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ABSTRACT

During operation, gas turbine components undergo various types of time-
dependent degradation due to high temperatures and mechanical loading. In
the case of stationary GT engines for mechanical power, creep failure
mechanism problems are a very common cause of mechanical failure that
significantly reduces component life. The magnitude of the adverse effect is
highly dependent on the operating conditions and design parameter of the
components. Against this background, the research programme was aimed at
achieving a better scientific understanding of the major reasons for creep
failure. This would allow mechanical equipment to keep running free creep
problem for longer. Therefore, the aim of this research was to develop an
analytical life model capable of assessing the influence of humidity on the
turbine blade heat transfer and cooling processes considering the engine
design parameters, operating conditions and working environment which, in
turn, affect blade creep life.

The whole cooled blade row is regarded as heat exchanger with convective/film
cooling and a thermal barrier coating. The approach is based on an engine
performance model, heat transfer models and the change of properties of moist
air as a function of water to air ratio (WAR). The changes of fluid properties due
to the presence of water vapour were not only considered through a variation of
the specific heat, the ratio of major specific heats and gas constant, but also
with the variation of density, Reynolds number, Nusselt number and other
related parameters.

The effect of different parameters including radial temperature distortion factor,
material properties, cooling effectiveness and turbine entry temperatures is
investigated. The results show that different design parameters combined with
a change in operating conditions can significantly effect the creep life of the
HPT blade and the location along the span of the blade where the failure occur.
Results show that with increasing WAR from 0 to 0.10, the blade inlet coolant
temperature reduced at the blade mean from 825K to 807K respectively. Also,
the blade metal temperature at each section is reduced (at blade mean, 1025K



for WAR=0 and 1012K for WAR=0.10), which in turn increased the blade creep
life from 2.22 L¢/L to 4.88 Li/Li respectively. Different operating points are also
evaluated at different WAR and ambient temperature to identify the effect of
WAR on the creep life at the blade mean. The results show that an increase in
WAR increases the blade creep life even if Tamp is increased. At an operating
TET of 1460K, an increase in WAR from 0.008 (T mp=288.15K) to 0.10
(Tamp=313.15K), gives a corresponding increase in blade creep life factor from
2.6 fold to 4.3 fold. Thus, the effect of the increase in the WAR on heat transfer
is more significant than the increase in the ambient temperature. Moreover, the
results show that at turbine entry temperatures above the turbine entry
temperature reference the blade creep life improves with increase in WAR.

A 3-D Finite element model is used to calculate the thermal stresses using the
nodal temperature distributions and the maximum engine rotational speed as
boundary conditions. Finite element analysis is coupled with a creep lifing
model (Larson-Miller parameter to predict the evolution of metal temperature,
stress and the critical areas susceptible to creep are identified and visualized. It
is observed that the blade creep life increases with increase in WAR from the
root to the tip at the leading edge. This is in contrast to a similar critical point
(root) in the trailing edge, where the creep life decreases significantly from root
to the tip. The thermal stress analysis with the mechanical stress analysis will
yield more valuable information about the actual magnitudes of overall stresses
encountered by the turbine blade.

The model developed is capable of assessing the main parameters that
influence blade cooling performance, such as cooling methods, alternative
cooling fluids, blade geometry, heat transfer coefficients, gas properties,
material and thermal barrier coatings. In addition, the method will assist users in
the selection of the most cost effective engine and will help them to make
appropriate inspection and/or maintenance decisions, to minimise operating

cost while giving the best engine availability.
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An Evaluation of Operation and Creep Life of Stationary Gas Turbine Engine

1 INTRODUCTION

1.1 Brief introduction

Improvement in engine performance has been a key factor in gas turbine (GT)
design, manufacture and operation, since the GT engine entered service in the
late 1940’s and, as a result, technological development has progressed rapidly
[1]. The drive for better engine performance and efficiency will continue to
require engine components which are exposed to extreme mechanical and
thermal load. For example, increases in HP turbine inlet temperature beyond
the melting point of present blades may be achieved by using new composite
materials for blade coatings and introducing advanced technologies and air
cooling capabilities for the component parts of the turbine. Figure 1-1 shows the

trend of firing temperature and blade metal capability [2].
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Figure 1-1: Increase in TET with implementation of new blade materials and
cooling technologies [2]
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High turbine inlet temperature provides a challenging environment for turbine
blades which are subject to a variety of damage mechanisms, including thermo-
mechanical fatigue, oxidation, corrosion and creep. Gas turbine manufactures
must make compromises between the engine thermodynamic performance

requirement, component lifing, and running cost for end users.

In the case of stationary GT engines creep is one of the most common failure
mechanisms that significantly reduce component life. The effect of creep is
highly dependent on the operating conditions of the engine, its mode of
operation and also the design parameters and details of the critical hot section
components in question. Cooling technologies and processes used in blade
cooling also have significant effect on the blade life since the creep is a function
of temperature and stresses acting on the blade from the root to the tip.
However, the determining factors such as operating conditions and working
environment that limit serviceable life of high pressure (HP) turbine blades vary
significantly from one component to another and consideration should be given
to the possible interaction between these factors upon the creep life of hot
section components. The original equipment manufacturer will have estimated
component life based on the design envelope of the expected base load,
calculated component stresses and temperatures, and the expected response
of the material to those conditions. However, a substantial safety factor will
have been included to ensure failure free operation, due to which most

components will be discarded while still retaining residual life [3].

The life of turbine components and the factors that limit their life vary
significantly from operator to operator due to a combination of the engine
design, application, working environments and operating conditions. These
factors have significant effect on the hot section component life during
operation. Therefore, a lifing assessment method is needed to assess the life of
the component in order to avoid discarded components which retain significant
useful life. The limitations of existing lifing techniques do not cover all lifing

consumption elements, are very complicated to apply, give inaccurate results,
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and are based on data not easy to access. Therefore, a comprehensive lifing
technique which is simple to implement is needed.

Prospects of success in this respect lie in improving the depth of knowledge and
understanding of the failure mechanisms. As part of this there is a need to
develop an analytical model to investigate the influence of humidity on the HP

turbine blade heat transfer and cooling processes which affect blade creep life.

1.2 Background

The cooling of high temperature GTs has been the subject of intensive work
over the past few decades. There are three well known methods for the design
the first stage of a HP turbine blade; un-cooled, convection cooled and film
cooled. In the case of film cooling, air is used as a barrier between the hot gas
and the blade metal. In the early 80’s the GT industry developed a turbine blade
using both convection and film cooled methods with a thermal barrier coating to
reduce the blade metal temperature [4]. The analysis of the temperatures of the
cooled blades requires the solution of equations governing heat flow through
the solid blade given the internal and external distributions of the boundary gas
temperature and heat transfer coefficients [5]. Although analytical solutions are
nowadays used for detailed blade design, in earlier years engine companies
relied on practical methods for determining the amount of cooling flow required
to maintain blade temperature within prescribed metallurgical limits [6]. The
determination of the rate of heat transfer from the turbine blade in a cross flow
is important in hot section GT life assessment. For design purposes, the rate of
heat transfer is normally fixed by semi-empirical correlations expressing the
Nusselt number in terms of Reynolds and Prandtl numbers. The implementation
of such correlations requires knowledge of fluid properties such as density,
viscosity, thermal conductivity and specific heat, all which depend on
temperature. For gases these properties are normally available only for the dry
state, thus the possible effect of the water vapour content of the gas has been
overlooked [7].
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Research has been carried in last three decades to investigate the process of
cooling of the HP turbine blade. The researches were based on fundamental
equations for heat transfer process and assuming constant inlet gas
temperature along the blade span and chord, where the blade metal
temperature was constant along the chord and through the blade walls. That
means the blade metal temperature increases in the span-wise direction and
reaches a maximum at the end of the blade [1; 5; 8-14]. Where, Torbidoni [6;
15] and Horlock and Torbidoni [16] developed a new analytical model, based on
Consonni’s [1] and Ainley’s [8] previous work. The new model allowed for
chord-wise variations of coolant flow, blade temperature, mainstream gas and
coolant temperature, heat transfer coefficients, finite blade wall thickness, TBC

and multi-pass channels.

It must be noted that all the work mentioned above used the properties of dry air
and neglected the effect of air humidity, possibly because many GTs operate in
environments in which air humidity is very low and therefore has little influence
on GT performance. But humidity becomes more important when large
variations in ambient absolute humidity are expected, especially in hot and
humid climates [17]. Also, the introduction of a spray of water inside the
compressor has become a popular approach to achieve increased power and
efficiency, and most research work carried out in the last few years has focused
on the effects of water injection on the engine performance [17-21]. In aviation
GTs, the effect of humidity and water ingestion on the engine performance has
been investigated and presented in AGARD [22]. Amell et al [23] investigated
the influence of relative humidity (RH) on the atmospheric air cooling thermal
load. Still et al [7] investigated experimentally the influence of humidity on the
convective heat transfer from a small cylinder at low air temperatures and found
that for molar fractions of water vapour up to 0.27, the heat transfer rate
increased with increasing humidity. The convective cooling of GT blades using
air or steam as the coolant medium in open and closed loop steam cooling was
investigated under different operating conditions by Albeirutty et al. [24]. The

study compared the performance of different blade cooling schemes. A general
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heat transfer model was developed for the analysis using the mean blade

temperature at the mid-blade height.

However, none of these approaches has attempted to evaluate the long term
effects of air humid on the GT blade cooling process and creep life. Assessing
how an existing GT operates, its working environment and the adoption of
possible alternative coolant and working media are of interest for innovative
cycles. Based on a review of the open literature, there has not been a great
deal of work done to model the effect of humidity on the heat transfer and
cooling processes (film and convective cooling) of a HP turbine blade of an
industrial GT which, in turn, affect the HP turbine blade creep life. This
investigation can be carried by evaluating the influence of changing coolant fluid
composition on the analysis of the cooling process in the HP turbine blade as
result of presence of water vapour. Therefore, in this work an analytical model
has been developed in order to investigate the influence of humidity on the HP
turbine blade heat transfer and cooling processes taking into account change of
gas properties of moist air as a function of temperature and water air ratio
(WAR). Also, the temperature variation due to the heat transfer along the metal
blade span is considered. Such a model provides the end user with a flexible
creep life methodology with which to perform a feasibility study of the effects of
presence of water vapour and other contributing factors on the blade creep life.
Also, this will help the user to select the most cost-effective engine and make
the right inspection and/or maintenance decisions, to help minimise operating

cost while giving best engine availability.

1.3 Research focus

Temperature related damage to hot section components are one of the largest
factors causing unscheduled engine removals and maintenance costs for GT
engines. Original equipment manufacturers (OEM) always calculate the life of
such equipment based on the design point of the expected base load and a
substantial safety factor will have been included to ensure failure free operation,
this leads to many components being discarded while still retaining substantial

residual life. In order to assess the life of hot section components of GTs, the
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operating conditions, working environment and design parameters should be
taken into account when making the lifing assessment. It is common practice in
lifing assessments to narrow the scope of the process to a specific engine part
by highlighting the following [25]:

Life criticality of the part,

Levels of assessment,

Data available, and

The importance of the part on the overall operation of the engine or plant.

The GT engine is divided into rotational mechanical equipment, accessory
equipment and thermodynamic gas path elements, and this research will focus
on exploring the life of the rotational equipment such the HP turbine blades.
The decision is taken to identify the parts that operate in the harshest
environments within the engine and to consider a part where all possible lifing

factors converge.

The blades are subjected to aerodynamic and centrifugal loads on top of the
thermal loading (highest temperatures and stresses). Also, failures of HP
turbine blades have very serious consequence on the general performance,
availability and reliability of GT engines. The working environment and
operating conditions of the engine including ambient temperature (Tam), air
humidity, rotational speed (RPM), cooling effectiveness (¢) and firing
temperatures are important because they are factors that affect turbine blade
creep life. The study carried out in this thesis is focused on the creep life of hot
section component considering operating conditions, working environment and
design parameters. An important addition to existing methods found in the open
literature is the effect of humidity in terms of engine performance and creep life.

1.4 Research aim and objectives

The aim of this research is to develop an analytical life model capable of
assessing the influence of humidity on the heat transfer and cooling processes
on a HP turbine blade taking into account the engine design parameters,

operating conditions and working environment which affect blade creep life.

The following objectives have been defined:
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e To execute engine performance simulation by modelling a stationary GT
engine using Turbomatch software (DP&ODP), calculations performed
considering the variation of humidity.

e To develop and implement a generic component sizing model: a constant
nozzle inlet angle method is used with data of the engine performance to
size the first stage HP turbine blade.

e To develop and implement a thermal and stress model: the Larson Miller
Parameter (LMP) time temperature approach is used to estimate the
remaining life of the hot section component at different design
parameters and operating conditions.

e To determine the effect of humidity on the creep life of hot section
components: investigate the change in gas properties by changing the
water air ratio (WAR - the ratio of water to dry air by mass) and
investigate the impact of humidity on the heat transfer coefficient.

e A 3-D finite element model (FE) is used to identify critical areas and,

perform a feasibility study and facilitate the creep life estimation model.

Finally, the model will be developed for possible use across a range of engine

types and operating conditions in different geographical area.

1.5 Research contribution

The major contribution to knowledge in this work includes:

e The focus of this work to develop creep life methodology that is able to
provide good creep life prediction for gas turbine high pressure turbine
blade’s creep life under various gas turbine operating and environmental
conditions.

e The main contribution to knowledge of the current work will be the
consideration of the effects of the humidity on the HP turbine blade cooling
processes and, subsequently, its impact on the performance and blade
creep life of GT engines.

¢ In the case of the performance, the effect of humidity will be considered in

term of changes in operating temperature, mass flow, power output and the
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relative rotational speed (PCN). In creep lifing consumption the effect of
humidity is considered in terms of changes in the operating condition
(obtained by performance analysis) as well as modelling the effect of

humidity on the heat transfer and cooling process.

1.6 Thesis structure

The thesis includes ten chapters; a brief overview of these chapters is

described hereafter:

e Chapter 1, “introduction”

The first chapter provide the overall of the research while defining its aim,

objectives and scopes of the researcher.

e Chapter 2, “GT Component Failure And Lifing Approaches”

This chapter gives some background of engine degradation, common failure
mode in gas turbine engine. The creep characteristics and its driving factors are
explained. This chapter also summarises the previous research work conducted
to calculate the heat transfer in blade cooling and effect of other cooling fluid on
the engine performance and blade cooling process. It further discusses the

lifing approaches alongside parametric methods.

e Chapter 3, “Modelling Approach”

The creep life methodology used in this study is explained in this chapter, which
also includes the lifing sub-models. The software model used in the
performance simulation with the engine specification is presented. Also, the
sizing sub-model of the first stage of HP turbine blade using constant nozzle
method is presented. The creep life model is presented in three stages; stage A
includes the creep life model to investigate the effect of operating conditions,
design parameters and working environment. Stage B includes the heat transfer
sub-model in the creep life model to investigate the impact of humidity change
on the heat transfer coefficient and blade cooling process. Stage C shows how
the analytical creep life model is integrated with 3-D FE model to identify the

critical region on the HP turbine blade.
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e Chapter 4, “Humidity”

This chapter provides a thorough explanation of the method used to calculate
the effect of humidity (WAR) on air coolant transport properties. The change of
the air coolant properties with water content at different temperature is
presented. The use of the NASA CEA programme to calculate the changed in
gas properties due to the presence of humidity for different FAR, T and P in the
main hot gas stream is explained. The multi regression equation developed for
the gas properties of natural gas from the multi-dimensional fluid model data
tables using NASA CEA programme is presented. The hot gas properties
(natural gas) predicted for different values of WAR is reported.

e Chapter 5, “Mechanical Stress Model”

The stress in the blade at each section obtained using 2-D developed stress
model is presented. In this study the model developed considers the centrifugal
stress and the gas bending stress from the blade root to the tip. The model
takes the input data from the performance simulation results and blade sizing
model. The centrifugal stress and the resulting bending moment stress acting
on the blade sections were calculated at different operating condition and
different values of WAR along the blade span.

e Chapter 6, “Blade Cooling And Heat Transfer”

Detail of the heat transfer model with the influence of humidity on the blade
coolant heat transfer coefficient and non-dimensional parameters is presented
in this chapter. The main equations and assumptions made to calculate the rate
of heat transfer as well as fluid properties such as density, viscosity, thermal
conductivity and specific heat are discussed. The structure of heat transfer
model is presented in term of two main sub-models: (i) coolant heat transfer

model and (ii) hot heat transfer model.

e Chapter 7, “Finite Element Modelling Description”
This chapter provide full details of the stress and thermal models of first stage
HP turbine in 3-D FE using Abaqus software. The procedure used to model the

mechanical stress and heat transfer from the hot gas to the coolant air through
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the blade metal, from which the blade metal temperature distribution is
obtained. All the boundary condition, element, material properties, type of mesh,
load, constraint, etc used in the thermal and mechanical model are presented in

this chapter.

o Chapter 8, “Finite Element Results”

This chapter provides the linear static analysis results obtained from the blade
3-D FE model which was conducted to investigate the effects of humidity on the
heat transfer and thermal stress, and to identify the critical location of the blade
creep life. In first part the mechanical stresses result from centrifugal loads and
pressure load is given. Then the results of the blade metal temperature
distribution which calculated as function of WAR and also the result using
different coolant schemes are presented. Finally the chapter provides the
thermal stress result in the form of contour maps and figures in order to identify

the effect of dry and humid air on the temperature gradient and critical area.

e Chapter 9, “Case Studies”

This chapter provides the results of the integrated creep lifing model including
the effect of operating condition, design parameter and working environment. In
addition the result of the creep life obtained from the 3-D FE model in terms of
blade metal temperature and mechanical stress as used in the LMP are

presented.

e Chapter 10, “Conclusions and Recommendations for Future Work”

The final chapter of this thesis provides the conclusions of the work presented
in each chapter. Also, the limitations of the model and recommendations to

improve the creep life model are made for further work.
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2 GT DEGRADATION, FAILURE MECHANISMS AND
LIFING APPROACHES

2.1 Engine degradation

Gas turbines (GTs) can be found in many applications in such critical industries
as aviation, power generation, oil and gas production and process plant as well
as smaller related industries and even domestically. The power generation
applications include offshore platforms and marine use where minimizing weight
is @ major consideration and the GTs used are usually aero-derivative engines.
With land-based industries GTs can be used for either direct drive or

mechanical drive application.

Normally operation for GTs in aviation is about 2000h before inspection of
turbine components, and often more than 5000h before overhaul. GTs for
power applications can operate for considerably longer periods before
inspection and maintenance due to the difference in safety factors between
aviation and industrial/marine applications [26]. Depending on the manner of
operation and the working environment, GT components are subjected to
different temperature and stress levels, and these differences cause different
GT components to fail in different ways: e.g. creep, oxidation, corrosion or

fatigue.

