guide vanes. The development of the thermal model will only require extracting
relevant information from the blade thermal model developed in this work since the gas
temperatures at the exit of the nozzle guide vanes were estimated in this work. For the
nozzle guide vanes stress model, appropriate relations that model the stresses imposed on

them could be exploited.

Another area | suggest should be looked at is the economics of operating at part load. Part
load operation leads to burning more fuel per unit power output compared to peak power
operation for most industrial gas turbine operations. But part load operation lengthens the
life of the blades. If operating at a given part load extends blade life by a number of hours,
thus extending both maintenance as well as replacement times, it is proper to look at
different part load operations and the extent to which blade life is extended in each case. It
is also important to estimate the financia gains in the life extension of the blades at each
part load operation. Also, the additional fuel cost at each part load should be noted. An
economic model should thus be developed covering different part load operations and
determine the net gain obtained in each part load operation. This is also of interest to the
author and | will likely look at it in the future.
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APPENDICES

APPENDIX A : Program Details and Functionalities

Cranfield University in-house gas turbine performance and diagnostics software,
PYTHIA is used as the core program in this work. The capabilities of PYTHIA in
carrying out off-design performance calculation are exploited in this research. This
work entails engine life consumption estimation and monitoring. The life consumption
analysis algorithms developed are incorporated in PYTHIA and this makes it possible
for engine like tracking. New interfaces or program windows are created and program
codes provided to make the life consumption anaysis feasible. The new interfaces
created and the functions of the engine life consumption modules incorporated in
PYTHIA to form a modified version of the software are presented briefly in this
appendix. The provision of this appendix here is only to show what | have done
regarding putting my work in a software for the usage of the company that co-sponsored
my research, Manx Utilities (MU). The product of my research is the property of Manx
Utilities, thus, much details about the software will not be given. Details regarding to

the forms created and those of academic importance are presented here.

A.1 Program Windows/I nter faces

The interfaces or windows that are relevant to the lifing analysis in this research could
be put into three categories. These are the Engine Design window, Life Setting windows
and Life Analysis windows. Each of these windows is presented in the following sub-

sections.

A.1.1 Engine Design Window

The engine design window is part of original version of PYTHIA but it is modified here
and serves as the means of communicating with the new windows created for life
analysis. Figure A.1 shows the engine design window. The engine design window links
with the life analysis modules through “Build Lifing” and the “Lifing Analysis” Menu
items at the top of the window. The “Lifing Anaysis’ Menu is not ‘Enabled’ until data
is uploaded for simulation. The engine performance model is loaded in the system
through the file menu (sub-menu “ Open Existing Engine Model”). Also, engine data for
simulation is uploaded through the file menu (sub-menu “Upload Engine Measurement
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Data’) while files uploaded are displayed in the “Files Uploaded” frame, Figure A.2.
One file is uploaded at a time and simulations are carried out before a second file is

uploaded for simulations. There is no limit to the number of files to be uploaded for

simulation.

Figure A.1: Engine Design Window

Figure A.2: Engine Model Upload and Measurement Data Upload from Engine Design
Window
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In selecting data for simulation, engine operators may like to know how well the engine
was operated in different periods of the day. Thus, two radio buttons are created in the
Selection of Data Type for Simulation Frame: “Use All Data” and “ Select Data Range
(Time of the Day)”. By Default, all data of the day operation of the engine is selected.
When the “ Select Data Range (Time of the Day)” radio button is checked, two combo
boxes are made visible for the operator to select the period of the day. In Figure A.3,
00:10am and 12:02pm are selected and the engine operation data between these periods
will be used for life consumption analysis. To select all the data, the “Use All Data”
radio button should be checked. When the engine performance model and engine
operation data are uploaded, off-design performance calculations or simulations are
carried out by clicking the “ Simulate Engine Performance” sub-menu (not shown) in the
Build Lifing Menu. When simulations are completed, the operator may like to view
some simulated results. This is achieved by checking the “Show Simulated Results’
radio button asin Figure A.3.

Figure A.3: Selection of Data for Simulation and Smulated Results View
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The engine design window also has a frame (“ Upload another data for ssimulations”) for
monitoring the progress of simulations. The simulations could also be cancelled at any
point. When simulations are going on, the text changes to “ Simulations in Progress” and
on completion of Simulations, it changes to “Simulations Completed Successfully”,
Figure A.4. When the program is not running, the frame display text is “Display
Progress’

Figure A.4: Simulations Progr ess Display

In the Engine Design window, other menus that are not relevant to the life consumption
analysis carried out in this research are also shown. The Life Setting Windows and the
Life Analysis windows are accessed from the Engine Design window and these are

considered next.

A.1.2 Life Setting Windows
The Life Setting Windows are assessed from the Building Lifing Menu in the Engine

Design window. Three life setting windows are created to enable life consumption
analysis. These are the Blade Parameters Setting window, Creep Life Setting window,
and Fatigue and Creep-Fatigue Interaction Setting window.
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Blade Parameter s Setting Window

Figure A.5 shows the Blade Parameters Setting window. Data about blade geometry,
blade cooling and thermal barrier coating are provided. The values pertaining to the
engine used for this research are already stored in the program. Some data for the blade
parameter setting is given in Appendix G. The operator does not need to change
anything if dealing with same engine. For a different engine, there is provision for the
operator to supply new set of data and save such data in a required location or change
those of the original engine used. These provisions are made available by sub-menu
items under the file menu in the window. Also, the therma model to be used is selected.
By default, the one-dimensional therma model is selected.

Figure A.5: Blade Parameter s Setting Window

Creep Life Setting Window

In the creep life setting window, Figure A.6, the blade material Larson-Miller parameter
data consisting of stress and LMP values are inputted. The Larson-Miller Parameter
constant C and the blade material density are also supplied in this window. The data
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could be stored in any location or in the program. The required data is already stored in
the system for life analysis hence the operator has nothing to do here unless a new

engineis considered. Data about LMP valuesis provided in Appendix G.

Figure A.6: Creep Life Setting Window

Fatigue and Creep-Fatigue I nteraction Setting Window

Figure A.7 shows the fatigue and creep-fatigue interaction setting window. In this
window, the Young's modulus, the ultimate tensile strength and the true fracture
ductility of the materia are inputted. Also, alow cycle definition is supplied here. The
relevant values are already stored in the system.

Figure A.7: Creep and Creep-Fatigue I nteraction Setting Window
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A.1.3 Life AnalyssWindows
The life analysis windows are two in number. These are the creep life analysis window

and the fatigue and creep-fatigue interaction life analysis window. Each of these is
presented here. These windows are accessed through the Lifing Analysis menu in the

Engine Design window.

Creep Life Analysis Window

The creep life analysis window is shown in Figure A.8. Here, the creep life
consumption of the engine is estimated. The creep lives and the creep factors at each
operation point of the last data ssimulated are given. The time in hours of each data used
for life analysis, the creep life due to each data and the creep factor for each data used
for life analysis are also obtained here. The overall equivalent creep life and equivaent

creep factor due to every data of engine operation are obtained also.

Figure A.8: Creep Life Analysis Window

There is aso a graphica plotting area where the operator can visualize any engine
operation property or creep life analysis property. The creep factors and the equivaent
creep factor for the last data could be plotted against time of engine operation. The
equivalent creep factors per data simulated and the overall equivalent creep factor could
be plotted against time. Also, the trend of the equivalent creep factors could be
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displayed as in Chapter 6. The plot selection panel is visible when the “Upload EnData
and Simulated Data’” menu is clicked followed by “Caculate Engine Life
Consumption” menu, Figure A.9. The creep life analysis results could be saved and the
data analysed could be deleted from the system through sub-menus provided in the file

menu.

Figure A.9: Plotting of Creep Life Results

Fatigue and Creep-Fatigue Interaction Life Analysis Window

Fatigue life consumption and creep-fatigue interaction life consumption is displayed in
the fatigue and creep-fatigue interaction life analysis window shown in Figure A.10.
Fatigue life analysis is carried out for the last ssimulated data by clicking the “Run
Fatigue Life Estimation” menu. The “Run Creep-Fatigue Estimation” menu carries out
creep-fatigue interaction life analysis. Life anaysis data could be saved in excel file if
the “Save Data in Excel Sheet” radio button is checked. The equivaent fatigue factor
per smulated data and the overall equivalent fatigue factor for all simulated data are
obtained. Also, the fatigue cycles accumulated are estimated. Results of creep-fatigue
interaction in the form of equivalent creep-fatigue factor per simulated data and overall
equivalent creep-fatigue factor for all ssimulated data are presented. Results could be
plotted in the plot area provided. A plot selection panel is visible when creep-fatigue
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interaction life analysis is carried out, Figure A.11. Fatigue and creep-fatigue life
consumption results could be saved in any desired location from sub-menus provided

under the file menu.

Figure A.10: Fatigue and Creep-Fatigue Interaction Life Analysis Window

Figure A.11: Plotting of Fatigue and Creep-Fatigue Life Results

281



APPENDIX B : Larson-Miller Equation

Creep failure is determined by the amount of plastic strain a material undergoes. Thus,
the creep rate is represented by the amount of plastic strain a material undergoes in a
given time and it is referred to as creep strain rate. Steady state creep dominates the
creep behaviour and occurs by diffusion and dislocation, with diffusion creep
dominating at relatively high homologous temperatures. The creep strain rate &
therefore has Arrhenius dependence on temperature and it is given by the Arrhenius

Equation given by Equation (B-1),

&= Aexp(— %j (B-1)

A isaconstant, of the same unit as the creep strain rate, Q (in Jmol) is the activation

energy, R (in Jmol.K) is the universal gas constant, and T (in K) is the absolute
temperature. Taking the natural logarithm of both sides of Equation (B-1), we obtain,

Iné=InA- 2 (B-2)
RT

Assumptions:
e Thecreep strain is steady state creep,

e Thecreep strain to rupture ¢, is constant over range of temperature considered.

From the above assumptions, the creep strain rate is replaced by the creep strain to
rupture and the time to rupture t, given by Equation (B-3),

§=-L (B-3)

Substituting for the creep strain rate in Equation (B-2) and simplifying, Equation (B-4)
is obtained,

InA—Ing, +Int, _Q (B-4)
RT

Rearranging Equation (B-4), we obtain,
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T(C+Int,)=LMP (B-5)

Q

where C =InA-Ing,is the Larsson-Miller constant, LMP:E is the Larsson-Miller

Parameter. The Larsson-Miller constant is of the order of 46. Equation (B-5) could be
expressed in terms of logarithm to base 10, in which case the Larsson-Miller constant is
of the order of 20,

T(C+logt, )= LMP (B-6)

The time to creep failure is obtained from Equation (B-6) and it is given by Equation
(B-7))

LMP C]

t = 10(T (B-7)

The higher the value of the Larsson-Miller parameter, the longer time it will take for
creep failure to occur. The Larsson-Miller Parameter is stress dependent. At higher
stress levels, the activation energy required to obtain a given creep strain rate reduces-
the LMP value reduces as such. Therefore, higher stresses will lead to faster creep
failure. The Larsson-Miller constant C represents two constants and it is material
dependent. From Equation (B-7), larger values of C will lead to smaller time to creep
failure while smaler values of C will lead to longer time to creep falure. The
magnitude of C thus stands for the level of susceptibility of a given materia to creep

failure, where larger values portend higher susceptibility to creep failure.
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APPENDI X C : Derivations and Details of Some Parameters in
Development of Lifing Sub-Models

C.1 Polytropic Efficiency

Taking T, , T, , P, and P,, asthe temperature at turbine inlet, temperature at turbine

exit, pressure at turbine inlet and pressure at turbine exit respectively, the polytropic

efficiency n, could be obtained from Equation (C-1) [7],

’h
P T (7n-L)np
in :( in j 4 T (C_l)

7y is the ratio of specific heat capacities of the hot gases. The expansion process in the

turbine is shown in the temperature- entropy (T-S) diagram in Figure C.1. Thiswill aid
in obtaining an expression of the polytropic efficiency in terms of the turbine isentropic

efficiency n, and pressure ratio only.

T e Process5-6i: Isentropic expansion P, =P,
e Process 5-6: Actual expansion 5
Is =1,
Y
6 ex /
6

v

Figure C.1: Expansion Processin Turbine Stage

Taking the natural logarithm of both sides of Equation (C-1) and simplifying, we obtain

the polytropic efficiency in terms of other parametersin the form,

284



(C-2)

T, -T,
My =" (C-3)
T5 _T6i
Simplifying, we obtain theratio of T, to T in the form,
T,
S 4

T _
° 1_nti( _-II-?IJ
5

The temperatures and the pressures in the isentropic process are related in the form,
rn—1

To _ (EJ(”] (C-5)

P5

From Figure C.1, P, = P, and P, = P,,, thus making these substitutionsin Equation (C-

5), we obtain,
T _ ('iex](“] (C-6)

From Figure C.1 aso, T, =T, and T,=T, , therefore, making all relevant

substitutions in Equation (C-4), we obtain,

Tn _ L (C-7)

Te P %)
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-I-in ex
T_: 1-n, 1_{_ (C-8)

as,

(C-9)

n p = (C-ga)

n, = _ (C-b)

Therefore,

N, = (C-10)

Equation (C-10) isthe relation given in Equation 4.26. The polytropic efficiency is used
in determining the intermediate temperatures and pressures in turbine with multi-stage

design.
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C.2 Gas Temperatures at Blade Nodal Points

g,Tip min

9

v - 7

6 6 1.,
5 75

4 4

3 3

o [ o

1
g, Root = min

Figure C.2: Radial Temperature Distribution along Blade Span

In Figure C.2, the gas temperatures at the blade root and blade tip are the minimum

temperatures T, . The gas temperature at the blade root is also denoted as T,

9. oot while

at the blade tip it is denoted as T The maximum temperature occurs at 62.5%

g.Tip *
distance from the blade root. In terms of linear distance, the maximum temperature
occurs at 5 steps away from the blade root and 3 steps away from the blade tip. The
maximum gas temperature is equivalent to the distance 66’. Based on this, the gas
temperatures at 12.5%, 25%, 37.5%, 50%, 75%, and 87.5% distance respectively from
the blade root are equivalent to the respective distances 22', 33, 44, 55', 77’ and 88'.