During service; industrial, marine or aero, engine failures can exist individually
or in combination, and vary with application. Although life techniques for hot
section components have been studied for the last three decades [27],
understanding failure mechanisms with related driving factors in order to

estimate the lifing of hot section component requires further attention.

Failure of a GT engine component is defined as any change in the size, shape
and/or mechanical properties of the component that makes it unable to continue

to satisfactorily perform its design functions. Failure mode is defined as a
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physical or chemical process which singly or in combination produces

component failure.

GT engine performance degradation is one of the most important concerns for
manufacturers and operators. There are different types of component
degradation mechanisms such as fouling, erosion and corrosion. The physical
degradation of components and the consequences for the engine performance
and life will vary. For example, sand particles deposited on the compressor
blades can cause compressor fouling and erosion, though erosion is probably
more of a problem for aero engine application, since the state of the art filtration
system used for industrial and marine application will invariably eliminate large
particles. Fouling will change blade and annulus dimensions causing reduction
in mass flow, blade erosion will change blade geometry, boundary layer and
aerodynamic profile and, through metal loss, will result in a drop in the

compressor efficiency [28; 29].

GT degradation results in lower component efficiencies and reduction of
available power which usually requires higher fuel flows and increased Turbine
Inlet Temperature (TET) to maintain the required thrust or power. However, due
to the limitations of the materials used and air cooling technologies available the
TET cannot exceed a certain point. Increasing the TET with given operating
conditions and working environment will quickly detract from the life of the hot

section components.

2.2 Common failures in gas turbines

During service in a corrosive environment under high stress and high
temperature, turbine components such as NGV, blade and discs suffer from
cumulative damage. This gradually degrades their mechanical properties, and
may cause component failure. Indeed, new failure modes are being discovered
with the increasing demand for modern engines to operate at higher
temperature and stresses, combined with the use of new materials and new

cooling technology systems [31]. Most of the turbine hot section components
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are classified as critical components because the consequences of failure could
be catastrophic to machine and personnel.

Naturally, those GT engine parts operating under the most extreme conditions
of temperature and stress show the most failures, see Table 2-1. Understanding
these failure mechanisms and their driving factors are very important in
evaluating the life of hot section components. Table 2-1 shows different GT
engine applications and their different influences on damage mechanisms. Land
based GT engines for the majority of their time are operated at known
conditions and therefore can operate for long periods of constant load (speed)
coupled with a high operating temperature. For this reason, land based engines
are more susceptible to creep than fatigue or oxidation. On the other hand,
helicopter engines with frequent start-up and shut-down cycles, and change of
flight profiles, makes fatigue more dominant. Marine engines work in an
environment where the air ingested into the engine contains higher
concentrations of salt and during combustion sulphur from the fuel reacts with
the sodium chloride to form sodium sulphate which will then be deposited on the

hot section components resulting in accelerated corrosion attack [32].

Three types of damage mechanisms affect turbine blades and cause
mechanical damage through creep, fatigue and high temperature corrosion and
oxidations. Table 2-2 from [34] shows the GT critical parts and their dominated
failure. Table 2-2 shows High Cycle Fatigue as making a significant contribution
to failure in turbine and compressor blades but, in fact, HCF failures are
uncommon in industrial GTs unless some external factor initiates the fault, e.g.
a manufacturing defect is present in a rotating part [26]. This could be because
with the new materials and technologies used in modern turbine engines fatigue
is almost eliminated at the design stage. Turbine blade life is primarily limited by
thermal-mechanical fatigue (TMF), creep and surface degradation due to
oxidation and corrosion. In peak load applications involving frequent start-up
and shut-down, TMF is the dominate failure mode. In a base loaded combined

cycle, oxidation and corrosion will control the component life [35].
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Table 2-1: Severity of failures of gas turbine applications [33]

Creep Oxidation HotCorrosion Thermal-Fatigue

Aero-engines - 0 — 1
Industrial engines 0 <> ) !
Marine engines — “— 1 —

Severe 1, moderate <, and light |.

Table 2-2: Common failure in gas turbine components [34]

<«— Design criteriaand life expenditure effects ——
Time dependent life expenditure Cyclic life expenditure
Yield
Components | strength/ | oxidation | Wet Crock
stiffness | corrosion Corrosion Creep | LCF | HCF rack
. . propagation
Erosion Erosion
Turbine blade ° L] o ] ] (] °
Compressor blade u ¢ u . u n °
Inner casing ° n ° | [ | O .
Rotor parts ] ° . . | ° |
Pressure casing n * . . n . °

m Significant contribution; O Affect only local; e Irrelevant

Naeem et al. [30] have summarised the effects of major three sources of failure
for hot section components in GTs (see Figure 2-1) and shown that at
temperatures below 800°C, mechanical fatigue is usually the dominant cause of
failure, but in the intermediate temperature range (800-1000°C) any of creep,
mechanical fatigue and thermal fatigue can be dominant, depending on
component design, cooling technology, material used and engine cycle

employed.
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Figure 2-1: Major sources of failure mechanisms in hot section components [30]
2.2.1 Fatigue

A metal subjected to repetitive or fluctuating load will fail at a stress magnitude
much lower than that required for failure on a single application of load. Fatigue
due to cyclic load fluctuation, known as mechanical and thermal fatigue, will
lead to crack initiation and propagation which leads to fracture. The mechanical
fatigue can be classified into two types of fatigue as shown in Figure 2-2: high
cycle fatigue (HCF) and low cycle fatigue (LCF). LCF occurs at high stress and
a low number of cycles (N<10*) and typically is of concern when there is
significant cyclic plasticity [36]. HCF results from cracking or fracture
phenomenon at stress levels much lower than stresses associated with steady
loading. An important distinction between LCF and HCF is that with HCF most
of the fatigue life is spent in crack initiation, whereas in LCF most of the life is
spent in crack propagation [37; 38].

TMF usually occurs due to the combined effects of cyclic temperature and cyclic
stress. Although the stress or strain that caused fatigue is often produced
mechanically, it is perhaps even more usual to find the cyclic strain produced by
a cyclic thermal field. If the natural thermal expansions and contractions of a
part are either wholly or partially constrained as often happens when a thermal
gradient is applied to the component, then cyclic strains and stresses result.

These cyclic strains produce fatigue failure just as if an external mechanical

15



An Evaluation of Operation and Creep Life of Stationary Gas Turbine Engine

loading were applied. Component cracking can be induced not only
mechanically but also thermally, and combined will accelerate the cracking.
Most LCF problems at high temperatures involve TMF processes. For
simplification, in the past, thermal fatigue traditionally has been treated as being
synonymous with isothermal LCF at the maximum temperature of the thermal
cycle. However, isothermal life prediction techniques are often not applicable to
TMF because different damage mechanisms can arise under extreme
temperature conditions. Using finite element (FE) analysis, it is possible to
analyse complex thermal cycles and to conduct thermal mechanical fatigue

under controlled conditions.

UTS -

@ E HCF
1/\/\

M ]
]
I

1 | |
108 105 107

Life Cycle

Figure 2-2: Schematic illustration of fatigue characteristics [39]

2.2.2 Corrosion and oxidation

In oil and gas, marine, chemical and power generation industries hot section
components can be affected not only by corrosion and oxidation because of the
range of operating temperatures experienced but will also depend on the
working environment. Hot corrosion is the accelerated attack of materials
caused by elevated temperatures in the presence of salt contaminants and
deposits of ash. Many materials that experience hot corrosion are exposed to
high heat fluxes and temperature gradients, e.g. turbine blades. The hot
corrosion can be described by the dissolution of a protective metal oxide into
the fused salt and the subsequent precipitation of the metal oxide in a non-

protective form. Hot corrosion can be classify into two types; high temperature
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hot corrosion (type ), which occurs at metal temperatures between 815°C to
955°C and low temperature hot corrosion (type Il), occurs at temperatures
between 595°C to 815°C. These temperatures regimes and their severities are
shown in Figure 2-3 [40-42].

Oxidation is a thermo-chemical process and usually occurs at high
temperatures by formation of a thin oxide layer on the alloy surfaces. Oxidation
is a temperature, time and strain dependent phenomenon. The growth rate of
the oxidation is depending on the diffusion through the oxide layer at that
surface. The oxidation failure can be estimated based on the oxidation growth
rate. One of the most common consequences of the oxidation failure is wear of
the hot section components [43]. Oxidation phenomenon also has significant
influence on crack growth. During fracture mode the oxygen reduces the grain
boundary energy in such a way that the crack growth path becomes
intergranular. In this case, plastic deformation can exist within the grain, and slip

bands work as diffusion paths for oxygen to reach the grain boundaries [22; 44].

Low Temperature High Temperature
_ Hot Corrosion Hot Corrosion
'fé (Type II) (Type I)
< ! Oxidation
e ]
= |
o I
= i
5 1
D 1
o I
[ ]

1 ] 1 L
1100 1300 1500 1600 1800

Temperature (°F)
Figure 2-3: Regimes of high temperature environmental attack [45]
Coating techniques are essential and are now widely used to protect hot section
components from a wide range of temperature and working environment

attacks. However, corrosion and oxidation are unavoidable in high temperature

environments contaminated with e.g. harmful fuel.

2.2.3 Creep

Creep is slow plastic deformation (strain) that occurs in a component under the

influence of stress and metal temperature over a period of time. Deformation or
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creep is governed by the material properties, time, temperature, and load
conditions. The deformation that occurs is made up of an elastic deformation
and an inelastic or permanent deformation which is not recoverable. Typically
creep occurs at temperature above about 40% to 60% of the absolute melting

temperature according to the material [37; 46; 47].

Creep behaviour is one of the most critical factors determining the integrity of
elevated temperature components, because such components can slowly and
continuously deform under constant stress over a period of time. This
deformation is the result of slip occurring in the crystal structure together with
flow of the grain boundary layer. Because of such deformation, unacceptable
dimensional changes and distortions take place, ending in final rupture of the
component (see Chapter 5). Creep is the largest potential problem in

applications involving high temperatures and high stress.

Creep in polycrystalline materials occurs as a result of the motion of
dislocations within grains, grain boundary sliding, cavitation and diffusion
processes. Increase in metal temperature can give an atom enough thermal
energy to jump from its original position at to another while transmitting energy
to adjacent atoms. This results in diffusion which, in turn, alters the atomic
arrangement and forces the grain to extend with time [47; 48].

2.2.3.1 Creep characteristics

The typical characteristics of high temperature creep can be explained in term
of strain versus time. The gradient of the curve shown in Figure 2-4 is the creep
rate. The strain axis is the total of initial elastic and inelastic strain. Incubation
period is the region of initial elastic deformation, which occurs immediately after
the full load is applied. In single crystal or highly oriented materials it is usually
observed at relatively low stress and high temperature. This stage is followed by
the primary stage of creep behaviour in which the initial creep rate reduces
rapidly until a constant creep rate is attained as dislocations build up and
material hardening processes dominate. This is followed by the second phase
or steady state region of creep deformation. It is frequently the longest portion

and corresponds to a period of constant creep rate where there is a balance
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between work hardening and thermally activated recovery processes, the
behaviour here can be described as a function of stress and temperature.
Finally in the tertiary stage the creep rate increases rapidly until facture or
stress rupture occurs. It can be due to a number of factors including; (i)
mechanical instability, such as the occurrence of necking (localized reduction in
cross-sectional area), (ii) microstructural instability, including grain growth or re-
crystallization with single-phase material or the gradual loss of creep strength
as over-ageing occurs during creep of precipitation-hardened alloys, (iii) the
nucleation and growth of internal micro cracks which develop until the number

and sizes of the micro cracks are sufficient to cause the creep rate to increase.

4 Primary Tertiary
creep Secondary creep creep

P2
< —2 < 1<

\ 4

1
1
" Fracture
1

Strain

~ Minimum creep rate

Strain=0 (initial load)

Time

Figure 2-4: Four stages of creep failure mechanisms [46; 49]

The creep behaviour of materials is obtained through testing of specimens at
constant temperature and stress. The initial assessment of creep capability is
made using stress rupture data that determines the time to failure [39]. But the
limitation of this technique is that it does not give any information on the shape
of the creep curve rather giving useful data for initial life assessment in a new

design.

2.2.3.2 Creep driving factors

Creep characteristics depend on several driving factors in hot section

components; temperature, stress, time and material properties. However, for
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engineering applications the most important factors are stress and temperature
[26; 31; 37; 43; 50; 51].

Temperature: Figure 2-5 shows the variation of creep strain against time, the
influence of temperature on creep rate can also be observed. As temperature
increases the gradient of the creep strain rate in the primary region also
increases as does the secondary creep rate, and the point at which the
acceleration into the tertiary phase occurs is earlier resulting in a reduced life to
stress rupture [562]. At the highest temperature T > 0.4 melting point
temperature (Tr,) the mobility of atoms increases rapidly with temperature and
so can cause material diffusion which can also help dislocation. At lower
temperatures diffusion still can occur but only in limited local areas such as
grain boundaries and phase interfaces. A temperature which is considered high

for creep in one material might not be so in another [53].

Stress: Creep rate is also sensitive to the applied load and load state. In Figure
2-5, the variation of creep strain against time and the influence of stresses on
creep rate are shown. The initial creep strain rate in the primary region is higher
the higher the stress. The secondary creep rate also increases with stress and
the acceleration into the tertiary phase occurs earlier the higher the stress,
resulting in a reduced life to stress rupture. In other word, with increase in
applied stress, the primary and secondary stages are shortened or even

eliminated and the tertiary stage predominates in the creep process [52; 53].

From the creep curves shown in Figure 2-5 similar behaviour is observed for
constant stress and different temperatures. This means both parameters
significantly affect creep behaviour. It can also be seen that all stages of creep
are accelerated with increase in stress or temperature. Webster [47] stated that
the shape of the curve was different depending on the time and/or temperature.
For T > 04T, it is likely that secondary and tertiary creep will be most
pronounced and for T < 0.6 T, primary creep will predominate. This behaviour
can be partly attributed to the different stresses needed at each temperature to

cause failure in the same time.
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Figure 2-5: Creep curves dependence on stress and temperature [52; 54]

Microstructure: Creep properties of materials are intrinsically determined by
the microstructure of the materials. Grain size affects creep rate in all three
creep stages. These microstructural effects can be superimposed and can
affect creep properties of materials in a number of complex ways. At constant
stress and temperature, the increase of grain size increases the steady state
creep rate of one material and decreases it in another. Li and Dasgupta [53]
classified the microstructural deformation mechanisms in creep into two types;
intragranular and intergranular. Intragranular creep deformation involves creep
deformation within single crystals and individual grains of polycrystal. The
mechanisms of intragranular creep deformation including slip (stress decrease
or temperature increase, slip spacing increases for most materials) and
subgrain formation (during the primary stage of creep). While intergranular
creep deformation involves deformation occurring in grain boundaries of
polycrystals. The mechanisms of intergranular creep deformation including
grain boundary sliding, creep cavity, fold formation and grain boundary
migration. These two types of deformation illustrate the relation between the
microstructural effects and the creep properties of materials.

Creep in polycrystalline materials is sensitive to grain size, alloying additions,
initial condition of the material and heat treatment. It indicates that
improvements in creep strength that can be gained by alloying additions to steel

to produce a material which can used for the highest temperature application
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such as turbine blades. Figure 2-6 compares the creep resistance properties of

a range of engineering alloys.
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Figure 2-6: Stress to produce creep rupture in 100h in various alloys [47]

Figure 2-6 shows tungsten and niobium alloys have high temperature
resistance but lower stress resistance. 12% CrMoV steels, in contrast, have
better stress resistance but fail at lower temperatures. Cobalt base superalloys
are primarily used for blade vanes because of their good weldability and Nickel
base superalloys are used for turbine blades to achieve greater strength. Both
these metals can be subject to microstructural changes. Material microstructural
changes lead to decrease in strength of the grain boundaries and the matrix,
thus leading to the deterioration of the mechanical properties and a decrease in
the rupture time and creep strength. Also, the residual life of all materials

decreases with increasing service life due to microstructural changes [45; 55].

2.3 Turbine blade cooling

The technology of cooling GT HP turbine blades using internal convective
coolant has developed over the years from simple smooth cooling passages to
very complex geometries involving many different surfaces, architectures and
fluid-surface interactions. The aim of such technology is to obtain the highest
overall cooling effectiveness with the lowest possible penalty on the
thermodynamic cycle performance [56]. Figure 2-7 show typical film-convective
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cooling architecture of HP turbine blades. Figure 2-8 presents the generic
cooling technology performance chart for a turbine blade airfoil. The cooling
technology shown on this figure presents the heat loading parameter and airfoil

cooling effectiveness, defined as non-dimensional quantities.

T, —Tp

cooling ef fectivenss, e = —=———
Ty — Tein 21

heat loading parameter = m¢ x Cp./2 x hy * Ay 9.9

Where the heat loading parameter, is the ratio of the overall hot gas heat flux

delivered to the blade against the overall coolant capability to absorb that heat.
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Figure 2-7: Cooling architecture of HP turbine blade [57]

Research has been carried out in last three decades to investigate the process
of cooling of the HP turbine blade. Two conceptually different cooling models
are reviewed, firstly a simple model that employs semi-empirical data
established for air cooled conventional blade turbines. The purpose of the first
model (standard blade) is to calculate the required mass flow of coolant to
maintain blade temperature within prescribed metallurgical limits. A standard
blade has uniform gas temperature and blade metal temperature along the

blade span and chord, and infinite thermal conductivity. The second model
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considers the influence of detailed cooled blade geometry for describing the
cooling of the gas turbine blades. This model can consider the influence of

cooling methods and internal geometry of the blade on the heat transfer.
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Codirg effiday
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Figure 2-8: Cooling technology performance curve [56]

Ainley [8] presented basic equations for the heat transfer process and assumed
constant inlet gas temperature (Tg) along the span and chord, where the blade
metal temperature was constant only along the chord and through the blade
walls Tp=Tyhg=Tne, Where Ty is the blade metal temperature gas side, Ty is the
blade metal temperature coolant side. That means the blade metal temperature
increases in the span-wise direction and reaches a maximum at the end of the
blade.

Also, the external and internal wetted perimeters for the blade were constant
along the span. The wet parameters of gas and coolant side (Sgq and S;) are
constant along the span. Ainley stated the basic equation for the heat

transferred from hot gas to the coolant per unit span (q) as:

2

d=Ty
q= kbwAbwd_yz + thg (Tg - Tb) = thc(Tb - Tcl) 2.3

dT,
q =mCp, d_y + thc(Tcl - Tb) 2-4

Where T is coolant temperature, kp, is the metal conductivity and Ay, is the

metal area in a blade cross-section.
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Ainley rewrote these equations in terms of the parameters as presented in [6;
16] and obtained the blade metal temperature and outlet coolant temperature at
y=H:

Tomax =Ty — (Ty — Ter) Xe ™ /(1 + X) 0.5

Teo =Ty — (Ty = Tey)e™ .6

Where x = hcS./hgSs, k=X/[(1+X)w*], w" = (m.Cp.)/hsS,H and H is the
blade height.