These temperatures are denoted as Ty 1o6mrr Vgoms Vg.a7smrs Vg.mid: Vg, 75%R and

T, arsur FESPECtively. The nodal temperatures can equally be represented as T, ; ,where
1<i<9. From similar triangles, the following relations are obtai ned:
e At 12.5% distance from the blade root:
T —T _
mx ~lgroot  6-1 5 (C-11)

Tg,lz.s%Rt _Tg,Root - 2_1_ 1
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Simplifying,
_ 4Tngom +TmaX _ 4Tmin +Tmax

To25um = 5 5 (C-12)
NB: Tg,12.5%Rt =Tg,2
e At 25% distance from the blade root:
T o —Tg’Root :6—1:§ (C-13)
Tg,25%Rt _Tg,Root 3-1 2
Simplifying,
3T' 0+2Tmax 3Tmin+2Tmax
Tg,25%Rt =22 t5 = 5 (C-14)
o At 37.5% distance from the blade root:
T o _Tg,Root :6—1:§ (C-15)
Tg,37.5%Rt _Tg,Root 4-1 3
Simplifying,
2T~ 0 +3Tmax 2—I—min—’_g-rmax
T arsum = — t5 = 5 (C-16)
e At the blade mid:
T  -T _
max g, Root — 6 1:§ (C'l?)
TMId _Tg,Root 5-1 4
Simplifying,
Ty oo + 4T T 44T
T = g, Root max _ Tmin max C-18
Mid 5 5 ( )
e At 75% distance from the blade root:
Tmax _Tg,Tip _ 6_9 :§ (C-lg)
Tg,75%Rt _Tg,Tip 7-9 2
Simplifying,
T ip T ZTmaX Tmin + 2Tmax
Tg,75%Rt =27 3 = 3 (C-20)
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e At 87.5% distance from the blade root:

Tmax _Tg’-np _ 6_9 — § (C-21)
Tg,87.5%Rt _Tg,Tip 8-9 1
Simplifying,
2T, i +Tmax 2Tmin +Tmax
Tg,75%Rt =—2 Tps = 3 (C-22)

The gas temperatures at al the nodal points of the blade are now obtained, but in terms
of the maximum and minimum temperatures. The maximum gas temperature is
obtained from Equation (4.42), also given herein Equation (C-23),

Tmax = TBur _Mean + RTDF (TBur _Mean TBur _In) (C_23)
Tauwr wean 1Sthe burner exit mean temperature. Thus, the mean value of al the gas
temperatures at the 9 nodal points of the blade will giveTy, ., - Therefore,

- _ Tt Ty o+ Ty s+ Ty a4 Ty s+T6+Ty +T g+T0 (C-24)

Bur _ Mean
- 9

Substituting for each of the noda temperatures and simplifying, we obtain,

9T =5T . +4T (C-25)

Bur _ Mean min max

The minimum gas temperature is thus obtained in terms of the mean burner exit
temperature and the maximum gas temperature in the form,
oT, —4T,
Tmin — Bur _ Mean max (C-26)
5
These gas temperatures are used in the one-dimensiona blade thermal model where the

temperature of the blade material is estimated at 9 nodal points.
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C.3 Detailsin Pressure Change Bending Moment Estimation

In the pressure change bending moment estimation, the change in static pressure across
the blade isfirst evaluated; the force at each blade section is estimated using the annulus
area of the blade section and the force is used to calculate the pressure change bending
moments at the base of each blade section, Equations (4.72) to (4.77). The static
pressures are estimated at the blade mid-section and the change in static pressure is
assumed to be the same for all the sections of the blade. Obtaining the static pressure at
theinlet and the exit of each blade stage is much involved hence the details are provided
here in the appendix.

C.3.1 Basic Nomenclature

The following nomenclature will be useful in the analysis.

Symboal M eaning

A Flow Area

C, Specific Heat Capacity at Constant Pressure
C, Specific Heat Capacity at Constant VVolume
H Total or Stagnation Enthal py

M Mach Number of Gas Flow

M e Guessed Mach Number

NGV Nozzle Guide Vane(s)

P Total or Stagnation Pressure

R Gas Constant

T Total or Stagnation Temperature

U Blade Speed

\ Velocity of gas Flow

Ve Absolute Velocity of gas Flow

Vs in Absolute Velocity of gas Flow at Blade Inlet
Ve o Absolute Velocity of gas Flow at Blade Exit
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pin
Pex
Ap

~—+

Axia Velocity of Gas Flow

Axia Velacity of Gas Flow at Blade Inlet
Axial Velacity of Gas Flow at Blade Exit
Relative Velocity of Gas Flow

Relative Velocity of Gas Flow at Blade Inlet
Relative Velocity of Gas Flow at Blade Exit
Whirl Vdocity

Whirl Velocity at Blade Inlet

Whirl Veocity at Blade Exit

Speed of Sound

Static Enthal py

Mass Flow Rate of Gas

Mass Flow Rate of Gas at Blade Inlet

Mass Flow Rate of Gas at Blade Exit

Static Pressure of Gas

Static Pressure of Gas at Blade Inlet

Static Pressure of Gas at Blade Exit

Changein static pressure

Radial Distance from Blade Nodal Point to Blade Axis of Rotation
Static Temperature

Non-Dimensional Flow Parameter

Non-Dimensiona Flow Parameter at Blade Inlet
Non-Dimensional Flow Parameter at Blade Exit

Guessed Non-Dimensional Flow Parameter

Calculated Non-Dimensional Flow Parameter

Calculated Non-Dimensional Flow Parameter at Blade Inlet
Calculated Non-Dimensional Flow Parameter at Blade Exit

Flow Angle
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J5} Relative Flow Angle or Blade Angle

P Density of gas

/4 Ratio of Specific Heat capacities

w Angular Velocity of Compressor Shaft
Subscripts M eaning

in Blade Inlet

ex Blade Exit

C.3.2 Static Pressuresat TurbineInlet and Exit
The change in static pressure between the turbine inlet and exit is given by Equation (C-
27)!

Ap = pin - pex (C'27)

The static pressures are obtained from the stagnation or total pressure. The total or
stagnation enthalpy H of the gas relates with the static enthalpy h in the form,

2
H=ht \% (C-28)

Here, V isthe absolute velocity of the gas and could be denoted as V.. . The enthalpy
depends on temperature. Thus Equation (C-28) is expressed as,

VN
Abs
CJ:CJ+j;— (C-29)

The static temperature is thus obtained as,

2

t:T—%%L (C-30)

p
The stagnation properties are obtained by bringing the fluid to zero velocity
isentropically. Thus, the process of moving from static condition to stagnation condition
is an isentropic process. The stagnation and static pressures therefore relate with their

respective temperatures asin Equation (C-31),
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P_ (Ij“ (C-31)
p

p="P/ Gj“ (C-32)

The stagnation temperatures and pressures were obtained in previous analysis. The
static temperature could be obtained from Equation (C-30), but the absolute velocity of
the fluid is not yet known. The absolute velocity is obtained by considering the flow of
thefluid at the inlet and the exit of the blade stage. Figure C.3 will aid in calculating the
absolute velocities at the inlet and the exit of the blade.

Figure C.3: Velocity Trianglesfor Turbine Stage
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From Figure C.3, the absolute velocity is given as,

Ve =YV +V,° (C-33)

V_is the tangential component of the absolute velocity, referred to as whirl velocity

which at theinlet V, ;, and exit V, , are given respectively by Equations (C-34a) and

(C-34b),
Vcu_in =U in +VAx_in (C_34a)
V, o =U —V, o xtanp, (C-34h)

And the change in whirl velocity which is required in the velocity change bending

moment evaluation is,
AV, =V, , -V, | (C-35¢)

The flow angles at inlet and outlet are estimated using Equations (C-35a) and (C-35b)
respectively,

-1 Vco in
o, = tan™| == (C-35a)
Ax_in
1 Vw ex
g =tan”| oo (C-35b)
Ax_ex

The blade speed at any section of the turbine at inlet and exit could be estimated using
Equation (C-36),

U =or (C-36)

o isthe angular speed of the compressor shaft in rad/s, and r isthe radia distance from
the axis of rotation of the turbine to the nodal point (root, mid-section, tip etc.) of the
blade. This is equivalent to h,; in Figure 4.13, but expressed for both the inlet (LE)

and exit (TE) of the blade. The flow angles at the blade inlet and outlet «,, and «,,

(denoted in some literatures as «; and o,) could be obtained when the axial velocities

294



a blade inlet and exit (V,,, ;, and V,, ) and the blade angles at inlet and exit (3, and

B ) same as the relative flow angles are known. The blade angles are gotten from the
blade geometry. The axial velocities at the blade inlet and the blade exit have to be
estimated. To do this, we consider the non-dimensional flow parameter T at the turbine
inlet and exit. Thisis given by Equation (C-37),

/T

M=——
PA

(C-37)
misthe mass flow rate, T isthetota temperature, P isthetotal pressure and A isthe
flow area. The parameters m, T and P at inlet and the exit of each turbine stage has
been estimated. The flow area is the annulus area which can be calculated for any blade
section for both the inlet and exit, Equation (4.75). At the inlet and exit of the blade for
any blade section, the non-dimensional flow parameter will be given respectively by
Equations (C-38a) and (C-38b),

T, = m“—T'“ (C-38a)
PaAn

r - MeyTec (C-38b)
Po A

The non-dimensional flow parameter here is calculated hence it can be denoted as I, (
I'cy i for turbineinlet and I'., o, for turbine exit). The mass flow rate m(either at the

blade inlet or exit) could also be computed from the flow area A, the density of the gas

p and the axial velocity V of the flow in the form,
m= pAV (C-39)

The density of the gasis given by Equation (C-40),

P
= C-40
P="r (C-40)

pis the static pressure, t is the datic temperature and Ris the gas constant.

Substituting in Equation (C-39), we obtain,
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= % (C-41)

From Equation (C-30), here the velocity isthe axia velocity,

(C-42)

Vv Vv
M=—=—— (C-43)
c YR
V=MJRt; VZ=M?x)Rt (C-44a, b)
But,
CP CP
y=crand R=C, ~C,, thus jR= C—(cp -C,)=C,(y-1) (C45ab,c)
Therefore,
VZ=M?xC,(y -1k (C-46)
Substituting for V %in Equation (C-42), the ratio of the stagnation and static temperature
IS obtained as,
LT AIVE (C-47)
t 2
Thus,
t= + (C-48)
(1+ 77IM 2}
2

(C-49)
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Y MR

= (C-50)
1
ﬁ y=1.,2)2
1+—M
2
From Equations (C-32) and (C-47), the static pressure is obtained as,
p= P 53 (C-51)
(1+7 =y 2)“
2

Substituting for p,t and V in Equation (C-41),

-1
PA{1+7 sz
2 ) MART . (C-52)

m )4
RT(1+7 1M2j’ [1 y;lejz
Simplifying,
PAM AR =
— 2(y-1
m:—x\/zx(1+y—M2j ) (C-53)
JT R 2
Therefore,
\/? 1 )
— 2(y—
UL IS VIVAN F At VER I (C-54)
PA R 2

The LHS of Equation (C-54) is the non-dimensional flow parameter as in Equation (C-
37). The RHS of the equation consists of constants except one variable which is the
Mach number. Thus by guessing a value of the Mach number, we can compute the

value of the non-dimensional flow parameter, denoted as I, which for blade inlet

uess !

becomes T, ;, and for blade exit designated as T'g o, o -

Iy = Ty 7 (1 7=y ) (C-55)
PA R 2

297



This value will be compared to the calculated value at both blade inlet and exit and the
Mach number will be adjusted until the two values are equal. When thisis obtained, the
Mach number at which the guess non-dimensional flow parameter is equa to the
calculated non-dimensional flow parameter is used to estimate the axial velocity of the
flow and hence every other parameter required. Traditionally, the percentage error
between the calculated and the guessed non-dimensional flow parameters is calculated

using an equation in the form,

-I

Error (%)= FC""F—G”‘& x100 (C-56)
Cal

If the percentage error is smaller than a pre-defined value, then the guess Mach number
is used for further calculations. An alternative approach is explored here to ease
computations in computer programming. [y, increases with Mach number and
reaches a peak when the Mach number is unity (M =1). Figure C-4) shows how I,
(Non-Dimensional Flow Parameter) varies with Mach number for y =1.33[-] and

R=287[JkgK].

0.045 -
— —— Maximum Value
(% 0.04 /—r—f ***0\

0.035
% 0.03
g yd
z 0.025 /
L 002
= /
&
& 0.015
©
£ o001
5 /
§ o.005
o
2 /

0 T T T T T T ]
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Mach Number [-]

Figure C.4: Variation of Guessed Non-Dimensional Flow Parameter with Mach Number

With the above knowledge, starting with a small value of M, sayM =0.01, we
increase it by small steps say by 0.001 and the final value greater than 1. From the
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several Mach number values generated, the same numbers of values of I';,.. are

obtained. The Mach number (M) a which I'; . > I, is obtained (for both blade

Guess Guess

inlet and exit) and used in estimating the axial velocity at blade inlet and exit
respectively.