Halls [9] and Holland and Thake [5] used convectively cooled blades and
defined cooling effectiveness based on constant inlet gas temperature and
blade metal temperature along the span and chord (standard blade). They
assumed constant coolant inlet temperature in the chord-wise direction with
uniform metal wall temperature (constant through the blade wall T,=Tpg=Thc).
The heat transfer from the gas stream to the coolant side, under the assumption
of the perfect gas and uniform heat transfer coefficient, is given by the heat

balance equation:
thgs (Tg - Tb) = Mcstandard CPc (Tb - Tcin) 2-7

Consider the external wetted area to the product of the airfoil perimeter and
span, the energy balance for the blade is given by:

thgH(Tg - Tb) = m.Cp, (Tco - Tcin) 2-8

With the three temperatures Tg, T, and Tgn, known or specified the cooling

effectiveness can be obtained using the following equation:

&= (Tg - Tb)/(Tg - Tcin) 2-9

Also, the cooling efficiency can defined as the ratio of the actual temperature
rise (Teo-Tin) to the maximum temperature (T,-Tein), the details of their approach
for a blade with convective cooling, film cooling, finite thickness of the metal wall
and thermal barrier coating (TBC) is presented in [6; 11; 16; 58].
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Consonni [1] followed the Ainley approach in terms of determining the heat
transfer coefficient and descriptions of the internal blade geometry using the Z
parameter (technology level); he assumed that the hot gas external temperature
was constant and the blade temperature increases along the span but allowed
for finite metal and TBC thickness using the Biot number. He also introduced
film cooling to the blade cooling model. Thus, the coolant outlet temperature

was obtained by equating the heat fluxes at the outlet section:
hg(Ty = Tog)kow (Tog = Toc)/ tow = he(Toe — Teo) 2.10

Where tpy is the blade metal Biot number.

Consonni’s analysis and calculation were based on estimating the cooling flow
required over the chord of the blade, using mean temperatures and heat

transfer coefficients.

Horlock [10] investigated the operation of a counter-flow heat exchanger with a
large surface area, with water injection to the cold side and increase in the
thermal capacity of the cold gas stream for both reversible and irreversible
flows. The thermal capacity of the cold stream is Cc and the hot stream is Cg.
The mole flow rate is n and the mole heat capacity is Cp, thus the Cc=n*Cp.

With no external heat loss, the heat transferred calculated using:
Cg (Tgl - ng) = Cc(Tcl - TCZ) 2-11
Where the 1 and 2 are the stations in and out.

The exchanger effectiveness (¢) is defined in [59] as the ratio of the actual heat
transferred to the maximum heat that can be absorbed. Horlock et al [11] also
studied the effect of cooling air flow rate (external film cooling and internal
convective cooling) on the GT performance (thermal efficiency). For convective
cooled blade only, the simple heat balance is given by Equation 2-12 and when

film cooling is used the heat transfer is calculated using Equation 2-13:

q= mcCpc(Tco - Tcin) = mngg (Tgin - Tgout) = thsg (Tgin - Tw) 2-12
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q= Asghfg (Taw — Tp) = mcCoc(Teo — Tein) 2-13

The T, is the adiabatic wall temperature, which in absence of film cooling
equals the mainstream temperature and hyy is the heat transfer coefficient under
film cooling conditions (hg=h¢y). The film cooling effectiveness is defined
by: & = (T, — Taw)/(T; — Teo ), and Tay in obtained as shown in Chapter 6.

They found the most important effects of turbine blade cooling were reducing
the inlet stagnation temperature to the first rotor and a pressure loss resulting

from mixing the cooling air with the mainstream.

Jordal et al [12] combined two conceptually different cooling models to
estimate the behaviour of a convective cooled blade and defined the coolant
mass flow. The first, simpler, model used semi-empirical data for air cooled
GTs and the fundamental equations for cooling are presented in [5]. The
limitation of the first model is that it cannot use alternative coolant or working
media (m¢, Cpc), also it cannot assess the effect of internal geometry (Z
parameter) on the cooling process. The second model used more a detailed
analytical approach, relied on a large number of geometrical parameters and
was based on the work of Consonni [1]. The second model requires significantly
input data, however it gives more information about coolant pressure losses and
indicates required changes in the blade internal geometry to keep the desired

blade metal temperature.

Young and Wilcock [13; 14] developed a framework for modelling air cooled
GT cycles based on Holland’s approach, including supplementing the film
cooling with convective cooling for finite thickness of the metal wall and for
thermal barrier coating. They assumed a temperature distribution in the cross
direction through the blade wall and coating (not standard blade), with the
assumption that such temperatures are constant in the chord direction (T;g: >
Tpg = Tye). Also, the inlet gas temperature was assumed to be constant along

both the span and chord. The heat transfer rates for the coolant side are given

by:

q = mCp, (Tco - Tcin) 2-14
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The calculation of the T, required the knowledge of the mean internal heat
transfer coefficient and was obtained by introducing an internal flow cooling
efficiency (typical values 0.6-0.8) as presented in [58]. The mainstream flow

heat transfer rate can also be expressed by:
q= thgs(Taw — Trpc) 2-15

The dimensionless coolant mass flow rate m* and, the TBC and blade metal

Biot numbers are calculated using:

m* = mcCpc/thgs = (Taw — Trec)/ (Teo — Tein) 2-16
Bipe = hgtipe/ kene = (Trac — Tbg)/(Taw — Trac) 217
Biyy = hgtpw/kpw = (Tg - Tbc)/(Taw — Trgc) 2-18

Thus, the overall cooling effectiveness is obtained by using:

€= (Tg - Tbg)/(Tg - Tcin) 2-19

Torbidoni [6; 15] developed a new analytical model, based on Consonni’s [1]
and Ainley’s [8] previous work, to calculate the cooling flow required for the
turbine blade first stage of a high temperature GT, with given gas and coolant
inlet temperatures. The method considered the heat flux through an elementary
cross-sectional area of the blade, at given height and chord position. The effect
of the internal blade geometry on the cooling performance was considered
through the cooling system technology parameter Z. Torbidoni assumed that
the inlet gas temperature is constant along both the span and the chord and the
blade metal temperature is constant only along the chord, but varies in the
span-wise direction and also through the blade walls and coating. The presence
of TBC reduces the convective heat transfer through the blade. The overall

energy equation for the heat flux transfer is therefore as follows:
dq = UgdAcs(Tgr - Tcin) 2-20

Ug = [as(l/hg + trec/krec + tow/ kpw) + 1/hc]_1 2-21
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Where Uy is the overall heat transfer coefficient and ay is the ratio of the wetted
heat transfer area of coolant flow single blade to the wetted heat transfer area
of gas flow single blade.

Horlock and Torbidoni [16] analytically re-examined Ainley’s work in order to
overcome some of the limitations of Ainley’s cooling approach. The new model
allowed for chord-wise variations of coolant flow, blade temperature,
mainstream gas and coolant temperature, heat transfer coefficients, finite blade

wall thickness, TBC and multi-pass channels.

It must be noted that all the work mentioned above used the properties of dry air
and neglected the effect of air humidity, possibly because many GTs operate in
environments in which air humidity is very low and therefore has little influence

on GT performance.

2.4 Humid air and blade cooling

Many gas turbines operate in environments in which air humidity is very low and
therefore has little influence on gas turbine performance. This is the reason why
ambient humidity effects have not received much attention in industrial gas
turbines. But humidity becomes more important when large variations in
ambient absolute humidity are expected, especially in hot and humid climates
[17]. In aviation gas turbines the effect of humidity has been investigated and
presented in AGARD [22]. Amell et al [23] investigated the influence of the
relative humidity on the atmospheric air cooling thermal load. The result shows
that at high relative humidity the cooling thermal load increased to almost twice
that when the relative humidity is low. Mathioudakis and Tsalavouts [17]
investigated the impact of ambient humidity on the performance of industrial gas
turbines and examined the effect of humidity on methods used for engine
condition assessment and fault diagnostics. It was found that humidity has
significant effect (especially at higher ambient temperatures) on component
health parameters and such parameters could exhibit apparent deviations if

humidity is not taken in account.

The spraying of water inside the compressor is a popular approach to achieving

increased power and efficiency, and much research has focused on this effect
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[18-21], but no attempt has been made to evaluate the long term effects of air
humidity on the GT blade cooling heat transfer and creep life.

James [60] investigate the feasibility of using water injection and evaporation
into the turboshaft engine to allow increased power output and decrease in air
cooling temperature. This decrease in cooling temperature can offset the effect
of increased gas temperature and increased shaft speed and thus keep turbine
blade stress rupture life constant. The analysis utilized the NASA Navy Engine
Program (NNEP) to model the thermodynamic performance of a typical
helicopter engine in order to study the effect of inject water on the air cooling
temperature and the rate of TBC transient heat conduction. The increased
turbine speed and gas temperature were used in a stress repute model to
determine the blade metal temperature required to give constant stress rupture
life. The thermal properties of the coolant air were ignored, since claimed that
the thermal properties of steam are more favourable for heat transfer process.
The study was considered only the effect of water injection on the gas side heat
transfer and TBC.

Still et al. [7] experimentally investigated the influence of humidity on the
convective heat transfer from a small cylinder at low air temperatures. For molar
fractions of water vapour up to 0.27, the heat transfer rate increased with
increasing humidity. They proposed a correction factor if humid air is used in the
heat transfer equation in terms of a Nusselt number expressed as a function of

Reynolds and Prandtl numbers.

Cleeton et al. [61] studied the blade cooling optimization of a humidified air
turbine (HAT) and a steam injected gas turbine (STIG) cycles. The blade
cooling model used was that presented in Yound and Wilcock [14]. It was found
that in HAT, using the humidified or post-aftercooled coolant reduced the
coolant demand but increased compression work. Optimising the choice of
coolant bleeds in STIG, the bleeding steam for cooling purposes reduced the

steam available for power augmentation and thus compromised work output.

The convective cooling of gas turbine blades using air or steam as the coolant
medium in open and closed loop steam cooling was investigated under different
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operating conditions by Albeirutty et al. [24]. The study compared the
performance of different blade cooling schemes. A general heat transfer model
was developed for the analysis using the mean blade temperature at the mid-
blade height. The result showed that steam was a better cooling medium than
air, when employed in an open circuit and a closed loop scheme. Also, the use
steam or water as alternative cooling fluids is feasible and practicable for
stationary turbine, where the added weight and complication of the fluid supply

system are not major concerns.

There has not been a great deal of work done to model the effect of humidity on
the heat transfer and cooling processes (film and convective cooling) of a HP
turbine blade. The aim of this study is to present an analytical model to
investigate the influence of humidity on the turbine blade heat transfer and
cooling processes which, in turn, affect blade creep life of industrial gas
turbines. The work presented here considers gas properties of moist air as a
function of temperature and relative humidity, to investigate the effect of
humidity on the high pressure turbine blades’ heat transfer coefficient and creep
life. Also, the temperature variation due to the heat transfer along the metal
blade span is considered. The model is flexible and capable of assessing the
main parameters that influence the blade cooling performance, such as cooling
methods, alternative cooling fluids, blade geometry, heat transfer coefficients,
gas properties and material and thermal barrier coating. The whole cooled
blade row is regarded as a heat exchanger subjected to a mainstream hot gas

flow from the combustion chamber.

2.5 Parametric methods

Component life assessment based on data collected from creep curve and
experimental creep laws do not always provide accurate life estimation.
Although experiments can provide accurate life estimation, data are often
insufficient to cover different loads and temperatures and extrapolation or
interpolation to the stresses and temperatures of interest need to be performed.

Also, creep laws require suitable constants to be obtained before the model can
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be used. When these constants change with temperature the calculated life

becomes inaccurate.

There are alternative methods based on time and temperature. Many
parametric techniques have been proposed in the literature and it is not
possible to discuss all of them here; the most widely accepted are the Orr-
Sherby-Dorn parameter (OSDP), Goldhoof-Sherby parameter (GSP), Manson-
Haferd parameter (MHP), Manson-Succop parameter (MSP) and Larson Miller
parameter (LMP). The requirement for these models is that a full range of
temperature and stress can be covered that may require extrapolation to high or
low temperature and to high stresses beyond where test data exists. The
limitation to the extrapolation on temperature is set by the material melting point
(40% of absolute melting temperature). Limits to the stress are linked to the
tensile properties such that the ultimate tensile strength at the temperature of
interest presents an upper limit to the applied load [52]

2.5.1 Orr-Sherby-Dorn parameter (OSDP):

Using Equation 2-22, creep data obtained from for different values of stress and
different temperatures can be superimposed and plotted on log tf versus 1/Ty
to build iso-stress lines will be parallel to each other as shown in Figure 2-9.
The value of the OSDFP is the intercept on the logts axis. Satisfactory
agreement is usually found for pure metals and dilute alloys at T > 0.5T,, but not

in other circumstances [47; 62].

The OSDP presupposes parallel iso-stress evolution lines with the same
gradient, A, and no intersection points (assumes activation energy is constant)

as shown in Figure 2-9. The parameter is given by:

OSDP = log(tf) - A/T 2.92

Where A=Q/R,, Q is a characteristic activation energy and R, is the universal

gas constant.
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Figure 2-9: schematic explanation of iso-stress lines in log t; vs. (1/T,,) [37; 62; 63]

Once the value of the OSDP for different stresses is obtained, a creep rupture
curve can be plotted. Using Equation 2-22 with the value of OSDP at any stress
but different metal temperature can be interpolated or extrapolated to determine

the component creep life.

2.5.2 Goldhoof-Sherby parameter (GSP)

This method is based on the convergence of the iso-stress evolution lines at a

point with coordinates 1/T, andlogts, located below the region of the

experimental data (see Figure 2-10). The parameter given by [37; 62]:

(log (tf) —log (ta))

(% - 1/Tma) 2-23

GSP =

Log t;

F 4 /- c)-n
F r'd ”

."// 1/Tm
Log (t,, 1/T,,4)

Figure 2-10: Iso-stress lines for logt; vs. 1/T,
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2.5.3 Mason-Haferd parameter (MHP):

This parameter is slightly different from LMP and OSDP, the iso-stress plots are

of logtr vs T instead of logt; vs 1/Ty, and all the lines pass through a common
point (Tm, logtr) as shown in Figure 2-11. MHP assume that the convergence of

the iso-stress lines located above the region of the experimental data with the
parameter given by [39; 62]:

(Tm - Tma)
(1og(tf) — log(ta)) 2-24

MHP =

Log t;
L -~ ~ _ <] Gradient =MHP

Figure 2-11: Iso-stress lines for logt; vs. T,

2.5.4 Manson-Succop’s parameter (MSP):

The MSP is similar to the Manson-Haferd in that temperature is used as the

predictor of log tr, however, no intersection of the iso-stress lines is allowed. In

that sense MSP is similar to the OSDP. The MSP assumes that parallel iso-

stress line can be achieved when graph logtis plotted against T, and the

gradient is equal to B, see Figure 2-12 [37; 62; 63]. The MSP equation can be

written as:

MSP = log(t;) — BTy, 9.95
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Figure 2-12: Iso-stress lines in log ¢, vs. T, using MSP [37]

2.5.5 Larson Miller parameter (LMP)

The LMP approach has been a useful tool in predicting low stress, long time
rupture behaviour in the handling of creep rupture data. LMP combines
temperature and creep life data and is a useful analytical technique for
evaluating the effects of stress on creep life over a range of temperatures. The
success of LMP lies on the fortuitous elimination of the one of the two
independent variables that can be controlled during a creep test namely
absolute temperature and applied stress with time. The power of the LMP lies in
the elimination of the temperature dependence and allows one to construct

master rupture curves [64; 65].
LMP = L l C
= To00 (109t +©) 2-26

Where C is material constant and t; = time-to-failure
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Figure 2-13: Schematic lllustration of plot of logt; vs 1/T,

35



An Evaluation of Operation and Creep Life of Stationary Gas Turbine Engine

The constant C is often taken as 20 in industrial applications but it can vary
according to the application. Any combination of temperature and time-to-failure
will give equivalent values for LMP and for creep stress. The LMP approach has
been extended to cover rupture strength in which case it would represent the
life time to reach fracture due to either strain or rupture, depending on operating
conditions. Therefore, by dividing the real time of operation by the total life to
failure, life fractions can be determined [66]. The LMP assumes the
convergence of the iso-stress evolution lines in a point located at —C on the

logt; axis as shown in Figure 2-13 [37; 62; 63].

2.6 Parameter selection

A critical decision for accurate life calculation is selection of the most
appropriate parameter for the assessment because suitability of the parameter
depends on the temperature or/and stress range, the type of materials used and
relevant failure mechanisms. Here the different parameters used to fit creep

data are compared.

Marahleh et al. [55] claim LMP gives accurate predictions for materials
subjected to long periods at high temperatures in those cases where no
microstructural changes take place. When microstructural change does occur,

the extrapolated values are greater than the test results.

Bueno and Sordi [63] compared the performance of OSDP, GSP, MHP, MSP
and LMP applied to Fe-Mn-Al steel creep data. Good results were obtained
from MSP, LMP and OSDP, though MSP was slightly better than the other two.
Bueno and Sordi also, compared the relation between hot tensile behaviour and
creep of Cr-Mo steel for different stress levels and temperatures. In order, the
best results were given by MHP, OSDP, MSP, LMP and GSP. It was suggested
that the relative success of MHP was due the range of high temperatures used
for the material testing. The good results for of OSDP were due to the good fit of

the Monkman-grant relationship to the creep and hot tensile results.

Eno et al. [62] evaluated the commonly used parameters OSDP, MHP, MSP,
LMP and the Mandelson-Roberts-Manson parameter (MRMP), using creep data
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for Haynes 230 alloy and nickel chromium alloy 617. The parameters were
assessed for their ability to fit stress-temperature creep behaviour data. The
best fit for the nickel chromium alloy 617was achieved using MRMP, followed
by LMP. The best fit for the Haynes 230 alloy was achieved using MRMP,
closely followed by MHP and LMP.

The research results presented above indicate that the individual parameters
should be considered as particular cases within a common framework with LMP
the most useful because its ease of use over a wide variety of applications.

2.7 State of the art in creep life modelling

Creep behaviour is usually approached in one of three ways [54]. First is the
study of empirical relations between temperature stress, time and creep rate.
The aim is to derive formulae to estimate structural behaviour under creep
conditions. Component time-dependent deformation and life times are predicted
using experimental data and such extrapolation techniques as the Monkman-
Grant relation [67].