The axia velocity is obtained from Equation (C-50), as in Equation (C-57),

JT 1 !
Y 2
17w,
2
Therefore,
M A/
V,, = cesVR 7 (C-58)

1
(1+y2_1|v|6m2j2

The temperature here is the stagnation temperature and it has been obtained in previous
analysis for both blade inlet and exit. The axia velocity is obtained at both blade inlet
and blade exit at any section of the blade and the values are used in obtaining other

parameters leading to the static pressure difference given by Equation (C-27).
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APPENDI X D : Sequential Solution-Algorithm Trees (SSAT) of Lifing
Sub-Models

A sequential solution-algorithm tree of any model is a tree-like representation of the
basic steps involved in getting the required parameter(s) in the model. It is a clear way
of showing how the various formulas involved in getting the required parameter(s) are
related and the sequence of execution of each formula. The determination of any
parameter is represented by a node defined by a cycle, Figure D.1. The terms
(variables/constants) required to obtain the parameter are put in bracket, with the
parameter outside the bracket, in the form of a function representation. If any of the
terms is unknown, it is represented by another cycle and connected to the first cycle by
a single line which may be straight or not with an arrow pointing in the direction of the
second cycle. The terms required to estimate the unknown term are put in a bracket like
in the first case. The sequence continues until all the terms are connected with their

respective formulas.

P(4,4,,4",,.,4") 4(B,,B",) B,(c.cv,.Cy)

Figure D.1: Calculation of a Parameter in SSAT Method

In Figure D.1, Pisthe parameter to be evaluated while A, A, ,A",,..., and A’ are

the terms in a given formula with which the parameter P could be obtained. The terms
in the bracket are distinguished with primes. Table D.1 defines the type of terms used in
the SSAT method. Based on the definition of the terms, to evaluateP, the only term
that is unknown is A . Thus A is placed on top of node 2 with the terms required to

evaluate it (B,and B,") placed inside round brackets. B,isread from tables (it has two
primes placed above it) while B, is unknown and hence brought forward and placed on
top of another node (cycle). B, depends on C,,C,, and C,which are obtained from

simulations, read from tables and assumed respectively. The numbering of the nodes is

in the reverse direction as the evauation of the terms starts from the last node in the
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reverse direction. Thus, from Figure D.1, B, will be evaluated before A, and A will be

evaluated before P .

Table D.1: Definition of Termsused in SSAT Method

Terms [llustration Definition
Without Prime A Unknown term
With Single Prime A Known or assumed
With Double Prime A" Read from Tables
With Double Prime A"(B) Read from tables as a function of B
With Superscript b AP Obtained from blade geometry
With Superscript i Al Obtained through iterations
With Superscript s AS Obtained from simulations

If the SSAT does not fit into a single page, parameters taken to a new page are

represented with a dotted circle and a dotted line with an arrow branching from the

dotted circle. Such parameters are fully represented in the SSAT in the next page. The

Sequential  Solution-Algorithm Trees of the various life analysis sub-models are

presented below.
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D.1 SSAT of Blade Thermal M odel with Uniform Temperature, W|thout TBC

g s g c g " '
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FigureD.2: SSAT of Blade Thermal Modd with Uniform Temperature, without TBC
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D.2 SSAT of Blade Thermal Model with Uniform Temperature, with TBC
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SSAT of Blade Thermal Model with Uniform Temperature, with TBC- continuation
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Figure D.3: SSAT of Blade Thermal Model with Uniform Temperature, with TBC

304



D.3 SSAT of One-Dimensional Blade Ther mal M odel without TBC
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Figure D.4: SSAT of One-Dimensional Blade Thermal Model without TBC
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D.4 SSAT of One-Dimensional Blade Ther mal M odel with TBC
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Figure D.5: SSAT of One-Dimensional Blade Thermal Model with TBC
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D.5 SSAT of Blade Stress M odel
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SSAT of Blade Stress Modél - Continuation
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SSAT of Blade Stress Modél - Continuation
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D.5 SSAT of Blade Stress Model - Continuation
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FigureD.6: SSAT of Blade Stress M odel
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APPENDIX E : Sequential Solution-Algorithm Treesof Lifing Models

E.1 SSAT of Creep Life Estimation Process

The Equivalent creep factor (ECF) for agiven period of engine operation is estimated.

ECF(CLy,'  ECL)  BCL(OT,\LE)  LE(OT'.CL)  CL(FoS't,,) 1, (C\ LM oy, ), T') O

»{D.4(5)
Figure E.1: SSAT of Creep Life Estimation Process O
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E.2 SSAT of Fatigue Life Estimation Process
The Equivalent fatigue factor (EFF) for a given period of engine operation is estimated.

EFF(N, «/'sN;) N, (m.N,.N,)) N, N,,) N, .k, N, N,) N,

@

\ 4

)
©

v\ Nf,i(gf',E',au',Ag)i AS(E' O'a) O-a(o-Max,i) O v,

Figure E.2: SSAT of Fatigue Life Estimation Process
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E.3 SSAT of Creep-Fatigue Interaction Life Estimation Process

The Equivalent creep-fatigue factor (ECFF) for agiven period of engine operation is estimated.

ECFF (tf,c+f_Ref ’ECFL) lf,c+f_Ref (ti,Ref" Dc,Ref ’ D/',Rej') DC,Ref (ti,Ref" lf,Ref')

© ()
Df,Ref(Na,Ref"Nf,Ref')

ECFL(N,,,.D.,,) Ny a
D, (Dc J Df) D. (t"" tf”') Ly
Df(_a’Nf,i) _a
N,,

Figure E.3: SSAT of Creep-Fatigue Interaction Life Estimation Process

313



APPENDIX F : Fatigue Life and Creep-Fatigue | nteraction
Life Expressions

F.1 Fatigue Life Expressions

The fatigue life consumed is estimated by dividing the equivalent cycles by the number
of cyclesto fallure asin Equation (F-1),

D, =—2 (F-1)

D, isthe fatigue damage parameter, N, isthe equivalent fatigue cycles accumulated,
and N, is number of stress cycles or fatigue cycles to failure. For a given period of

engine operation, the mean cycles accumulated at each engine operation point could be
obtained and the fatigue damage parameter is evaluated at each operation point using
Equation (F-2),

D, =— (F-2)

D, ; is the fatigue damage parameter at each operation point, N, ; is the fatigue cycles

to failure a each operation point, and N,is the mean cycles accumulated at each

operation point, the same for al operation points and is given by Equation (F-3),

N, =—2= (F-3)

mis the number of engine operation points, and N, ,is the number of fatigue cycles

accumulated for the engine operation period. The sum of the fatigue damage parameters

for the period, denoted as D, . isgiven by Equation (F-4),

f,s

N,

(F-4)

At each operating point, the engine is operated for t; hours. Based on Palgrem-Miner

linear accumulation rule, failure occurs when the damage parameters are accumulated to
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unity. Using the result of a single operation point, in time t; hours, the damage

N

parameter obtained is D, ; = N & . In aunit time, say 1 hour, the damage parameter
fli
will be,
N,
Nf,i
D, = (F-5)

D

Lt (F-6)

fotg i

Since failure occurs at timet,, , Equation (F-6) should be equated to 1 from which the

valueof t, will be obtained.