Materials science modelling derives equations for the creep rate by
characterising and simulating creep behaviour wusing microstructural
rearrangements including assumed values of transport processes on the
microscale (e.g. void growth, glide of dislocations, diffusion of vacancies, crack
initiation and propagation). Depending on the assumptions made concerning
damage mechanisms, deformation and specific temperature and stress values
will depend on the form of the resulting specific rate equation. This approach
aims to correlate quantities characterizing the material behaviour and quantities
characterising the micro-structure and processes involved (e.g. grain size, types
of hardening).

Continuum mechanics modelling investigates creep in ideal 3-D solids using
balance equations for elemental volumes of the material. Depending on the
assumptions made regarding the kinematics of deformation and motion allow
creep behaviour to be described by constitutive equations (mechanical equation

of state) which relate stresses to the resulting deformation processes. Recently
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numerical solutions using FE and time-step integration techniques have been
developed to simulate time dependent structural behaviour to critical state of
failure. This approach needs a large amount of experimental data for the creep

behaviour of materials over a relevant range of temperatures and stresses.

2.8 Creep life estimation approaches

A lifing model defines the relation between loading level and component
lifetime. In generally calculates total time to failure and the major division in
lifing models is between total life models and crack growth models [68]. In
service the useful life of hot section components decreases progressively due to
creep deformation because both deformation and fracture are time-dependent,
see Figure 2-14. The rate at which useful life is consumed will be a function of
the operating conditions of the specific GT and how well the material resists
creep deformation. The material will degrade faster, and consume its useful life
more quickly the more extreme the operating conditions. The material will
degrade progressively due to crack formation which begins even in the primary
stage. Betten et al. [69] have described how micro-cracks begin on the surface
and propagate until they link into macro-cracks and become visible at the

tertiary stage of creep.

Total life
Safe life
< T > |l € >
ﬂ Strain accumulation | ﬂ Crack growth
New component 1 Crack Failure
(Zerollife) o . Initiation _ _ >
Design life Life extension

Figure 2-14: Creep Life span of hot section components due deformation [70; 71]

There are several methods for estimating creep life. In general, the life
methodologies may be classed into three distinct approaches as shown in
Figure 2-15 [72; 73]:

e Design approach

e Post-service approach
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o Statistical/probabilistic approach

Life based model
. {T0t3| life approach Strain based model
Design

approach Damage based model

Damage tolerance
approach

NDTTEST
Creep life estimation Post-Service
approaches approach

DT TEST

L o -Neural network
L Statistical/Probabilistic Fuzzylogic
approach

-etc

Figure 2-15: Creep life estimation methodologies [72; 73]

Table 2-3: Lifing approaches

Design approach Post-service approach Statistical approach
. "Analytical method. *Non-Destructive test nStatistical tools
‘(95 *Empirical method. "Destructive test *Probabilistic tools
éq’,‘ *Numerical method. »Artificial intelligent methods
"Others
, 'Life estimation can be v|dentifies the components *Reduced complexity.
é%' performed at design stage. that need to be monitored. *Fast computing.
é" "Low cost if low fidelity model Offers different techniques for  ®ldentifies driving factors.
$ is used. both destructive and non- "Tackle the uncertainties.
destructive test
. *Based on empiric data to *Needs prior techniques to *Requires prior models.
é% build the model. estimate life at design stage. ~ "The factors may vary
$ "High complexity to achieve. ~ *Performed during according to the nature of the
N *High cost. maintenance. research.
6\‘9 "|naccurate if un-calibrated.
"Device used.
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The techniques outlined in this section are used for different applications and at
different stages of component failure so there can be no comparable accuracy
and reliability. Table 2-3, summarized the three lifing approaches and gives the

general advantages and disadvantages of each technique.

2.8.1 Design approach

The design approach calculates the component’s remaining creep life using
analytical and empirical data, and/or numerical models. Information such as
component geometry, properties of the component material and likely engine
operating conditions are required to estimate component life. Wood [74] has
claimed that when the life fraction is greater than 0.5, conventional non-
destructive testing (NDT) and destructive testing (DT) techniques should be
carried out.

The design approach can further sub-divided into the damage tolerance
approach and the total life approach. The damage tolerance approach
emphasises the modelling of crack initiation and the propagation processes.
The total life approach effectively predicts the time at which failure is likely to
occur, which is the same thing as the life span of the component to failure. This
section discusses only the total life approach as the author’s integrated creep

life prediction model is based on this.

The total life approach estimates creep life using a damage-based model, a

strain-based model, or a life-based model.

2.8.1.1 Life-based model for creep life estimation

Given the stress and metal temperature the life-based model predicts the time-
to-failure of the component directly. This is done using time-temperature
parameters, an empiric method first established some sixty years ago. Usually
the empirically determined parameters are incorporated into a thermal/stress

model to estimate creep life based on given operating and health conditions.

Dedikin, [75] introduced the LMP into a non-linear FE code to compute time-to-
failure of a turbine blade. He first used a Computational fluid dynamics (CFD)

package to define boundary conditions at the internal and external surfaces of
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the cooled turbine blades, then the FE code calculated the temperatures and
stresses in the blade. By incorporating the LMP into the FE code, the blade
time-to-failure could be automatically computed, and then using a linear
damage parameter an assessment could be made of current damage due to

creep deformation.

DiCristoforo et al. [76] also used the LMP when investigating second stage
turbine blade design of the GE MS6001. The purpose of the investigation was
to lower stress distributions in high temperature regions. Here, an attempt was
made to reduce creep deformation by redesign of the airfoils using an iterative
process to shift the centre of gravity of the blade and reduce the radial bending
moments imposed at high temperature locations. Heat transfer and resulting
thermal stresses in the blade were obtained using a parametric 3-D FE model

which produced a computed time-to-failure for each design based on LMP.

Naeem, [77]; Cerri, [78]; Assoul et al. [79]; Eshati, [72] and Ghafir, [80] also
developed creep life prediction models using the LMP. In each case the input
data for stress and thermal analysis were supplied by a GT performance
simulation model. In Assoul et al. [79], the gas pressure and temperature
pressure were found using the thermodynamics relations of a Brayton cycle.
Simplified 0-D [77; 80] and 1-D models [72; 78; 80; 81] were used to predict the
bulk metal temperature of the individual components and temperature variations
across the blade span. Naeem, [77]; Eshati, [82] consider centrifugal stress as
the main contributing factor, but Eshati, [72]; Abdul Ghafir, [80] include
consideration of both bending moment and centrifugal stress.

Hagmeijer [83] and Tinga [84] have proposed an integrated lifing model
incorporating GT performance simulation, CFD and FE packages, and in-flight
engine data acquisition and capture. The data acquired was collected in a 1-D
performance simulation software package which analysed transient behaviour
and aero-thermal characteristics to produce a history of stress, strain and
temperature distribution from the flight profile using CFD and FE models, before

the remaining life was estimated.
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Rosario et al. [85] used the Windows-based standalone Creep-Fatigue Pro3
developed by the Electrical Power Research Institute for creep life assessment
in power plants. The model is composed of three sub-models: the first receives
measured plane data and from that estimates component stress, the second
uses LMP to predict time to failure on the basis of a linear damage
accumulation model, and the third is a calculates fatigue crack growth.

2.8.1.2 Creep life estimation using the strain based model

Strain based models predict the life span of the material/component by direct
calculation of the time-to-failure (using creep strain rate and creep strain
(éc/ec)) - The classic empirical relation of Monkman-Grant [67] allows the time-
to-failure to be calculated using the secondary creep strain rate (¢.5) obtained
for a specific metal component of known stress and temperature. Monkman-
Grant assumed that as the secondary creep strain rate decreased the time-to-
failure (f;) increased linearly, see Equation 2-27, where ky; and my,; are the
experimentally determined Monkman-Grant constants. Having found both
constants, fr can be estimated for any secondary creep strain rate for any given
temperature and stress.

ke 2-27

mme

éCS
Aghaie-Khafri and Hajjavady, [86]; Aghaie-Khafri and Noori, [87]; Kaftelen and
Baldan, [88], carried out experimental work on the nickel based superalloys
IN738C, Rene 80, and MAR-M-002 at different temperatures and stresses. For
each combination of temperature and stress, creep tests were performed and

the time-to-failure, creep strain, etc, were measured. The findings show that the

Monkman-Grant relation is suitable for creep life assessment.

The Omega method and Theta projection model are examples of empirical
curve fitting models that have been successfully used for prediction of
component creep. Evans, [89], Ibanez et al. [90], Bagnoli et al. [91] and Baldan
et al. [92] have all recently evaluated the ability of the Theta projection model to

provide accurate creep predictions for the NI100 and GTD111 superalloys and
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1CrMoV rotor steel. It was found that for all combination of metal temperatures
and stresses in the ranges investigated the time-to-failure for any creep test can
be accurately predicted. Also, a strain-based model that considers the
properties of individual phases has been developed to reduce the use of
empirical properties (i.e. stacking fault energy, material constants, and modulus)
to perform creep life estimation. Miodownik et al. [93] used JMatPro (Java-
based Materials Properties) developed by Sente Software to obtain the
secondary creep strain rate and time-to-failure for commercially available multi-
component nickel based alloys. In this work, the component’s overall properties
were computed by integrating the particular properties (e.g. mechanical, thermal
stacking fault energy etc.) of each individual phase. The calculations of the
parameters needed to compute the time-to-failure were self-consistent because

of the access to the properties at the individual phases.

Harrison et al. [31] and Shepherd et al. [94] have reported the development of a
more advanced strain-based model which takes into account micro-level creep
deformation. This was achieved by developing a strain-based numerical model
that models the creep deformation at slip system levels by determining local
shear creep strain accumulation and resolved shear stress by taking into
account the material’s anisotropic behaviour. The total creep strain was found
by determining the individual shear creep strain contributions along the modal

axis for each slip system, which were then summed.

2.8.1.3 Creep life estimation using the damage based model

Creep deformation is often presented as progressive damage taking place in a
material which can lead to material failure. The two most important theories
using this approach are the Linear Damage Accumulation (LDA) theory
developed by Robinson [95] and the classical Continuum Damage Mechanics
(CDM) theory developed by Kachanov and Rabotnov [54]. Both are often used

in models for predicting component lifing.
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The LDA theory assumes damage, D;p4, accumulates linearly from zero for
undamaged material to unity when the material fails. Robinson [98] defines D, 4

as:

t; 2-28
Dipa = t_l
fi
Where t; is the actual time spent under condition i and t; is the time-to-failure

under condition i.

Robinson assumed that each particular fraction of the life span which
contributes to D, 4, is independent of and has no influence on any of the other
fractions [95]. The t;; can be found from experimental creep rupture data, life-
based models or strain-based models. Researchers as such as Cunha, [96];
Naeem, [77]; Dedekind, [75]; Hagmeijer, [83]; Tinga, [84]; Rosario, [85]; Rinaldi,

[97] have incorporated the LDA in their component creep life assessment.

In the CDM theory a damage state variable, wp) is introduced that assesses
the irreversible accumulation of material damage with time. As in the LDA
theory, wcpu is assumed to progress from zero for undamaged material to unity
at failure. CDM theory has found widespread application in the analysis of

stress rupture and creep and time-to-failure is found using [98];

1
t \Vcomt+1
wepy =1—(1- E

2-29

Where wcpy is damage state variable, vepy is @ constant of the constitutive

equation, t is time, tf is time-to-failure.

The CDM approach to creep life prediction has evolved considerably, generally
along the lines of re-formulation of the original CDM equations to
simultaneously include a number of damage mechanisms and the development
of complex 3-D FE computer analyses which consider the anisotropic behaviour
of the material. Recent work on creep life modelling and life estimation is

presented below.
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Betten et al, [69] extended the CDM theory to polycrystalline materials with
parallel flat micro-cracks. This work developed a 3-D creep damage model
based on the assumption that for such materials creep damage is related to
degradation of surface discontinuities when parallel planar micro-cracks also
exist. A damage vector was introduced as a function of w.py, Where. wepy Was
defined as the integral with time of the product of the equivalent stress and

equivalent creep strain rate.

Qi et al. [99] developed a 3D model for anisotropic creep damage for face-
centred cubic single crystals. The model was further developed and tested for
multi-dimensional non-proportional loading conditions using a single SRR99
crystal and reported in [100]. To describe the anisotropic nature of the material
the scalar form of w.py, is converted into a damage tensor. The model has been
applied to monotonous creep tests at elevated temperatures and different
orientations. The results show that the proposed model is capable of describing
both the strong orientation dependence and the non-linearity with respect to the
applied load of the entire creep process. The model accounts for the initial
anisotropy of the crystal in the evolution function of the creep and damage
variables, and the crack-opening/closure behaviour due to micro-voids and

micro-cracks via the activation and deactivation mechanism of the damage.

MacLachlan et al. [101; 102] have investigated the creep behaviour of a single
crystal of superalloy. Their model adapted the Kachanov-Rabotnov damage
mechanics and strain rate functions to include the ultimate tensile strength and
claimed that the stress rupture data could accurately modelled. The work of
MacLachlan has been used by Karaivanov et al. [103] when they developed a
3-D FE damage mechanism creep model for advanced hydrogen fired turbine
systems. They used the commercial codes Fluent and ANSYS for the thermo-
mechanical analyses and development of a creep user routine, respectively.
The latter incorporated the MacLachlan model. A code was developed which
simulated the individual and combined evolution of damage equivalent stress,
creep strain and damage parameter. The model was used to identify critical

regions and creep damage distributions for various projected operating times.
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Vladimirov et al. [104] extended the single crystal plastic model of Meric and
Cailletaud [105] into a FE slip system-based damage mechanism creep model
and introduced w.p), for each slip system to obtain accurate anisotropic creep
modelling at all three creep stages. MacLachlan et al. [106; 107] who also used
single crystal plasticity theory incorporated wcpy in the effective stress

(o¢ff) formulation while Viadimirov et al. [104] included, wcpy in the resolved

shear stress formulation for each slip system.

Recognising the presence of in-service microstructural material degradation,
Ashby and Dyson [108] introduced a physically-based CDM using knowledge
available in the public domain relating to the mechanism of microstructural
degradation. Dyson [109] argued that if it is possible to categorise the material
damage on the basis of the kinetics of the damage evolution, then certain broad
categories will emerge: (a) strain induced damage (such as the mechanism of
grain boundary cavitation), sub-grain coarsening and mobile dislocation; (b)
thermally induced damage such as particle coarsening and solid solution
elements; and (c) environmentally induced damage in which the damage rate
follows either the strain induced or thermally induced damage with the addition

of chemical interaction with containment fluids.

2.8.2 Service-based approach

The service-based approach requires component damage evaluation and
assessment of the remaining life of the component, both of which need direct
access to the specific components. The status of the component (obtained
either by directly measuring its material properties or assessing the extent of its
damage as a result of actual service) is compared to standard scatter bands

which provide a refined prediction [51].

Assessment of the remaining life will involve both non-destructive and

destructive testing.
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2.8.2.1 Remaining life assessment using non-destructive testing

NDT techniques suitable for qualitative and quantitative assessment of
anomalies in GT blades relating levels of microstructural damage to life usage
are reported in [110]. These include internal visual inspection using a
fibrescope, or borescope, surface crack inspection using dye penetrant testing,
eddy currents methods for crack detection and sizing, ultrasonic crack detection
techniques, and radiographic techniques using radioscopy, X-ray diffraction, X-
ray and neutron tomography and neutron radiography [111-115]. NDT also
includes metallographic analysis using replication technique to assess the

microstructural degradation of metals [116; 117].

Neubuer and Wedel [118] have categorized creep damage due to creep
cavitation into sixe separate stages (undamaged, A, B, C, D and damaged), as
shown in Figure 2-16. For each stage specific remedial action is prescribed.
Non-destructive metallographic analysis categorises the four levels of observed
damage as A, B, C or D and corresponding remedial action is taken.
Viswanathan [119] claims that the damage classification of Neubauer and
Wedel correlates with the component life fraction (Lf). An example of this
correlation can be seen in Figure 2-17, between cavity classification and life
fraction in the case of 1Cr-0.5Mo tested at 570°C.

Level Observation Action
A Isolated cavity Monitor
B Oriented cavity Monitor and fix inspection interval
C Micro-cracks Limited service until repair
D Macro-cracks Immediate repair

CreepStrain

Exposure Time

Figure 2-16: Creep damage classification [118; 119]
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Cavitydassification

Life Fraction, LF

Figure 2-17: Correlation between creep damage classification and life fraction of
1Cr-0.5Mo [119]

Non-destructive metallographic analysis can determine Lf, and hence the

remaining life of the component, ¢, can be readily calculated from Equation 2-

12.

1 2-30
tLif = tspent (ﬁ - 1)

Where tg,.n; is the time already spent in service.

Other techniques have been used to correlate other microstructural
degradations with LF, temperature exposure time and/or service duration [120;
121].

2.8.2.2 Remaining life assessment using DT techniques

NDT techniques can provide valuable evidence regarding the condition of a
component, however direct testing of material/components removed form
service is more reliable [120]. Typically a creep specimen of standard size will
be removed from the component and tested using a standard DT technique,
these will include: metallographic tests to identify coating degradation, cracks
and grain boundary carbide particles; tensile tests to assess degradation of

strength and/or ductility; impact tests to assess toughness degradation; and
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hardness, stress rupture and creep tests. In this way the component’s

remaining life will be determined.

Maraleh et al. [55] carried out creep life prediction assessment of five turbine
blades of nickel-based superalloy IN738. The blades were a reference sample
which had not seen service and four blades which had seen 30,000, 45,000,
60,000 and 80,000 hours of service, respectively. A stress rupture test was
carried out at 850°C. The residual life of each turbine blade was calculated from

the test data using LMP and the life fraction rule.

Similar work was performed by Vaezi and Solaymani [122] who investigated the
remaining life in an ABB-130 GT blade which had seen 61,000 hours of service.

First, a hardness test, a creep test and a metallographic assessment were used

to assess the damage to the blade. Then t was found using LMP. It was

estimated that the remaining life of the blade after 61,000 hours in service was

approximately 32,000 hours.

2.8.3 Statistical/probabilistic approach

With this approach creep life is predicted using statistical methods, often
through the application of artificial intelligence techniques. The objective is to
construct a relationship between the driving factors and the resulting creep life.
For example, Zhimin et al. [123] by limiting their work to the engine rotational
speed and hot flow temperature were able, using the statistical response
surface (RS) approach, to develop an explicit relationship between creep life
and these two parameters. Later, Zhimin et al. [124] extended their

investigation and added a further six parameters to the RS equation.

Wallace et al. [125] extended the work of Zhimin to 16 parameters using FE and
CFD techniques combined with the OSDP. Mechanical and thermal and
analyses were carried out and creep life calculated on the basis of the Graham-
Walles theory. Using statistical design of experiment methods the most
important five parameters were identified and used to improve the accuracy of

the RS equation. More recently Zhao et al. [126] introduced a model to predict
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in-service creep rupture life based on the Z parameter [127]. The duration of the
creep rupture life and the changes in service conditions are combined using
Monte Carlo probabilistic methods to evaluate reliability. Harris [128] has
investigated the uncertainty in creep response to real in-service conditions by

introducing fuzzy logic methods.

Koul et al. [129] performed a life data analysis (also known as a Weibull
analysis) to investigate the variation in the microstructural parameters: grain
size, inter-particle spacing and grain boundary precipitate size. A deterministic
analysis was carried out using a damage-based creep model, before conducting
the probabilistic analysis, in order to obtain the critical nodes [129]. A three-
parameter Weibull distribution was obtained and the critical nodal creep lives at
a cumulative probability failure of 0.1% estimated. Later Koul et al. [130]
integrated their probabilistic analysis with a 3-D FE damage-based model which
combined creep and oxidation damage, to determine fracture critical locations
and estimate the combined creep life at these locations to a cumulative

probability failure of 0.1%.

Liu et al. [131; 132] in an attempt to reduce the complexity and computational
burden of current creep life assessment prediction methods, proposed a
simplified model using the statistical-based RS method. Log (creep life) was
taken as the response, (R) with, initially, gas temperature and rotational speed
as the independent variables [131]. However, in Liu et al. [132], four variables
were considered as independent variables. A relationship between these four
independent variables and creep life was developed using a RS equation. A
value for the creep life was obtained using 3-D FE based creep models. Once
the RS equation was established, probabilistic analysis was by Monte Carlo
simulation [132]. Lui et al. [133] extended this technique to develop a
computationally efficient probabilistic assessment of creep-fatigue life by
summing the component’s operational history and predicting its future operating
profile. For each element of the operational profile, probabilistic distributions of
independent variables were used as input data into the RS equation and

accumulative probabilistic distribution of R was computed. Other research using
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the RS method and Monte Carlo simulation for probabilistic analysis of GT
blades can be found in [125; 133].

Frolova et al. [134] and Gupta et al. [135] also used a multilayer feedforward
back propagation neural network to predict the likely creep behaviour of a
rotating composite disc. They developed a model of steady state creep
behaviour to generate the input-output samples with which to train and test the
network. Tangential and radial stress and strain rates were chosen as network
outputs, and operating temperature, particle size and radial distance were the
network inputs. A 4-30-30-4 network was designed, constructed and trained
using the samples obtained from the model. The trained network was tested
against unseen samples and the output from the network compared to the
mathematical model’s predictions. Excellent agreement was found, particularly
near the inner radius of the disc. The maximum differences were found in the
radial and tangential strains and these reached 13 to 16%. Artificial Neural
Networks (ANNs) have been used not only to predict the trof a material for a
given set of inputs but also to predict the most important parameter(s) prior to

creep assessment [136].

2.9 Chapter Conclusions

During operation, industrial gas turbine components undergo various types of
time-dependent degradation due to high temperatures and mechanical loading.
These conditions make the components susceptible to such failure mechanisms
as low cycle fatigue, high cycle fatigue, thermal fatigue, environmental attack
and creep. In the case of stationary gas turbine engines creep is one of the
most common failure mechanisms (under high stresses and temperatures) that
significantly reduce component life. The effect of creep is highly dependent on
the operating conditions of the engine, its mode of operation and also the
design parameters and details of the critical hot section components in
question. The design parameters of such components are affected and
determined by both aerodynamic and structural characteristics. A proper

consideration must be given during the design stage to the possible interaction
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between these parameters and intended operating condition upon the creep life
of hot section components.

A better understanding of the lifing factors of the failure mechanisms and their
interactions will help designers in the trade-off between different design options
and will also help operators to make wise maintenance decisions. However, the
determining factors that limit serviceable life vary significantly from one
component to another and because of uncertainties in these factors and
variations between the operating conditions and working environment of specific
engines, the original equipment manufacturer will have estimated component
life based on the design envelope of the expected base load, calculated
component stresses and temperatures, and expected response of the material
to those conditions. However, a hefty safety factor will have been added to
ensure failure free operation, due to which most of components will be

discarded while still retaining residual life.

Time-temperature parameters can provide the simplest method for creep life
estimation and as the parameter master curves are readily available in the open
literature this method remains widely used. The challenge is to develop external
numerical and/or analytical models (e.g. thermal, stress, performance,
diagnostic) which can be coupled to form an integrated lifing assessment
framework. With analytical models performing stress or thermal analyses, the
accuracy generally depends on whether the analysis is performed in 1-D, 2-D or
3-D. It also depends on how many parameters are included in the model (e.g.
bending, thermal and centrifugal stresses, cooling technology, uniform or non-
uniform gas temperatures, etc.). The greater the number of parameters
included, the more complex the model and the greater amount of information
required. Both the analytical and numerical models used for stress and/or
thermal analyses need inputs from a performance simulation model. Input for
the latter may be from either a computerised data acquisition system or input

manually.

For this project the most important conclusion is how little research has been

carried out into the effects of humidity on the heat transfer and cooling
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processes which, in turn, affect the blade creep life of GTs. The overwhelming
emphasis of current research is on the cooling processes of the hot section
components. Model creation for creep behavioural representation and life
prediction can be divided into two sub-approaches: total life and damage

tolerance.

A simple form of creep failure based life assessment is provided by the Linear
Damage Accumulation theory, but is considered rather crude because its
underlying principle does not take into account the history of the damage as it
progresses so the damage calculation is less accurate. Continuum Damage
Mechanics gives a better damage-based life assessment because it considers
the evolution of the damage. The CDM approach has been improved by the
modification made to the classical CDM constitutive equations at both a micro
and a macro level. These modifications include 3-D Finite Element (FE)
analysis of in-service microstructural degradation and different creep damage
mechanisms, and re-formulating CDM theory by determining damage evolution

based on accumulated creep strain rather than time.

A service-based approach to life assessment needs hands-on access to the
component — through either DT or NDT. DT technique are usually considered
the most reliable creep life prediction method, but requires removing the
relevant components from service and performing one or more of a number of
destructive tests; the remaining life is then found using a parametric method
such as life fraction rule or LMP. NDT techniques to detect anomalies in GT
blades include dye penetrant testing, eddy current testing, visual inspection and
radiographic testing. Metallographic analysis using a replication technique is
another way to assess microstructural damage. By using a correlated

component life fraction, the remaining life of the component can be assessed.

Another approach to the assessment of creep rupture data is the use of
statistical and probabilistic models derived from either time-temperature
parameters or existing algebraic models. The statistical RS method is also used
to simplify complex existing models by deriving a relationship between the
creep life and system parameters. This statistical/probabilistic theory (Weibull
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and log-normal distributions, Monte Carlo simulations) has also been used to
explain changes in the microstructural parameters and how they affect
prediction of creep life. Recently the applications of fuzzy logic and Atrtificial
Neural Networks techniques have added another dimension to creep modelling

and life estimation.
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3 METHODOLOGY

In GTs the first stage rotor blade is a high temperature component subject to
severe operating conditions in a gas stream where the temperature exceeds
1000°C [137]. To achieve life assessment it is necessary to develop a life
prediction method for the blades. This is usually based on stress/strain and
temperature distributions under varying operating conditions. In this chapter the
methodology implemented in this study to meet the research aim and objectives
will be described and is shown in Figure 3-1. The research starts with
developing a simple creep life model (A) to investigate the effect of different
operating conditions and working environments. Presented in (B) is an
explanation regarding the research work to upgrade the creep life model - which
includes the effect of change in humidity on the heat transfer coefficient in the
blade cooling processes. The factors that drive creep life in hot section
components will be investigated using this model [72]. Finally in (C) the creep
life model and heat transfer model are integrated with the finite element 3-D first
stage HP turbine blade model to identify the maximum mechanical/ thermal

stress and metal temperature of the turbine blade.

The analytical creep life model considers the change of stress along the blade
span, blade trailing and leading edges and back of the blade. However, the
blade metal temperature was considered along the blade span only. The model
was upgraded to include the change of blade metal temperature through the
blade TBC and blade wall. However, in this model the thermal stress was not
considered, thus the 3-D finite element model was developed to calculate the
thermal stress model of the blade as result of the change of the WAR and heat

transfer coefficient.
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Figure 3-1: Research methodology flow diagram

Before the analytical creep life model was developed, several important
assumptions were made in order to include the effect of humidity on the blade
coolant heat transfer:
» The inlet gas temperature is varied along the blade span and constant in
the chordwise direction.
» The blade metal temperature is constant along the blade chord and
varies in the spanwise direction and through the blade wall and TBC.
= Any single blade has a number of internal uniform circular cooling
channels with constant cross-sectional area.
» The blade cooling system is defined by its internal geometry and the

cooling flow.
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» The fluid properties of the coolant flow are function of temperature and
WAR only.
» Whole blade coolant is considered as a heat exchanger subjected to the

main steam gas temperature.

3.1 Engine performance simulation

Based on the engine configuration shown in Figure 3-2, an engine performance
model was created using Turbomatch which is an existing component based
engine performance tool developed at Cranfield University. Turbomatch was
used to develop and run representative thermodynamic models of the engine
investigated. This tool has the ability to simulate different thermodynamic cycles
and processes while analysing the overall performance of the engine including
among other things, the effects of cooling flows, air and gas mixing, component
degradation, variable geometry ( including compressors, turbines and exhaust
nozzles) as well as extraction of bleed air and shaft power off takes.
Turbomatch has the ability to perform steady-state engine performance
calculations at both design point (DP) and off-design point (ODP) conditions.
The simple cycle engine selected for this study consisted of a compressor,
combustor, HP turbine and free power turbine. The engine performance
parameters are listed in Table 3-1. The simulation procedure was conducted as
proposed in the Turbomatch manual [138]. Typical output data from the engine
performance model such as temperature, pressure, mass flow rate and engine
rotational speed for each component at inlet and outlet were then used as
inputs for the next stage during the blade sizing process, thermal stress model,

creep model and finite element analysis (FEA) model.

Table 3-1: Engine performance parameters

Parameter Value
Pressure ratio 23:1
Power output 30.2 MW
Exhaust gas flow rate 82.5 kg/s
Thermal efficiency 28-40%
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Figure 3-2: General layout of the gas turbine engine

3.2 Blade sizing model

The first stage of the HP turbine blade was sized using the constant nozzle inlet
angle method [139; 140]. The aim of the constant nozzle design method is to
satisfy the radial equilibrium condition and at the same time meet the condition
of constant mass flow per unit area at all the blade radii. Also, it avoids the
necessity of having a large twisted blade which could cause fabrication
problems (e.g. the cooling system within the blade) and bending stresses. The
blade sizing process starts with a given turbine specification at the DP that
includes gas stagnation temperature and pressure at inlet and outlet, mass flow
or turbine power output, and shaft speed. Then the velocity diagrams at the
blade mean diameter are determined, this step will include a selection of the

number of stages to be used.

The design process as shown in Figure 3-3 consisted of initial engine
performance simulation, inlet/outlet annulus geometry sizing, stage efficiency
prediction, rotor inlet velocity calculation and detailed blade design at the root,
mean and tip. Although the turbine is two-stage, only the first stage blade was
considered during the design process. The initial data used to design the
process was selected based on a literature study, values previously used by
other researchers and engineering judgement. From the simulation made by
Turbomatch, the inlet and outlet gas path values at the DP were obtained. The

detail sizing process is presented and illustrated in Appendix B.
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Figure 3-3: High pressure turbine blade design process flow diagram

The inlet Mach number value (0.211) used in this study was to minimize
pressure losses in upstream ducting and to ensure that the gas flow will
accelerate at all points along the NGV surface. The blade inlet root relative
Mach number was less than 0.7 to ensure that there is acceleration relative to
the blade all the way through the blade passage. The NGV exit angle should be
between 65° and 73°[141].

The degree of reaction which expresses the fraction of the stage expansion that
occurs in the rotor is defined it in terms of ratio of the static enthalpy drop to the
total enthalpy drop that occurs across the rotor blade. The degree of reaction
varies through the blade span, being small at the root and highest at the tip. For
best efficiency pitch line reaction should be 50% at the mean, especially for gas
generator turbines since high kinetic energy flow remains for the subsequent
stage [140; 141].

3.3 Analytical creep life model

In this study, a creep life model has been developed and used with the HP

turbine first stage rotor blade of a typical stationary GT [72]. Figure 3-4 shows
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the methodology used for blade creep life assessment using a creep life model
which consists of sub-models; performance, sizing, stress, thermal and creep.
The model presented in Figure 3-4 consists of a 2-D stress model and a 1-D
metal temperature distribution model. The model based on input data from the
engine performance model and other secondary input data such as geometry
data, material properties and cooling effectiveness and cooling technology

used. The engine performance was simulated using Turbomatch.

The cooling effectiveness assumed was based on the turbine entry temperature
(TET) and the material data defined by the user. The blade maximum stresses
and metal temperature will be identifying along the blade span by combining the
data from the engine performance and secondary data. Change in the design
parameters or the engine operating condition and the creep life can be
calculated using LMP. However, in this model the heat transfer coefficient of the
hot side and the coolant side was not considered. Film cooling and TBC were
taken into account in this simple model by specifying the overall cooling
effectiveness based on the TET.

I
;  Stationarygas ! R Engine performance simulation)
- turbine engine data : (TurboMatch) |
-\ ............. l
< Blade design

US4 }

|rl BEMP o Ty
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Figure 3-4: Creep model life assessment flow diagram [72]
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3.4 Heat transfer model

The determination of the rate of heat transfer from the turbine blade in a cross
flow is important in hot section GT life assessment. The rate of heat transfer is
normally fixed by semi-empirical correlations expressing the Nusselt number in
terms of Reynolds and Prandtl numbers. The implementation of such
correlations requires knowledge of fluid properties such as density, viscosity,
thermal conductivity and specific heat. For gases these properties are normally
available only for the dry state, thus the possible effect of the water vapour

content of the gas has been overlooked.

The effect of heat transfer on the blade creep life is investigated by developing
a model to consider the change of heat transfer on the coolant side and hot side
as function of change the fluid gas properties. The change of fluid properties of
the coolant side due to the presence of water vapour was modelled through
variation of the specific heat at constant pressure (Cp), the ratio of the major
specific heats (gamma, vy), density (p), viscosity (u), Reynolds number (Re),
Nusselt number (Nu), gas constant (R) and other related parameters. The
change of hot side fluid properties (Cp, v, p, etc.) can be calculated using data
from the NASA computer program Chemical Equilibrium with Applications
(CEA) [142; 143].

The model presented in Figure 3-5 consists of two main sub-models (i) coolant
heat transfer model and (ii) hot heat transfer model. The models receive the
aero thermal input from the Turbomatch engine performance software, gas
properties with presence of WAR from the gas property model, and the
geometrical and material data as defined by the user. The temperature variation
due to the heat transfer along the metal blade span and through the thermal
barrier coating and blade metal are considered. The whole cooled blade row is
regarded as a heat exchanger subjected to a mainstream hot gas flow from the
combustion chamber. The developed model identifies the location of critical
points along the span of the blade. The output of the model is the blade metal
temperature and stress distribution along the blade span which will be used as

input to calculate the blade creep life. Also, some data will be used in the finite
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element model to calculate the mechanical stress, metal temperature and

thermal stress spanwise and chordwise along the blade.
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Figure 3-5: Heat transfer model flow diagram
3.5 3-D finite element model

The first stage of HP turbine blade dimension was obtained from the blade
sizing model. The blade geometry designed using CATIA V5R19 software and
the file saved as .CATPart in order to export to the ABAQUS 6.9-3 finite
element software to carry out the structural analysis (stress and thermal). The
internal blade cooling system was also included in the CATI model and the
boundary conditions of the coolant flow were applied in Abaqus model. The
blade model was created without a shroud and then modified to include the
shroud in order to see the effect of the presence of the shroud on the thermal

stress and critical regions.
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All details of the boundary conditions, mesh, materials and loads can be found
in Chapter 7. The main gas path boundary conditions were extracted from the
Turbomatch performance model. The distribution of temperature and heat
transfer coefficients for the hot and coolant sides were mapped on the blade
following a similar procedure as for the data coming from the analytical heat
transfer model. Other data used in the FE model was specified by the author

using expertise and advice from staff at Cranfield University.

Data used in the stress and thermal assessments must be derived from the use
of good quality refined 3-D finite element models of the turbine blade. Mesh
detail is determined by the degree of accuracy required for the temperature and
stress prediction of the component. Temperatures, pressures and other
boundary conditions should be based on best available data and should
originate from refereed sources. Blade gas and coolant temperatures are a key

input for the analysis and will be supplied by the Turbomatch analytical model.

3.6 Chapter Conclusion

This chapter has outlined the methodology to be used in this study to meet the
research aim and objectives and was designed based on the research idea.
The project will begin by running the engine performance model and the results
produced will be used as input to the blade sizing model, the analytical creep
life model, the heat transfer model and the FE model, see Figures 3-3, 3-4 and

3-5. A description of each model and major task is given later in this thesis.
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4 HUMIDITY

Water ingested by a GT can be due to ambient humidity, water or steam
injection and ice [144]. A common approach to increasing power output and
efficiency of GTs is to spray water into the compressor, and there has been
much research in the last few years on the effects of water injection on engine
performance [18]; [20]. However, there has been no systematic attempt to
evaluate the likely long term effects of humid air on the GT blade cooling
processes and failure mechanisms such as creep. The work presented here
investigates the effect of humidity of the intake coolant air on the HP turbine
blades’ heat transfer coefficient which in turn affects the blade metal

temperature and creep life.

4.1 The effect of humidity

Humid air contains an amount of water vapour depending on the degree of
saturation and air temperature. Humidity has less effect on engine performance
than either ambient temperature and/or pressure but its effects are not
negligible. Humidity changes the inlet air's specific heat (Cp), the ratio of major
specific heats (y, isentropic exponent) and gas constant (R), see Figure 4-1, and
so should be included when considering GT performance, especially where the
ambient temperature is high and the amount of water vapour in the atmosphere

can increase substantially [22].