Na
Nfl
D, ., —xty =1
s Lff tl
t. t.
ty =——=— F-7
"N TD, (F-7)

In terms of number of fatigue cycles to failureN , the relation based on single

operation point is similar to Equation (F-7) where the time spent at the point is replaced
by the mean cycles accumulated at the point as given by Equation (F-8),

Ny =—= (F-8)

From Equations (F-7) and (F-8), the relations between time to fatigue failure and cycle to
fatigue failure based on the results of a single engine operation point is given by Equation
(F-g)!

ty ==xNg (F-9)
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For a given period of engine operation, the time to fatigue failure is expressed as
equivaent time to fatigue failure since severa engine operation points are considered.
Therelation is similar to that of the single point operation but the time is the summation

of that due to all operation points as given by Equation (F-10),

Yoot
ty o= = miﬂN (F-10)
ED” 2 N

1 i=L N

m
=

ty o IS equivalent time to fatigue failure. In terms of cycles to fatigue failure, the

€

equivalent fatigue cyclesto failure N ., isgiven by Equation (F-11),

N
=@ N
-2 (F-12)

m Na
D

i=1 g

Ny o =

€q

D

—

INgE I NgE

Il
N

The relationship between the equivalent cycles to fatigue failure and the equivalent time
to fatigue failureis given by Equation (F-12),

>t
< %N
N,

(F-12)

e g =

,€q ff,eq

-

[N

Considering daily operation of the engine, the fatigue damage parameter for each

operation point is given by Equation (F-13),

D, =— (F-13)

Nj is the mean value of the equivalent cycles evaluated per day of engine operation

(the same for all operating points), and it is given by Equation (F-14),

N = o (F-14)
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N, ;is the equivalent cycles accumulated for day j of engine operation, and n is the

number of operation points recorded. In one day operation of the engine, the sum of the

fatigue damage parameters D, , ,(represented generaly for each day asD; , ;) will

be,
D,, =YD, =Y N, F-15
f,d_j_z f,i_ZN ( )
i=1 i=1 Ng i
n n N
Df,d_lzsz Ji :Z N . (F-16)
i=1 i1 Ny

Based on the results of one day operation of the engine, the number of days to fatigue

failureis given by Equation (F-17),

g = = (F-17)
Df,d_l Nl
i1 Ny

ty; 4 isthetime to fatigue failure in days of engine operation. If the engine is operated

for t, hours per day, the time to fatigue failure in hours based on day 1 datais given by
Equation (F-18),

Uy p =Ty g ¥ty = = (F-18)

n Nl
ZNf,i

t; nisthetimeto fatigue failure in hours of engine operation. In terms of fatigue cycles

to failure, Equation (F-17) will take the form of Equation (F-19),

N N
fo = eq_’l = eq,l (F‘lg)
i N1 Df d_1
i=1 Nf,i

Ny isthe cycles to failure based on daily data, N, ,is the equivalent cycles fatigue

cycles accumulated for day 1. The time to fatigue failure relates with the cycles to

fatigue failure as given by Equations (F-20) and (F-21),

te g = N x N (F-20)
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L n = x Ny (F-21)

Considering a number of days of engine operation, say | days, the total or equivalent

fatigue damage parameter, denoted as D isgiven by Equation (F-22),

fos_j

i n N
f s_j sz d_j zz (F_ZZ)
j=1i=1 N f_j,i
N, ;; isthe number of cyclesto failure for the j"day and at the i™ operation point,

and N, is the mean value of the equivalent cycles evaluated for the j"day and at the

ji

th

I operation point. The time to fatigue failure in days based on the data for the | days
of engine operation is given by Equation (F-23),

P— R — jN” (F-23)
Y0 X3

j=1 j=ri=1 "Nt i

If mean time in hours the engine was operated per day is t,,, the time to fatigue failure

in hours based on the j days of engine operation is given by Equation (F-24),

tff,h -

S |
X

(F-24)

Z| =

j

i

Using the actua times the engine was operated per day, Equation (F-24) will take the
form of Equation (F-25),

ty = L (F-25)

t, . isthe timein hours the engine was operated for the | ™ day. In terms of cycles to

Ny

failure, Equation (F-25) takes the form of Equation (F-26),
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i

2 Nea
Nﬁ :j—_
N; ;

j
j=1 i=1 N,

(F-26)

I
S e

_ii
The time to fatigue failure and the cycles to fatigue failure for data for j days of engine
operation is given by Equation (F-27),
i
2t
typ=———xNg (F-27)
N_

€q. ]

I

The time to fatigue failure in this case is best represented as equivalent time to fatigue

faillure (ETFF,t; ), and the cycles to fatigue falure termed equivalent cycles to

fatigue failure (ECFF, N ).

The fatigue factor (FF) is the ratio between the numbers of cycles to fatigue failure at
any point of engine operation to the numbers of cycles to fatigue failure at a reference
point of engine operation. It could aso be expressed in terms of time to fatigue failure.
The fatigue factor is applicable to a given point of engine operation and is given by
Equations (F-28) and (F-29),

N
Fatigue Factor (FF)=——" (F-28)

ff ,Re f

t
Fatigue Factor (FF)=—" (F-29)

ff ,Re f

N rer @nd ty .. are the number of cycles to fatigue failure and the time to fatigue

failure respectively at a reference engine operation point. For any time frame of engine
operation, the equivalent fatigue factor (EFF) is used to characterize the engine

operation, and it is given by Equations (F-30) and (F-31),

N
Equivalent Fatigue Factor (EFF) = Nﬂ (F-30)

ff,Ref
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t
Equivalent Fatigue Factor (EFF) = —"—% (F-32)

ff ,Ref

The equivalent cycles to fatigue failure N ., and the equivalent time to fatigue failure
ty o ISObtained for any time frame of engine operation. For anumber of days of engine

operation, the equivalent fatigue factor is expressed by Equations (F-32) and (F-33),

presented in terms of cyclesto failure and time to failure respectively,

EFF = N:'e“f = Nﬁl > = N (F-32)
,Re Re ji
;;Nf ji
S
EFF = . = LI J_ ’1 hN: (F-33)
ff ,Re f ff ,Re f ZZNf“

For any period of engine operation, the equivalent fatigue factors are as given by
Equations (F-34) and E-35),

N N
2 AT R — (F-34)
fo,Ref fo,Ref z Na
i=1 Nf,l

t
EFF = "% - x = (F-35)
tff,Ref tff,Ref Z a
Nf,i

i=1

From the above relations, the fatigue life consumption at any point of engine operation
could be estimated. The code written accepts data about engine operation on daily basis
and estimates fatigue life consumption at any point of engine operation based on the
available data fed to the system.
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F.2 Creep-Fatigue I nteraction Life Expressions