With the presence of water vapour in the inlet air Cp and R increase, while y
diminishes more slowly, see Figure 4-1, these changes have a significant
impact upon the thermodynamic processes throughout the GT engine. When
the mass fraction of water vapour is less than 10%, which is usually the case
when it is due to ambient humidity alone, then for performance calculations the
air mixture may be considered a perfect gas. All calculations of GT

thermodynamic processes use gas properties (Cp, y and R) for the working
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medium which should considered a mixture of air and water vapour. The water
content is taken into account through the absolute humidity (WAR) and is

defined as the ratio of mass of water (m,,) to dry air mass (my):

mW
WAR = —
my (4-1)

The water mass fraction of the humid air mixture (specific humidity) is given by
[22] as:
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Figure 4-1: Variation of gas properties with water vapour content (Walsh and
Fletcher)

The maximum amount of water vapour in the atmosphere increases with
temperature, see Figure 4-2, at altitudes above 6000m the very small water air
ratio causes a noticeable change in the performance of aircraft engines
compared to ISA conditions [22]. Some industrial GT engines are based in
relatively hot climates where the humidity is high and has a significant effect on

the characteristics of the engine working fluid.
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Figure 4-2: Water air ratio as function of altitude and deviation from ISA
temperature [22]

Figure 4-3 shows the major effect of variations in these properties on GT engine

performance [141]. In the compressor, at constant non-dimensional speed
(N/\/T_) and pressure ratio, the presence of water vapour causes a reduction in
the non-dimensional mass flow (WvT/P). This is because R increases more
rapidly than y decreases, and the quantity mincreases with increase in
humidity and the dimensionless group for speed, N/m, is reduced relative

to its value for dry air. At this lower dimensionless speed the compressor
passes a lower dimensionless flow, (W,/TyR/P). Also, at this lower

dimensionless flow, the (W+/T/P) is further reduced, again by the increased R.

Injected water into the compressor inlet improves the power and/or thrust of GT
engines by reducing the compressor inlet/outlet temperature rather than the
additional mass flow due to the presence of the water. For GTs the presence of
water vapour produces a small change in WVT /P at constant N/\/m and
AH/T.
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Figure 4-3: Effects of humidity on engine performance [141]

The injected water in industrial engine is primarily intended to increase the
power output on hot days. It does this by lowering the TET, which allows
increased fuel flow, bringing the power back to normal cool day. At a Tamp of
305K, a 20% increase in power is achieved by injected a rate of 0.87% WAR
into the engine core. This drops to a 5% increase at 288K for an injection rate of
0.53%. As shown in Figure 4-4, the power output is increased with decreases in
the SFC, NOx and compressor exit temperature which used in the HP turbine
blade cooling [145].

The results in Figure 4-3 were obtained by considering all the full non-
dimensional parameter groups to be constant at a given operating condition.
The results show increases in the engine power and specific fuel consumption
(SFC) by increase in the specific humidity. Note, however, that compressor
outlet temperature and turbine inlet temperature were reduced by around 1.8%
and 1% respectively. But the precise impact depends on the engine cycle and

other operating factors.
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Figure 4-4: injected WAR in LP compressor in hot day enhance the power and
reduce blade inlet temperature (T;) [145]

Injecting water into the combustor (steam injection) increases the mass flow
through the turbine which in turn increases the HPT rotational speed. Since the
compressor and the HPT are coupled on one shaft, the rotational speed of the
compressor is increased. Also, by increased the PCN and turbine mass flow,
the pressure ratio is increased which results in an increase in the compressor
discharge pressure and temperature. The positive effect of the increased
compressor exit temperature is off-set by a rise in fuel flow due to the heat
required to raise the injected steam to the combustor outlet temperature. The
coolant temperature is also affected since the bleed is taken from the
compressor exit. This will affect the cooling effectiveness and can impact on the
HP turbine NGV and blade. However, a rise in coolant mass flow by steam
injection increases the internal heat transfer coefficient. Moreover, steam
injection increases the power output due to the flow in the turbine exceeding the
flow in the compressor and the Cp of the flow in the turbine being increased by
the water. SFC is worse due to the significant amount of heat required to
evaporate the water. The quantity of steam injected in the combustion is
controlled by the control system in order to avoid flame out and surge. Work

carried as a part of this research has presented details of the effect of steam
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injection on engine performance, gas transport properties and blade creep life
presented in [146]. The effect of injected steam (WAR= 0 to 0.1) on the engine

performance parameter is presented in Table 4-1.

Table 4-1: Engine performance parameter for injected steam in the combustion
WAR increased from 0 to 0.1

Parameter Unit Status

Mass flow kgls Increased
Power MwW Increased
Compressor exit temperature K Increased
Compressor exit pressure atm Increased
Coolant flow kgls Increased
SFC Kg/kW/hr Decreased
PCN Increased

4.2 Coolant gas properties in presence of water vapour

When moist air data are not available, it is common practice to use data for dry
air in heat transfer calculations. However, the dry air assumption may lead to
errors in predicted heat fluxes, mainly because of the relatively low molar mass
of water vapour [147]. Thus, the present analysis is based on the properties of
humid air (dry air and water vapour) using existing procedures in the literature
[141; 148]. A number of analytical methods and correlations were reviewed and
used with gas mixture component properties as input parameters to derive the
temperature and humidity dependence of specific heat capacity, ratio of major
specific heat and gas constant (Cp, y and R) see Equations 4-3 to 4-7 and also
of mixture density, thermal conductivity, viscosity, Reynolds number, Nusselt
number and other related parameters. The water content is considered through
the magnitude of the absolute humidity (WAR).

Specific heat factor for moist air, Cpsqc
_ [WARmolar * pr + (1 - WARmolar) * de] (4'3)
- Cpa
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Wq

M
WARmolar = WAR * o

Wy

(4-4)

Where, Cpsyc is the ratio of Cp for moist air to that for dry air, WARmoar is the
molar ratio of water to dry air, Cp,, and Cpg are the specific heats at constant
pressure of water and air, WAR is the ratio of water to dry air by mass (18.015,

28.96 are the molecular masses of water and dry air respectively).

R
Gas constant factor for moist air, Rrq. = W (4-5)
w * Ry
Molecul ight of moist air, MW !
olecular weight of moist air, =
WARY , [1—WAR)|) (4-6)
Ww Wq
(Fwy) *+ |71

Where, Ry is the ratio of R for moist air to that for dry air, R,=8.31kJ/mol K and
Ra is the gas constant of dry air, 0.28705kJ/kg K.

Gamma factor for moist air, ygq,

[(WARmolar * VW) + (1 - WARmolar) * Vd] (4'7)
Va

Where, vz is the ratio of y for moist air to that for dry air, WARmoar is the molar
ratio of water to dry air and vy, Yq are the ratio of specific heats for water and dry

air respectively.

For the gases of interest, Cp - specific heat at constant pressure - is a function
only of gas composition and static temperature. For performance calculations
total temperature can be used up to a Mach number of 0.4. The gas constant
extensively relating pressure and temperature changes for an individual gas is
the universal gas constant divided by the molecular weight of the gas. y is the
ratio of the specific heat at constant pressure to that at constant volume and is a

function of gas composition and static temperature [141].

4.3 Coolant gas properties at different values of WAR

Figures 4-5 to 4-7 show the change of the gas properties with water content at
three temperatures, 473K, 573K and 673K. It is clear that the R increases

relatively rapidly with increase in either temperature or WAR, Cp increases in
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value with both WAR and temperature but only marginally, and y decreases
slightly with increase in either WAR and/or temperature. This because the
molecular weight of water is less than that for dry air. Increase in the
temperature for the same RH will increase the WAR, which in turn increases the
Cp of the gas flow as shown in these figures. The result will be used to

demonstrate the effect of the WAR on the heat transfer and blade creep life.
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Figure 4-5: Variation of gas properties for different values of WAR at 473K
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Figure 4-6: Variation of gas properties for different values of WAR at 573K
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Figure 4-7: Variation of gas properties for different values of WAR at 673K

4.4 The engine performance for different values of WAR

In this section the effect of different levels of WAR (different levels of RH. 0% to
100%) on key engine performance parameters is investigated at ambient
temperatures 288.15K, 308.15K and 318.15K to better study blade creep life
duration. Figure 4-8 shows the change of engine performance parameters such
as PCN, inlet mass flow, TET, etc., relative to the reference operating point (0%
humidity and 288.15K). It is clear that the effect of change in RH, from 0% to
100%, at 288.15K was small as result of the small change in value of the WAR,;
at RH 100% WAR=0.01069. The greatest changes were in SFC and fuel flow;
the compressor delivery pressure and temperature dropped less than 0.5%

compared to the reference operating point.

Figure 4-9 and 4-10 show the effect of WAR on engine performance at higher
ambient temperatures. At RH = 100% the WAR at 308.15K was 0.037, and at
318.15K was 0.065. Some aspects of engine performance changed remarkably
when changing RH from 0% to at 100% RH. At 308.15K, compressor pressure
and temperature dropped around 2% and 1.5% respectively, while SFC
increased by about 1.02%, see Figure 4-9. At ambient temperature 318.15K,
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the compressor pressure and temperature dropped around 3.4% and 2.3%
respectively, but SFC increased by about 1.2%, see Figure 4-10.
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Figure 4-8: Engine performance parameters at ambient temperature 288.15K for
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Figure 4-10: Engine performance parameters at ambient temperature 318.15K for
different values of WAR (RH levels 0%-100%)

As mentioned earlier change in WAR will affect the gas properties which in turn
affect the engine performance. The drop in compressor delivery pressure
results from the change in inlet mass flow (increased air density). Mixing air with
water causes the compressor temperature to drop and if the amount of water
exceeded the amount that can be evaporated within the compressor, the water

will enter the combustion and cause an effect similar to reducing the TET.

4.5 Hot gas properties in presence of water vapour

Steam injection increases the amount of water in the gas flow and affects
combustion because of its impact on gas transport properties. The two common
approaches to studying the impact of fluid properties in GT turbine performance
are simulation software or models. Fluid properties are found either from
polynomial functions or interpolated from fluid tables, the latter is more tedious
and it is more common and convenient to use polynomial functions. Typically
the GT working fluid consists of varying relative amounts of air, fuel and
products of combustion. Two fluid model tables have been generated for this
research: natural gas and Jet-A, kerosene (Jet-A, presented in Appendix B).
The chemical composition of the fluids was generated using the NASA
thermoBuild package, which provides data subsets used in CAE software. The
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CAE software can perform calculation within the temperature range from 200K
to 2000K. The procedure of using CAE software is presented in [142; 143].

The chemical formulae of the components of the two fuels considered are
shown in Table 4-2. Two polynomial functions were generated for Cp, y and R
for each of the two fuels and can be used in the heat transfer model, facilitating
the calculation of the effect of WAR on blade creep life.

Table 4-2: Components natural gas and Jet-A (kerosene) and their formulae

fuel Component Formula
Methane CH4
Ethane C2H6
Natural gas Propane C3H8
n-butane C4H10
n-pentane C5H12
Nitrogen N2
Jet-A C12H23

The fuel tables generated for this fluid model assume constant gaseous
composition of the products of combustion. Since there is no dissociation, the
combustion of the products does not change even with change in the
temperature as the distributions of moles and consequently mole fractions
remain the same at any temperature. These fuel properties were tabulated as
function of four variables; temperature, pressure, WAR and FAR (Fuel Air

Ratio). These variables were chosen and organised in terms of the range and

interval in such a way as to meet the working operation of an industrial GT

combustion chamber.

e FAR: if exactly enough air is provided to completely burn all of the fuel, the
ratio is known as a stoichiomeric mixture [149]. For this work, FAR ranged
from a minimal value=0 to a maximum value=0.06 for Natural gas, and from
0 to 0.04 for Jet-A fuel.

e WAR: for this work, WAR ranged from a minimum value of zero to a
maximum value of 0.1. The upper limit was imposed because for values

higher than that the gas flow cannot be treated as a perfect gas.
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e Temperature and pressure distributions were based on the range of the
combustion temperatures and pressure for industrial GTs. In this model the
temperature ranged between 700K and 2000K in intervals of 50K. The
pressure had a minimum value of 10 atmospheres and a maximum value of

30 atmospheres.

For the no dissociation fluid model, it is assumed that all the working fluids are
ideal gases and subsequently the fluid properties are function of temperature,
pressure, FAR and WAR. The gas constant, R, is a function of FAR and WAR
only [149]. In this research NASA'’s chemical equilibrium with applications (CEA)
program was used to generate the tables of the gas properties for both fuels.
Polynomial correlation was obtained for Cp, y and R as function of FAR, WAR,
pressure and temperature. The multi regression equation for the gas properties
of natural gas is presented in Equation 4-8 and the coefficients for the fluid are
presented in Tables 4-3. This equation can be used as input in the heat transfer
model to calculate the change in the hot gas properties of the flow when steam

is injected into the combustion.

Fluid properties (Cp; y;R) = A+ B.X; + C.X, + D.X5 + E. X, (4-8)

Where, X1=FAR is the fuel air ratio, Xo=WAR is the water air ratio, X3=P is the

gas pressure and X4=T is the gas temperature.

Table 4-3: Coefficients for the calculation of the gas properties of UK Natural

Gas.
Cp Y R
A 916 1.4 287
B 2741 -0.589 168
C 768 -0.091 102
D -0.082 1.39E-05 -2.41E-04
E 0.2213 -6.5E-05 3.80E-05

4.5.1 Natural gas properties for different values of WAR

Since there is no dissociation, the combustion products do not change even
with changes in inlet temperature. This means that the mean molecular weight
of the gases in the products of combustion remains constant regardless of the

temperature or pressure. Figures 4-11, 4-12 and 4-13 present the change of
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specific heat at constant pressure as function of WAR (0 (dry) to 0.01 (humid)),
FAR (0 to 0.06) and temperature (700K to 2000K) for Natural gas, assuming a
constant gaseous composition of the products of combustion. The results show
an increase in the Cp for increased WAR, FAR and temperature of the hot gas.
For FAR=0.06 and temperature=1300K, Cp increased from 1423 to 1457 and to
1479 for WAR=0, 0.08 and 0.1, respectively.
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Figure 4-11: Hot gas specific heat at constant pressure for natural gas for
WAR=0 and FAR=0, 0.04, 0.05 and 0.06
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Figure 4-12: Hot gas specific heat at constant pressure for natural gas for WAR=
0.08 and FAR=0, 0.04, 0.05 and 0.06
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Figure 4-13: Hot gas specific heat at constant pressure for natural gas for WAR=
0.10 and FAR=0, 0.04, 0.05 and 0.06

Figure 4-14, 4-15 and 4-16 show the variation of the isentropic coefficient (y) as
a function of temperature, FAR and WAR for natural gas in the combustion
chamber. For a fixed value of WAR and FAR, y, decreases as the temperature
increases, as shown. The variation of ywith temperature is effectively the
inverse of the variation of Cp with increase in temperature. For example, with
WAR=0 and FAR=0.06 the value of y decreased from 1.28 to 1.24 as the TET
increased from 1000K to 2000K.

At constant TET and WAR, y decreased as FAR increased. For example, with
TET =1500K and WAR=0, as FAR reduced from 0.04 to 0.06, y decreased from
1.28 to 1.26.

For constant TET and FAR, y decreased as WAR increased. For example, for
TET = 1500K and FAR=0.04 as WAR increased from 0 (dry) to 0.1(humid), y
reduced from 1.275 to 1.270 approximately. It is clear that the reduction in y with
increase in WAR for a fixed temperature and FAR for a no dissociation fluid
model was based on the variation of Cp (increase with an increase in WAR for a

given temperature and FAR) and R as a function of WAR.

The molecular weight of the products (fluid) does not change which means
there is a constant gaseous composition of the products of the combustion. As
a result R does not change with the change of gas temperature, but does vary
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with FAR and WAR. However, for the chemical equilibrium fluid model the level
of dissociation is strongly influenced by high temperature [149].Therefore, R is
function of FAR and WAR for no dissociation fluid. Figures 4-17, 4-18 and 4-19
show the variation of the gas constant as a function of temperature, fuel air ratio
and water air ratio for natural gas fuel assuming a constant composition of the
gaseous products of combustion (no dissociation). R increased with increase in
either WAR or FAR. For WAR = 0.1, R increased from 304 to 308 as FAR
increased from zero to 0.06. For FAR = 0.06, R increased from 299 to 308 as
WAR increased from zero to 0.1.
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Figure 4-14: Hot gas isentropic coefficient (y) for natural gas for WAR=0 and
FAR=0, 0.04, 0.05 and 0.06
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Figure 4-15: Hot gas isentropic coefficient (y) for natural gas for WAR=0.8 and
FAR=0, 0.04, 0.05 and 0.06
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Figure 4-16: Hot gas isentropic coefficient (y) for natural gas for WAR=0.1 and
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Figure 4-17: Gas constant for hot natural gas for WAR=0 and FAR=0, 0.04, 0.05
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Figure 4-18: Gas constant for hot natural gas for WAR=0.08 and FAR= 0.04, 0.05

and 0.06
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Figure 4-19: Gas constant for natural gas for WAR=0.1 and FAR= 0.04, 0.05 and
0.06

Vishal [149] shows a comparison of the variation of Cp, y and R as a function of
temperature, FAR and WAR between the Walsh and Fletcher polynomials
defined in [141] and the no dissociation fluid model using the CEA [142]
software for both Jet-A and natural gas. The results clearly show that the two

fluid models are consistent over the temperature range 200K to 2000K.

Figure 4-20 shows Cp (no dissociation) for Jet-A and natural gas at WAR = 0.1
and FAR = 0.04 for different temperatures. For both fuels Cp increases with
increase in temperature and the difference between the Cp values of the two
fuels is small.
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Figure 4-20: Comparison of no-dissociation Cp as a function of T, WAR and FAR
at p=20atm
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The value of y decreases as the temperature increases for both fuels (WAR =
0.1 and FAR = 0.04), and v for Jet-A fuel is consistently less than y for natural
gas, as shown in Figure 4-21. For both fuels the gas constant, R, remains
constant as the temperature increases for given values of WAR and FAR, but R
was significantly higher for natural gas, as shown in Figure 4-22.
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Figure 4-21: Comparison of no dissociation y as a function of T, WAR and FAR at

p=20atm
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4.6 Chapter Conclusions

The presence of water vapour changes the values of the transport gas
properties for both the cold side and the hot side gases of the GT engine. The
analysis presented here is based on the change of gas properties of dry air and
WAR obtained using procedures existing in the literature. The results obtained
show the effect of WAR and temperature of the coolant air is for the Cp and R
to increase, while y diminishes more slowly, these effects have a significant
impact upon the thermodynamic processes throughout the GT engine. The
result will be used to demonstrate the effect of the WAR on the heat transfer
and blade creep life

This chapter has used the NASA CEA software to generate multi-dimensional
fluid model tables for the two fuels; natural gas and Jet-A. These tables were of
specific heat at constant pressure, isentropic coefficient and gas constant and
were tabulated as function of WAR, FAR, temperature and pressure. The
ranges over which the parameters were investigated were selected and
organised so as to meet operating conditions of industrial GT combustion
chambers. The fuel property data generated are based on a constant gaseous
composition and no dissociation in the products of combustion. Since there is
no dissociation, the combustion of the products does not change even with

change in the temperature.