The creep-fatigue damage parameter at each point of engine operation is given by
Equation (F-36),

D, =D, +D; ; = —+— (F-36)

c+f i ,
t;;

D.; isthe creep damage parameter, D, ; isthe fatigue damage parameter, t;isthetime

spent in each operation point, and N, isthe number of cycles experienced at each point

of engine operation, usually expressed as the mean value (N,) for a given period of
engine operation, and it is given by Equation (F-37),
N

N =N, =—22 (F-37)
m

N, . IS the equivalent fatigue cycles accumulated, and mis the number of engine

operation points. The sum of the fatigue damage parameters for the period, denoted as

D is given by Equation (F-38),

c+f,s

m m mot m N
Dc+f’SzZDCvi+ZDf,i:Z_I+Z a
i=1 i=1 t; = N,

e

(F-38)

Using the results of each point of engine operation, and following similar reasoning

from Equations (F-5) to (F-7), thetimeto creep fatigue interaction failure t, _ ; isgiven

by Equation (F-39),

t __ b :t'i ':-i_ (F-39)

In terms of cyclesto failureN the relation will be as given by Equation (F-40),

f,c+f

N. N.
- ' F-4
Nf,c+f D t. N ( O)

i i i
c+f,i oy

tf Nf,i

From Equations (F-39) and (F-40), the time to creep-fatigue interaction failure and the
number of cycles to creep-fatigue interaction failure obtained as given by Equation (F-
41),
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ti
tf ZWXNf

,c+ f

(F-41)

,c+f
i

Considering daily operation of the engine, the creep-fatigue damage parameter for each

operation point is given by Equation (F-42),

=D, +D; =+ (F-42)

Nj is the mean value of the equivalent cycles evaluated per day of engine operation

(the same for all operating points), and it is given by Equation (F-43),
N, =—2L (F-43)

In one day operation of the engine, the sum of the creep-fatigue damage parameters

D..( 4 1 (represented generally for each day asD, ; 4 ;) will be,
n n n ti n NJ
Dc+f,d_j :ZDc,i +) Dy :Z_JFZ (F-44)
i=1 i=1 ol o Nf,i
n n n ti n Nl
Dc+f,d_1:ZDc,i +2Df,i :Z_+Z (F-45)
i=1 i=1 el PR Nf,i

Based on the results of one day operation of the engine, the number of days to creep-

fatiguefailure t; ., ; , isgiven by Equation (F-46),

1 1
t = = — F-46
f,c+f_d t N1 ( )
f

Dc+ % i
f,d_1 Zti_i_zN

n
i=1 Lf i=1 i

If the engine is operated for t,, hours per day, the time to fatigue failurein hourst, . |

based on day 1 datais given by Equation (F-47),

t
et h=ticr a Xty = " = (F-47)

- ti - Nl
2t

i=1 “f i i=1 i

In terms of fatigue cycles to failureN Equation (F-47) will take the form of

f,c+f 2

Equation (F-48),
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NPPEACE S

f,c+f n
Dc+f,d_1 z

i=1

N

N (F-48)

eq,1
Zn:

fli i fJ

The time to creep-fatigue failure relates with the cycles to creep-fatigue failure as given
by Equations (F-49) and (F-50),

teocor :ifo,mf (F-49)
N1
t
tecor :N—hXNf,c+f (F-50)
el

Considering a number of days of engine operation, say | days, the total or equivalent

creep-fatigue damage parameter, denoted as D isgiven in by Equation (F-51),

c+f,s_j

Dm,s_j:i[Zt oI J (F-51)

j=1\ i=1 ¢ i i=1
t; ,; isthetimeto failure for the j"day and at the i"™ operation point, and t,; is the
time spent a the " operation point for the j"day. The time to creep-fatigue

interaction failure in days based on the data for the | days of engine operation is given
by Equation (F-52),
t orf _d ) = ) (F'52)

D) LIRS LY

j=1\ i=1 ‘¢ i i=1

In terms of hoursto failure, the relation is as given by Equation (F-53),

i
Ztm

= (F-53)

j=1 f_j.i f_j.i

t, ; is the time the engine was operated for the j™ day. In terms of cycles to failure,

Equation (F-53) takes the form of Equation (F-54),
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Nf,c+f = = — (F-54)

The time to fatigue creep-failure and the cycles to creep-fatigue failure are related as
given by Equation (F-55),

f,c+f (F'55)

For a given time frame of engine operation other than a single engine operation point,
the time to creep- fatigue failure and the cycles to creep-fatigue failure best referred to
as the equivalent time to creep-fatigue failure (ETCFF, t, . ) and equivalent cycles

to creep fatigue failure (ECCFF, N .., ) respectively. For any period of engine

operation, using Equation (F-38), the equivalent time to creep-fatigue failure and the
equivalent cycles to creep-fatigue failure are given respectively by Equations (F-56) and
(F-57),

tf c+f_eq — = = (F'56)

DC+ S 3 tl 4
f, ztf +ZN ‘

-1

N N
t :Z T &M (F-57)
f,c+f_eq t

. m m
c+f,s Ztl Z=l:

i=1 bf i

O

The creep-fatigue interaction factor is used to assess the severity of engine operation
under creep-fatigue interaction life consumption. It is the ratio of the time to creep-
fatigue failure for a given time frame of engine operation to the time to creep-fatigue
failure for a reference condition of engine operation. It could be defined in terms of the
cycles to falure. For a single point of engine operation, the relation is given by

Equations (F-58) and (F-59) for time to failure and cyclesto failure respectively:
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t
CEE = et (F-58)

f,c+f_Ref

N
CFF = foc+f (F-59)

f,c+f_Ref

CFF s the creep-fatigue interaction factor or creep-fatigue factor for short,t; . q.;
and N, . g aretime to creep-fatigue failure and the cycles to creep-fatigue failure

at areference point. Substituting for the time to creep-fatigue failure and the cycles to
creep-fatigue failure respectively in Equations (F-58) and (F-59), the relations are as
given by Equations (F-60) and (F-61),

t .
CEF = __fetf 1 y t, (F-60)
tf,c#—f_Ref tf,c+f_Ref L+ Ni
tf,i Nf,i
N .
CEE = foef  _ 1 y N, (F-61)
f,c+f_Ref Nf,c+f_Ref 7i+ Ni

For any time frame of engine operation, in days or any given period of engine operation,
the equivaent creep-fatigue factor (ECFF) is used to characterize the engine operation,

and it is given by Equations (F-62) and (F-63),

t
ECFF = _"cf-& (F-62)
f,c+f _Ref
N
ECFF =& (F-63)
f,c+f _Ref

Here, the equivalent time to creep-fatigue failure replaces the time to creep-fatigue
failure for a given time frame of engine operation, while the equivalent cycles to creep-
fatigue failure replaces the cycles to creep-fatigue failure. For a day of engine operation,
the equivalent creep-fatigue factor is given by Equations (F-64) and (F-65)

t
ECFF=_lotm 1 b (Fey)

t t t n
f,c+f_Ref f,c+f _Ref Z i +ZN 1
n 7 N

n
|:1tf,i i=

325



N N
ECFF - teten 1 =l (Fgp)
f,c+f _Ref Nf,c+f_Ref z N

M:

i=1 tf i i=1 f,i

For a number of days of engine operation, the equivalent creep-fatigue factor is
expressed by Equations (F-66) and (F-67), presented in terms of time to fallure and
cyclesto failure respectively,

i
2t
t : ol
ECFF = ot 1, E (F-66)

U ot Ref tfc+f _Ref L& . Nj,i
g tan )

f_j,i i= ji

j
2Ny

N -
ECFF=—tota L B (F-67)

N oot ret  Nicor rer i(i i N',i J
< -y Nf B

For any period of engine operation, the equivalent creep-fatigue factors are as given by
Equations (F-68) and E-69),

t
ECFF -t Lo« T (F-68)
f,c+f _Ref f,c+f _Ref i +
S

N 1 Z Na
ECFF _ f,c+f _eq — « - i=1 (F-69)
f,c+f _Ref Nf,c+f_Ref Z

Relationship between the life analysisfactors
The creep-fatigue fatigue at a single engine operation point using cycles to failure is
given by Equation (F-61), and presented below in Equation (F-70),
N .
crFo—ter 1N (F-70)

f,c+f _Ref Nf,c+f_Ref ti i
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Knowing that t; ; =CF xt, .., and N;, =FFxN; .., and making the necessary

substitutions to Equation (F-70) and simplifying, we obtain the relation between the
three life analysis factors at each engine operation point as,

CFF = Ni CFXFFth,Ref ><Nf,Ref

« (F-71)
N i Rer (FF XNy per xt) +(CF xt o xN;)

In terms of time to failure, the relationship between the life analysis factors will be in
the form given by Equation (F-72),
t. CF x FF xt; pet X Ny geg

CFF = ' X
Uit Ret (FF x N rer xt,)+(CF XUt et X N;)

(F-72)

At the reference point, the time to creep-fatigue failure is given by Equation (F-73),

t T
t, c+f _Ref — : = I (F'73)

Df,c+f_Ref t

tf,Ref Nf,Ref
Simplifying,

t U Xty ger X Ny ges

(F-74)

f,c+f_Ref —
U X Ny ger + Ny Xty ooy

Substituting the value of t; . ., in Equation (F-72) and simplifying, the relationship
between the life analysis factors is gotten as in Equation (F-75),

U XNy ger + Ny Xty ooy
(FF x N rer xt,)+(CF XUt et X N;)

CFF =CF x FF x (F-75)

The relation between the life analysis factors holds for complicated engine operation
Process.
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APPENDIX G : Input Data for Life Analysis

The input datafor the life analysis is presented here. These include the blade parameters
setting data, data for creep life estimation setting, especialy the data about the Larson-
Miller Parameter Master Curve of the blade material, data for fatigue life estimation
setting, and some material properties. For material data that depends on temperature, a
single value will be given here usually at 25°C, but in the program, the data is supplied
in the form of atable and interpolations are carried out to read the required value against
the temperature. Any data that has to do with blade material properties and blade
geometry, only approximate values are given, besides, not all parameters are presented
here for the reason that the author does not have the right to publish the actual data. For
blade geometry where dimensions are provided, values at the blade root, blade tip and

blade mean section are given in most of the cases.

G.1 Blade Parameter s Setting Data
Table G.1 presents approximate values of some of the data used in the blade parameters

setting form (window) presented in Appendix A and some blade materia properties.

Table G.1: Some Input Datafor Blade Setting and Blade M aterial Properties

SN. Parameter Unit Value

1 Number of Blades - 81

2 Number of stages - 2

3 NGV coolant effectiveness - 0.55

4 NGV coolant mas fraction - 0.4

5. NGV pressure recovery - 0.99

6 Rotor coolant mass fraction - 0.6

7 LE tipradius m 0.17599

8 LE root radius m 0.10339

9 TE tip radius m 0.17565

10. TEroot radius m 0.10329
Blade cross-sectional area at:

11. - Bladetip m? 1.7863x10°°

12. - Blade mean section 2 2.8103x107°

13. - Bladeroot m? 5.8173x107°
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Table G.1- Continuation

Blade angles at:
14. - Rotor tip exit deg. 61
15. - Rotor mean exit deg. 60
16. - Rotor root exit deg. 59
17. Stagger angle at blade root deg. 21
18. Stagger angle at blade mean section deg. 33
19. Shaft speed at engine model design point rpm 9780
20. Radial temperature distribution factor - 0.12
21. Bladechord at tip m 0.0340
22. Blade chord at mean section m 0.0345
23. Blade chord at root m 0.0350
24. Blade perimeter at tip m 0.042
25. Blade perimeter at mean section m 0.045
26. Blade perimeter at root m 0.049
27. Thickness of thermal barrier coating m 0.0002
28. Thermal conductivity of thermal barrier coating wW/m.K 1.56

Blade Material Properties
29. Density kg/m® 7800
30. Ultimate tensile strength MN / m? 515
31. Young smodulus MN/m?  190,000-210.000
32. Truefracture ductility - 0.9938

G.2 Larson-Miller parameter Master Curve

The Larson-Miller parameter curve of the blade material is presented in Figure G.1. In
the program, numerical datais used. Thus, effort is being made to extract data from the
curve and make extrapolation to obtain data not covered by the curve. The datafit into a

polynomial of order 3 given by Equation (G-1) with R* = 0.9998.

y =-4x10°x> + 6x107° x* — 0.0502x + 56.291 (G-1)
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In Equation (G-1), x represents the stress value and y stands for the LMP vaue. The
LMP vaue depends on the stress value and it decreases with increase in stress value.
The numerical data extracted from the curve is presented in Table G.2. The Larson-

Miller parameter constant C of the material is 20.
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FigureG.1: LMP Master Curve of Blade Material [207]
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TableG.2: LMP Values Generated from LMP Master Curve

SN. Stress[M Pa] LMP Value[-]
1 50 53.92600
2 70 53.05728
3 0 52.22984
4 110 51.44176
5 130 50.69112
6 150 49.97600
7 170 49.29448
8 190 48.64464
9 210 48.02456
10 230 47.43232
11 250 46.86600
12 270 46.32368
13 290 45.80344
14 310 45.30336
15 330 44.82152
16 350 44.35600
17 370 43.90488
18 390 43.46624
19 410 43.03816

20 430 42.61872
21 450 42.20600
22 470 41.79808
23 490 41.39304
24 510 40.98896
25 530 40.58392
26 550 40.17600
27 570 39.76328
28 590 39.34384
29 610 38.91576
30 630 38.47712
31 650 38.02600
32 670 37.56048
33 690 37.07864
34 710 36.57856
35 730 36.05832
36 750 35.51600
37 770 34.94968
38 790 34.35744
39 810 33.73736
40 830 33.08752
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