The results for natural gas shows an increase in Cp for increased WAR, FAR
and temperature of the hot gaseous products of combustion. For a fixed value
of WAR and FAR, y decreases as the temperature increases. Increasing the
WAR for constant FAR and TET caused the value of y to decrease. The gas
constant R does not change with change of gas temperature, but does vary with
FAR and WAR. Increase in WAR at different FAR and/or increase in FAR for

different WAR increased the value of R.

The variation of the gas properties Cp, y and R for the Jet-A fuel at different
WAR and FAR (as presented in Appendix B) were similar to natural gas. By

increasing the WAR for different FAR the Cp increased linearly, y decreased as
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the temperature increased whereas for increase in WAR the value of y
decreased. As WAR increased the value of R increased. However for a fixed
temperature, as FAR increases the molecular weight of the products of the

combustion increase and thus R decreases.

For both fuels, the Cp increases with increase in temperature and variation of
the Cp for the two fuels was similar. The value of y decreases as the
temperature increased for both types of fuel, but y for Jet-A fuel decreased
slightly more than natural gas as shown in Figure 4-21. For both fuels, the R
does not change with change in TET for fixed WAR and FAR, but R was higher

for natural gas than for jet-A as shown in Figure 4-22.
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5 MECHANICAL STRESS MODEL

A turbine extracts energy from the working fluid and converts it into shaft power.
This process requires both a NGV and a rotor component which together
comprise the turbine. The blade must be designed to perform the duties
required at different operating and environment conditions. Also, the blade
should not fail due to over-stressing, high cycle fatigue, thermal fatigue, creep

or other failure mechanisms.

The major sources of stress arising in GT blades are:

e Centrifugal inertial load acting on the airfoil section due to the rotation of
the airfoil and produced by the mass of blade material which exists
outside of that section.

e Gas turbine moment produced by the change in momentum and
pressure of the fluid passing across the blades.

¢ Bending moment produced by the centrifugal load acting at a point which

does not act radially above the centroid of the root datum section.
e Shear load arising from the ‘untwisting effect’ of the loads on the blade..
e Complex loading due to thermal gradients.

In order to perform the creep life calculation, stresses (centrifugal and/or gas
bending stresses) on the blade from the hub to tip were considered. The data
used in the stress model such as pressure, rotational speed and temperature
were generated by Turbomatch. It is assumed in the model that the axial
velocity remains constant along the span of the blade and the actions of the
forces on the blade (centrifugal loading, static pressure difference and
momentum change) act at the blade section centre of gravity (CG). The blade
span was divided into sections at intervals of 25% of the span as shown in
Figure 5-1. The chord was divided into three: blade TE, blade LE and back of
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the blade. It is acceptable to calculate the blade stresses at only these three
locations because these are the locations which will, most probably, have the

highest tensional or compressible stresses.

The shear stress is definitely much smaller than the centrifugal and the gas
bending stresses on the blades, and can be considered insignificant from the
point of view of strength. Stresses due to thermal gradients on the turbine blade
are often much greater than any of the other forms of stresses and can be very
destructive. This type of stress will be considered in the FE analysis using a 3-D

turbine blade model.

- > Tip
Section4
(75%-Tip)
......................... .- 75%
'gb Section3
. (Mean-75%)
E .......................... t-» Mean
-g Section 2
(25%-Mean)
........................... > 25%
Section1
(Root-25%)
v > Root
.-'_"_.“'

( )

Figure 5-1: Blade sections

5.1 Stresses model

This study developed a 2-D stress model where the variations of the blade
stresses are predicted at locations along the blade span and chord. The
centrifugal stresses caused by engine rotation and the bending stresses caused
by the change in gas momentum and the presence of static pressure difference
are considered. The blade stress model is based on a number of equations and
aims to estimate the maximum stress acting on the HP turbine blade. Figure 5-2

shows the stress model flow chart used in this study.
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Figure 5-2: Blade stress model flow chart

5.1.1 Centrifugal stress model

Centrifugal stresses is the tensile stress act on the blade turbine due to the
engine’s rotational speed and mass of blade material (mass=density*mean-
cross-sectional-area*height). Operating in an inertia field, about 50% to 80% of
the blade material strength is used to overcome the centrifugal stresses. The
centrifugal forces at any blade section is a function of the mass of the blade
exterior to that section, the radial distance from the centre of gravity of the
material exterior to that section to the centre of rotation and the rotational
speed. The centrifugal force of each blade section was calculated for each
section, CFsec, [66; 150]:

CFsec = p X Acsay X Hsee X w? X Teg (5-1)

Where p is the density of the material of the blade, A4, is the average cross

sectional area between the top and the bottom of the sections, h,,. is the blade
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section height, w is the angular speed, and ., is the distance between the

rotation axis and the section centre of gravity (cg).

As shown in Figure 5-3 the centrifugal force at the blade tip is due to the mass
of the blade shroud, the centrifugal force acting at the blade mean is the vector
sum of the centrifugal forces acting on the blade shroud and the blade mean-tip
section. The centrifugal force acting at the blade root is the vector sum of the
centrifugal forces acting on the blade shroud, the mean-tip section and the root-

mean section.

Blade shroud CF I

N
Tip | :
CF I l\/learT-Tlp
section
Mean | _ _._._._._ 2
CF T Root-Mean
section
Root

CF=Centrifugal Force
Figure 5-3: Blade centrifugal forces

Using Equation 5-2 [66], the centrifugal stress at each section ocps.. Was
calculated where A is the cross-sectional area of the corresponding section.
The individual stress at each section can be added and the appropriate direct

stress obtained.

2. CFg
OcFrsec = Acsec (5-2)

5.1.2 Gas bending stress model

There is a force on the blades produced by the change in momentum of the
gases across the blade, and a second force due to pressure differences as the

fluid passes across the blade. The pressure force will act rearward in the turbine
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and forward in the compressor with respect to the engine. Due to the blade
twist, the ratio between the tangential and the axial component of these gas
pressure forces will vary from blade root to blade tip. It is for this reason that the
blade is divided into sections, as shown in Figure 5-4, to determine the average

velocity change in the tangential and axial directions for each section.

-©
ng1 PF1

Bending
moment at
root

Figure 5-4: Bending moment at root due to static pressure difference and
momentum change

In order to calculate the bending moment stress due to static pressure
difference, the pressure force acting on each blade section, PF;.. was
calculated using Equation 5-3 as shown in Figure 5-4. Once the pressure forces
are calculated, the bending moment, BMP,,. at each blade section can be

obtained using Equation 5-4 [66].

A X A
PFSec — AnSec Nb Pavsec (5_3)

BMP;.. = Z(PFSec X dCGsec) (5-4)

Where Ay,sec is the blade section annulus area, Apg,sec IS the average section
static pressure difference, N, is the number of blades, and d ;... is the distance

of the section CG from the blade root, as shown in Figure 5-4.

Turbomatch provides the inlet and outlet properties of the turbine blade as a
whole and can also calculate the intermediate properties of multi-stage turbine.

The model assumes that the polytropic efficiency, np, remains constant across
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the turbine stages [133] hence is reversely calculated using Equation 5-5. In this
equation, Py;, and P,,; are the turbine inlet and outlet stagnation pressures

simulated by Turbomatch, y, is the specific heat ratio of the hot gas, and 7, is

the turbine isentropic efficiency.

Yg—1

P Y
n| 1-n|1-(FeL) " (5-5)

-1
= in (32)

The outlet stagnation pressure of the turbine stage, poytstage Can be calculated

nNp

using Equation 5-6 where Ty,stqg¢ IS the outlet static temperature calculated
using Equation 5-7 and %T,.,, denotes the temperature drop percentage of
each turbine stage (50%) defined by the Author, and Ty, is the overall
temperature drop across the turbine (Tiurbine intet- T turbien outiet)- Pygy I Equation 5-6
and Tygy in Equation 5-7 are replaced with  Pyytsiage @Nd Toyisiage from the

previous stage.

_ Yy _ (5-6)

Tourstage\np(vg—1)

POUTStage = Pygy T—
NGV

TOutStage = Tngv — (%Tdrop X Tdrop) (5-7)

Since the focus of creep life prediction is on the HP turbine blade, it is obviously
necessary to calculate the gas properties at the inlet of the turbine blade (NGV
exit properties). This is because, as the gas flows across the NGV, there is a
reduction to the gas properties especially when NGV cooling is present. The
calculation process is divided into two parts. In the first part, the NGV exit

temperature Ty,;xing is calculated using the energy balance in Equation 5-8 and

as shown in Figure 5-5.

NGVmass frac X mcCpc

mgCpg

(5-8)

TMixing = Tnev — (Tco — Tein)
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Where NGVpass rrac 1S the mass fraction of the coolant flow that enters the NGV
specified by the user (see Equation 4-34), m. and m, are the coolant and gas
mass flows simulated by Turbomatch respectively, Cp. and Cp, are the specific
heats for the cold and hot gas respectively, T, is the coolant exit temperature
obtained from the blade thermal model, and T,;,, is the coolant inlet temperature

also simulated by Turbomatch.

Tcin
Mixing chamber
r—————"
| 1
| 1
| |
| 1 P
_— NGV : : Rotor outStage
T mg | I mg+mc
NGV e | |
| ]
Pnev ' !
: : ToutStage
| ]
— | 1
| ]
| 1
' I T..
. oin
To'n(before i : . !after
mixing)
mixing) R |
Tcin+mc

Figure 5-5: Diagram illustrating the mixing between the core flow and exit
cooling

In the second part, an imaginary mixing chamber as shown in Figure 5-5 is
introduced to determine the blade inlet gas temperature with the coolant gas
entering the system. It is assumed that all the coolant flow that leaves the NGV
will mix together with the core gas flow m,. From the thermodynamic mixing
chamber relation, the blade inlet gas temperature, T, is calculated using

Equation 5-9.

— mg CpgTMixing + (NGVmass frac X mc)CchCo (5'9)
(mg + (NGVmass frac X mc))Cpg

IN

In order to calculate the static pressure difference, the absolute velocities V,;,¢ of
the gas at the inlet and outlet of the blade need to be found by applying
Equation 5-10:
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(5-10)
Vaps = _|V2. + V2

Tan

Where V,, is the blade inlet and outlet gas axial velocity calculated using the
Axial Velocity Model, and V;,, is the blade gas tangential velocity calculated

using Equation 5-11 for blade inlet and Equation 5-12 for blade outlet

respectively.
Vian = Vax X tana, (5-11)
Vran = U — Wran (5-12)

Where «a, is the NGV outlet angle, U is the blade speed, and Wy, is the outlet
gas relative tangential velocity calculated using Equation 5-13 and a,is the
blade outlet angle [134].

Wran = Vax X tana, (5-13)

Once the velocities are determined, the static temperature t and pressure p are
calculated using Equations 5-14 and 5-15 respectively. Note that (T)and
(P ) used in Equation 5-14 and 5-15 will depend on whether the calculation is
made for the inlet or the exit of the blade (for blade inlet T=T;, and P=P;,,

o Vi (5-14)
t=T— 25
2Cpy
Y. -
) P(t)#l (5-15)
P="\r

The axial velocity model is used to calculate both the inlet and outlet axial gas

velocities of the blade. From mass flow continuity [133], we know that the terms

T

—F and%can be expressed in terms of Mach number (M), stagnation and

static temperature as given Equations 5-16 and 5-17.

—(vg+1) (5-16)
WANT M Yg <Z>2(yj—1)

AP~ AR\t
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v -2 (5-17)
77 = MR (5)

Where V' is the velocity, M is the Mach number, R is the ideal gas constant, W is
the inlet mass flow and A is the cross sectional area through which the gas
travels.

In this model, the term W~T/(AP) is denoted as Q1000 and for each blade inlet
and outlet, Q1000 is obtained from the Pressure Bending Moment Model
wherem, T, A, and P in Equation 5-16 are taken as mg, T, (for inlet) or
Toutstage (for outlet), A, (for inlet) or Ay, (for outlet) and P, (for inlet) or
Pourstage (for outlet). Note Aj, = (721 ipin — T2ro0tin) @Nd Agur = T(r?sipour —

rzmomut) are the blade inlet and outlet annulus areas.

Taking the Q1000 values from Pressure Bending Moment Model as target

values Q100074,4¢¢, the inlet and outlet M are estimated and changed iteratively

until the values of Q1000,.ss Calculated using Equation 5-16 approaches a
limiting value. This is done by observing an error value, E calculated using
Equation 5-18 and stopping the iteration process when a designated threshold
margin error is achieved. Once the values of inlet and exit M are determined,

using Equation 5-17, the axial velocities are calculated.

E= QlOOOTarget - QlOOOGuess % 100 (5'18)
a QlOOOGuess

Where the error margin used in this work is given in -0.005%<E<0.005%

5.1.3 Momentum bending moment model

As the gases travel across the blade, there are forces acting on the blade due
to the velocity difference between the inlet and the outlet. These forces are
produced by the momentum change of the gases in both axial and tangential
directions. A similar approach is adopted In this model for the blade section

momentum forces for both axial and tangential directions, VFs,. , (see Figure 5-
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6). The momentum forces acting in both axial and tangential directions were
computed using Equation 5-19 and 5-20 respectively [66]:

Mpreq X AAnSec X AVAxSec

VEjxsec = N, (5-19)
_ Myreq X AAnSec X AVTanSec
VFTanSec - Nb (5-20)

Where my,., is the mass flow per unit area of the section annulus, AV, IS
the axial velocity difference and AVr,nsec iS the blade section average tangential

velocity difference.

Note that the velocity differences calculated for the axial and tangential
directions are different. In the axial direction, the velocity along the blade span
is constant so the difference in the axial velocity for each blade section is similar
and hence does not require any averaging. However in the tangential direction,
the velocities at the tip, mid and root positions are different. As a result, the
velocity difference for each blade section is taken as the average of the velocity
difference of the top and the bottom of each section of the blade. For example,
the velocity difference at the root-mid section is the average of the velocity

difference at the blade mid-point and blade root.

The momentum bending moments due to the axial and tangential forces at each
blade section BMV,xc.. and BMVy,,.c.. Were then calculated using Equation 5-
21 and 5-22 respectively [66]:

BMVyxsec = X(VFEpxsec X degsec) (5-21)

BMVransec = 2(VFransec X degsec) (5-22)

5.1.4 Maximum stress acting on the blade

In order to obtain the resulting bending moment at the blade direction (about X

and Y axis), Equations 5-23 and 5-24 [66] were applied,
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M,y = (BMP;,. + BMVy50.) Sin O + BMVp gy 50 COS 0 (5-23)

M,y = (BMPse + BMVysec) €05 0 — BMVpgpsec sin 6 (5-24)

Where M,, and M,, are the blade section resulting bending moments about the

x and y axes, and 8 is the blade section stagger angle.

The conversion of the resulting bending moment from the engine direction (axial
and tangential) to the blade direction (X-X and Y-Y) is to allow for the
calculation of the resulting bending moment stresses. The bending moment is
calculated at three different locations, LE, TE and the back of the blade section
using Equation 5-25 [66]:

Mxx + Myy

OBMsec — I Y I
min max

X (5-25)

Where I,,;, and I,,,, are the maximum and minimum values of the blade
section moments of inertia . X and Y are the distances from the LE, TE and the

back of the blade from the XX and YY axes as shown in Figure 5-6.

Tangential

— — — — — i — —_— e — — — — — — —

Direction

y

1
1
1
]
1
. 1, .
Axial Direction

Figure 5-6: Schematic diagram of the blade and gas flow directions [66].

Thus due to the moment acting about XX (Mxx), the LE stress (o.g) and TE
stress (o71e) would both be tensile while stresses on the back of the blade would
be compressive. There would also be stresses at the LE and TE arising from
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M,y in conjunction with distances y from the Y-Y axis. Thus, the My, stress at the
LE would be compressive (-) and at the TE would be tensile (+).

The output of the stress model is the maximum stress at the blade sections
when both stresses (centrifugal loading and gas bending moment) were added
using total stress Equation 5-26. It is important to note that the location where
the maximum stress occurs, either at LE, TE or the blade back largely depends

on the operating condition and the geometry of the blade.

OTotSec = Ocrsec T OBMsec (5-26)

The highest stress acting on the blade in the chordwise direction is at the blade
root. Whereas the maximum stress at the blade tip is due to the blade tip

centrifugal force since there is no bending moment present at this location.

5.2 Chapter Conclusions

The stress in the blade at each section can be obtained using the stress model
presented in this chapter. A number of the previous work considered only the
centrifugal force as the main contributor to the stress in the blade. This is
because the values of other sources of stress were considered small compared
with the centrifugal stress. However, this assumption always shows that the
direct centrifugal stress contributes approximately more than 90% of the total
stress. This is quite high compared with the range of between 50% and 80% as
recommended in the open literature review. Therefore, in this study the model
developed considers the centrifugal and the gas bending stress from the blade
root to the tip. The model takes the input data from the performance simulation
results and blade sizing model. The centrifugal and the resulting bending
moment stress acting on the blade sections were calculated at different

operating condition and different values of RH.

The variation of blade metal temperature and maximum stress along the span
of the blade has a strong influence on the blade creep life. A small change in

these two factors will determine the value and location of the lowest creep life.
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Therefore, more consideration needs to be given in component life assessment
to the stress values and their locations along the blade in order to identify the
position of the minimum creep life.
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6 HEAT TRANSFER MODEL

The cooling of high temperature gas turbines has been the subject of intensive
work over the past few decades. There are three well known methods for the
design the first stage of a HP turbine blade; un-cooled, convection cooled and
film cooled. In the early 80’s the gas turbine industry developed a turbine blade
using both convection and film cooled methods with a thermal barrier coating to
reduce the blade metal temperature [4]. The analysis of the temperatures of the
cooled blades requires the solution of equations governing heat flow through
the solid blade given the internal and external distributions of the boundary gas
temperature and heat transfer coefficients [5]. Although analytical solutions are
nowadays used for detailed blade design, in earlier years engine companies
relied on practical methods for determining the amount of cooling flow required
to maintain blade temperature within prescribed metallurgical limits [6].

The determination of the rate of heat transfer from the turbine blade in a cross
flow is important in hot section gas turbine life assessment. For design
purposes, the rate of heat transfer is normally fixed by semi-empirical
correlations expressing Nusselt number in terms of Reynolds and Prandtl
numbers. The implementation of such correlations requires knowledge of fluid
properties such as density, viscosity, thermal conductivity and specific heat, all
which depend on temperature. For gases these properties are normally
available only for the dry state, thus the possible effect of the water vapour

content of the gas has been overlooked [7].

The aim of this study is to present an analytical model to investigate the
influence of humidity on the turbine blade heat transfer and cooling processes
which, in turn, affect blade creep life. The model is flexible and capable of
assessing the main parameters that influence the blade cooling performance,

such as cooling methods, alternative cooling fluids, blade geometry, heat
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transfer coefficients, gas properties and material and thermal barrier coating.
The whole cooled blade row is regarded as a heat exchanger subjected to a

mainstream hot gas flow from the combustion chamber.

6.1 Heat Transfer Model and Application

To maintain the turbine blade metal at a low temperature, the heat transferred
from the hot stream to the blade is removed by forced convection in the blade
channel and carried away by the air coolant (see Figure 6-1). Thus the blade
metal is maintained at a low temperature. Chiesa and Macchi [151] considered
the blade cooling as a heat exchanger subject to the heat flux g, = h,. (Tgr -
T,4). Ainley [8] presented basic equations for the heat transfer process obtained
by equating the total rate of heat flow into an element to zero. Since the blade
cooling process is considered as a heat exchanger with the presence of TBC,
the heat transfer model used in this work can be described by the following set

of energy equations, 6-1 to 6-4.

Blade wall
TBC
TIC‘" ‘ Film cooling
Ty
:
Trec > T
g
Tog N
/5{
Tbc —> i:‘
Ifz-;
T4

cout
Figure 6-1: Temperature profile through the blade with film cooling and thermal
barrier coating.

dq = thgs (Tgr - TTBCg)

(6-1)
k
dq = TBC/tTBC AgS(TTBCg - Tbg) (6-2)
kpw
dq = b /tbw Ags(Tbg - Tbc) (6-3)
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dq = hcAcs(Tbc - Tco) (6-4)

The sum of the four energy equations gives the overall heat transfer coefficient
of the blade turbine [6; 152].

The integrated analytical procedure and the calculation process in this model
are illustrated in Figure 6-2. The model consists of two main sub-models: (i)
coolant heat transfer model and (ii) hot heat transfer model. The models receive
the aero-thermal input from TURBOMATCH, gas properties with presence of
WAR from the gas property model, and the geometrical and material/TBC data

are defined by the user.

The output of this model is the blade metal temperature and stress distribution
along the blade which will be used as input to the creep life model to calculate
blade time to failure. Since the model is analytical, it can take into account the
effect of blade geometry and cooling method on the blade cooling performance

and blade creep life.

Engine Performance Simulation

(TURBOMATCH)
(TET, m, P, RH% (WAR), FAR, etc)

v

Gas Properties
(CPwet Vuwets Rer)

Stationary Gas
Turbine Engine Data

| "== CoolantSide -
Heat Transfer ., [ |

................. : I
(Cphotl Yhots Rhot) I 1} u )

: Kesee  HotSide  Reéesec

Heat Transfer ;" [T

Creep Life Model Tracsec Togsee™ Theseew |
(LMP) | TcinSec' TcoSec }

Figure 6-2: Simplified flow diagram of the heat transfer model
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This approach deals with convective/film cooling and effect of changing fluid
properties on the cooling heat transfer processes of the HP turbine blade, for
the purpose of assessing the turbine blade creep life and increasing gas engine
availability and reliability. Also, the approach adopted has the ability to analyse
alternative cooling medium, humidity (WAR), coolant mass flow, cooling
effectiveness, RTDF, blade material, TBC data and other parameters that could
affect the heat transfer process. The heat transfer model presented consists of

two models; hot side model and cold side model.

6.1.1 Coolant Side Heat Transfer

Heat is extracted from the blade inside wall by forced convection increased
locally where extra cooling is needed [5]. The cooling system of the blade is
defined as its internal geometry and cooling flow extracted from the
compressor. Table 6-1 presents the configuration of the cooling system used in
this study.

Figure 6-3 presents the process of calculating the coolant heat transfer
coefficient in the blade. The figure also shows how the blade was divided to
several sections, and the section outlet cooling temperature was used as the

next section’s inlet cooling temperature.

Table 6-1: Cooling system data

Value Unit
Height 0.042 m
Chord at mean 0.027 m
Blade mean diameter 0.78 m
Hydraulic diameter 0.0030 m
Number of cooling 7 -
channels
Stager angle 35 deg
Air outlet angle a2 60.3 deg
Total coolant bleed 10%
Prandtl number 0.7
RTDF 0.07-0.1
Nad 0.2-0.5
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Figure 6-3: Flow chart of process calculating coolant heat transfer coefficient
and blade sections

6.1.1.1 Coolant Density

The density of the coolant side was calculated using the equation of state and
by knowing the static pressure and temperature of the coolant air and gas
constant as function of WAR. The density of humid air was calculated as a
mixture of ideal gases [153]. According to Dalton’s law, the total pressure in a
mixture of perfect gases is the sum of the partial pressures of each individual
gas in the mixture Pta=pgtpy. In this case, the partial pressure of water vapor is
known as the vapor pressure. Based on this, the density of humid air is

obtained by:

S Pa Py
Phumid air = Ry*t R,*t (6.5)

The saturation vapour pressure is required to calculate the water vapour
pressure. There are many algorithms for determining the saturation vapour
pressure, but for this study a simplified equation from the regression of the data
is used [154]:
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DPsar = 6.1078 * 10 t-3585 (6-6)
where, the temperature is in Kelvin and the saturation pressure in Pa. The total

pressure at the blade inlet is obtained from the simulation performance data.

By knowing the saturation vapour pressure and using the relative humidity, the

vapour pressure of water is calculated using the following Equation [155].

Py = RH * psqe (6-7)

6.1.1.2 Cooling Configuration

The blade cooling system defined as its internal geometry and the cooling flow.
The internal configuration of the high pressure turbine blade is often very
complex includes cooling channels, passage, ribs, etc. The cross-sectional area
of one single channel was calculated by using the channel hydraulic
diameter, (A, = Yq.m. D /4), where Dy=0.003m. However, the total cross
sectional- area of the cooling passages should be within the limit of the blade
cross-sectional area and calculated using the number of coolant channels [156;
157]. One single blade has a number of internal uniform circular cooling
channels with constant cross-sectional area. The shape factor ygq for this type of
channel would be unity, but is greater than unity if the shape non-circular [6;
158]. El-masri [158] calculates the cooling flow for blade on the basis of a
constant value for the effectiveness and for film cooled blades, on a correlation
for the isothermal effectiveness. In this study, the cooling flow specified in the
performance model as percentage of cooled air extracted from the compressor
and than the cooling effectiveness calculated in order to calculate the blade
metal temperature. The single blade row mass flow, channel mass flow and
total effective coolant heat transfer surface area for the coolant side were
defined by Equations 6-8 to 6-10:

_ M, m,
Meb =700 N, (6-8)
Mep
Mee = Nep (6'9)
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Aes =m Dp Hnep (6-10)

Here M. is the coolant bleed % which is based on the coolant mass flow used to
cool the blade row. It is assumed that the length of the cooling passages is the

same as the blade height.

6.1.1.3 Viscosity and Thermal Conductivity of Humid Air

The expressions available for determining the properties of viscosity and
thermal conductivity of gas mixtures vary from purely theoretical derivations to
direct curve fits of experimental data [159]. Richards and Florschuetz [159]
reported different method and results obtained from a survey of the literature
regarding the dynamic viscosity and thermal conductivity of humid air. The
viscosity of fluid was determined by two methods; one which include the effect
of humidity [160] and the second based on the gas temperature only. The
viscosity of many fluids doesn’t change with pressure but is very sensitive to
temperature. In this study the viscosity of the gas at each section of the blade

was calculated using Equation 6-11.

The effect of viscosity on the heat transfer is expected to be less significant
since the flows inside the cooling channel are turbulent. The results obtained
using the Kestin and Whitelaw [160] correlation for the viscosity of a mixture of
dry air and water vapour (at WAR=0-0.1) were compared with the results
obtained using the alternative Sutherland equation and a good agreement was

obtained [161].
Hw

1+ () (i)

Hmix 17472

Xal
1+xW

1/2
2.83 [1 + 1\1\//11_:]

(6-11)
Ha

/ 1/472
" G|

172

+

Xw

2.83 [1 + de]

Mw,,
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k

Ly = C—L464948874—00370796587310‘6g§%) (6-12)
_¢. kg

g = (6.0453459 + 0.042489943 T)10 6§%;) (6-13)

Where the Mwg4 and Mw,, are the molecular masses of dry air and water vapor
respectively, x is the molar fraction defined as the ratio of the number of moles
of water vapor n, with respect to the total number of moles of the mixture of

humid air nya, Xx=nv/nHa=pv/p.

The viscosity of the water vapour and the dry air was obtained using Equation
6-12 and 6-13 respectively. There is widely used method reported for thermal
conductivity of humid air [159; 162]. The thermal conductivity (kcw) the humid air
for the coolant blade is calculated using Wassiljewa Equation 6-14 proposed in
Mason et al. [163]. The k,,,;, values obtained by this method were also identical
to those obtained using NASA CEA (Chemical Equilibrium with Applications)

software.
kg k
kmix = ~— T .
T+ A T—x 1+A4u

1—-x (6-14)

The required parameters Aaw and Aaq are calculated using the following

equation:
2

M —-0.5 ﬂdM 0.5 M 0.25
A =(128(1-+ W“) [14—( WW) ( W“) ] 6-15
w Moy e \M,, (6-19)

The same expression gives Aaqg When subscripts are interchanged.

The required pure component values for the thermal conductivity of the water
vapour and dry air was calculated according to the standard values using
Equation (third order polynomial) 6-16 and 6-17. Table 6-2 present the
Coefficients for the calculation of the thermal conductivities of dry air and water

vapour:
K, =4, +B,T+C,T?+D,T? (6-16)
Kd = Ad + BdT + CdTZ + DdT3 (6_17)
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Where the temperature T in K

Table 6-2: Coefficients for the calculation of the thermal conductivities of dry air
and water vapour

Coefficient for

water vapour Dry air Units
A, 31.997566.10° Aq -0.56827429.10°° W/mk
B. -0.13308958.10° By 0.10805198.10° W/mk?
Cw 3.8160429.107 Ca -7.3956858.10°® W/mk?®
D., -2.0.10° D4 3.7302922.10™" W/mk*

6.1.1.4 Coolant Reynolds Number, Nusselt Number and Heat Transfer
Coefficient

The cooling flow Reynolds number is calculated from the coolant air density,
velocity, viscosity and channel diameter [157]. Coolant velocity inside blade
channel was obtained using non-dimensional mass flow (1000Q) and Mach
number [139] which are calculated using the iterative process as shown in
Appendix C.

Reynolds’s number is a ratio of inertia forces to viscous forces. For the coolant
side, the coolant channel Reynolds number is calculated using Equation 6-18.
Based on this, coolant Nusselt number can be obtained (for turbulent flow)
using Equation 6-19 [164]. The Nusselt number is a dimensionless version of
the temperature gradient at the surface between the fluid and the metal, and
thus it provides a measure of the convection occurring from the blade surface.
From the coolant Nusselt number, coolant thermal conductivity and coolant
channel diameter, the coolant heat transfer coefficient for the turbine blade can
be obtained using Equation 6-20 [165]:

_ Pewsec X VAbsSec X Dh

Re = -
cwSec Uewsec (6 18)
Nucysec = 0.15 (Recysec)® (6-19)
h = Nu kﬂ
cwsec cwSec Dh (6-20)
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where the thermal conductivity (kecw) is for coolant air which was calculated

using Wassiljewa Equation proposed in Mason et al. [163].

6.1.2 Hot Side Heat Transfer

The external blade geometrical parameters and the gas angles along the
spanwise of the blade were obtained from engine performance data and blade
sized using constant nozzle method, and the sizing process of first stage of the
HP turbine blade presented in [72] and Appendix A. Figure 6-4 shows the
stages and processes of calculating the heat transfer coefficient of the hot side
and the outlet cooling temperature, as well as the blade metal temperature
along the blade span. All the gas properties on the hot side were considered

and calculated for a dry hot gas.

"Engine performance data =Gas temp, T,
"CPg, Ve, Re s| "Gas temp, Tymax
=RTDF =Gas temp, Tymin
=Pr,
A\ 4
.Ag ®jcsSec
=Hot Reynolds number, Rege. A .
=Stanton number, Stgs.. ~ gssec  “Pesec
=Hot heat transfer coefficient ,hgee. Sgsec Mgsec
y
="Flim temp, T
"Birgc
"Bi,w
\l/ e 1
"Tb. *"Ttgc | ___ 1 "Cooling effectiveness, & |
"Tb, ="Tb.verage E_'Blade temp, Tb !

Outlet cooling temp, T,

Figure 6-4: process calculating heat transfer of hot side and outlet cooling

temperature.
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6.1.2.1 Gas Recovery Temperature

At low Mach number < 0.3 the difference between Tgs, Tgwt and Tg; is
negligible. However, at higher speeds the conversion of kinetic energy into
thermal energy takes place in the boundary layer causing significant
temperature change. The effect of such irreversibility taking place within the
boundary layer, in accordance with Prandtl's theory, is expressed by the gas
recovery temperature factor (r) as shown in Equation 6-21. Assuming that the
hot gas Prandtl number is the same as for a flat plate and equal to 0.7 [1; 156;
166]. The inlet gas temperature of the turbine blade was determined by
considering the mixing effect between the core flow and the coolant flow exiting
the nozzle guide vane (NGV) [72].

_ Tgr - Tgst
=T ___T1._ (6-21)
gtot gst

Where for a gas with a Prandtl number close to unity, the solution of the energy

equation for a turbulent flow gives the gas recovery temperature factor r =

pri/3

» - Once the r factor is known, the gas recovery temperature easily can be

obtained by using equation 6-21.

6.1.2.2 Radial Distribution of Gas Temperature

The temperature of the hot gas exiting the combustion is far from uniform, due
to incomplete mixing. The difference between the maximum and the average
gas temperature can be accounted for by introducing radial temperature
distribution factor (RTDF). This model used a radial distribution of gas
temperature leaving the burner to calculate the temperature variation at each
blade section. Taking the RTDF as 0.1 for the nozzle and 0.08 for the first rotor
[14; 15; 141; 167; 168], the maximum, T,,.x and the minimum gas temperature,

Tmin Were calculated using Equations 6-22 [141] and 6-23 respectively [72]:

Tnax = Tgr + (Tgrgr * RTDF) (6-22)
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5T, — 2T,
Tmin:( T ma) (6-23)

Where Ty is the rotor inlet gas recovery temperature and Trgr is the

temperature rise at the burner.

By assuming that the maximum temperature will occur at around 75% of the
distance from the root as shown in Figure 6-5, T,s,, the gas temperature at each
blade section was predicted. The location of the maximum temperature was
based on the fact that the rotation of the turbine blade causes the peak gas
temperature to shift from the mid of the span of the blade toward the tip region
[169].

100
> [oon Tip
..... 1= .75%
c
Mean
g Y
) s0 Tg
X —_— |15
—a—High RTOF _J .._...R oot
= B~ LowRTDF
0
200 850 1000 1050 1100 ( ]
Temperature K ) '
Cooling air

Figure 6-5: Typical average radial temperature profile at inlet stage turbine rotor
blade [169]

Equation 6-23 was derived through extrapolation of several defined gas

temperature points (Tp, Troot T7se---€tC.) along the blade. The assumptions

used were: (i) the minimum gas temperatures will occur at the root and the tip of
the blade, (ii) the reduction in gas temperature from the maximum temperature,

Tys9, to the tip of the blade, Ty, is linear, (iii) the rise in gas temperature from

the root, T,,or t0 T;50, is also linear, and (iv) the average of those defined

112



An Evaluation of Operation and Creep Life of Stationary Gas Turbine Engine

temperature points should equal to the rotor inlet temperature,Tyy. In the
thermal model a mixing chamber is used in order to calculate the effect of
mixing between the core flow and the coolant exiting the blade, as expressed in
(chapter 5, Figure 5-5). From energy balance ) m;,h;, = > mgyythoue With the
inlet mass flow of the mixing chamber to be m. and m, and the outlet mass flow
of the mixing chamber to be the sum of m. andmg. This will lead to the

prediction of the inlet gas temperature of the rotor.

The values of the NGV metal and rotor inlet gas temperatures were calculated
using Equation 6-24 [72].
_ mnggTin(Bef) + mCNGVCchcoNGV

Ty = 6-24
m (mg + MenGy )Cpg ( )

where myis the gas mass flow, Cp, and Cp, are the specific heats of the cold
and hot gases respectively, T;, ) is the rotor inlet temperature before mixing,

meyey 1S the NGV coolant mass flow, and T;,nqy is the NGV coolant exit

temperature. In order to use Equation 6-24, T;,z.r) and T¢,ygy are calculated

using Equation 6-25 and 6-26 [16]:

Meney CPe
T, = TET — —=—<(T, — Toinney) (6-25)
(Bef) CoNGV NGV
in(Be mgcpg o) cin
TCONGV = TcinNGV + 77(:onNGV(TNGV - TcinNGV) (6'26)

where TET is the turbine entry temperature, T,,noy IS the NGV inlet coolant
temperature, n..nnvey 1S the NGV’s convection efficiency and Tyqy is the NGV
metal temperature. The n.,,ncy and the Tysy in Equation 6-24 are determined
using Equation 6-27 and 6-28 [16]:

Tngv = TET — gy (TET — Teinngy) (6-27)

ENGY)

m*yey (1 - E(NGV))

(6-28)

Nconngy =
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where Tygy is the NGV metal temperature, eyey) is the NGV's cooling
effectiveness assumed 0.6, and m*y;, is the NGV coolant non-dimensional
mass flow which was assumed to be around 1/2_5 of the NGV total coolant

mass percentage [5; 157 mygy = % (ﬁ>

mg
6.1.2.3 Hot Gas Reynolds Number

Reynolds number of the gas stream for each section of the blade can be
expressed in terms of gas flow density, gas absolute velocity (see Appendix C),
the blade chord and gas flow viscosity and can be calculated using Equation 6-
29 [157]:

Re _ pgsec X VAbs—gSec X CSec
gSec —

(6-29)

.ugSec

The viscosity of the hot fluids was calculated using Sutherland’s equation as a
function of hot gas temperature [161]. Typical HP turbine values of Req are in
the range 0.2-1.5E6, where gives Sty=0.0026-0.0062 and El-Masri [158]

assumed Stg=0.005(constant) to calculate the hot side heat transfer coefficient.

6.1.2.4 Stanton Number and Hot Side Heat Transfer Coefficient

The hot heat transfer coefficient (hg) undergoes strong spanwise and chordwise
variation, determining its change in chordwise is much beyond the scope of this
analysis. Since the hq is variable along the flow path, appropriate correlation
needs to be used to provide an average heat transfer coefficient at each blade
section. For this a purpose a mean value for the gas side heat transfer
coefficient hg for each blade section can be obtained by calculating the external
Stanton number. The external Stanton number is obtained from an empirical
relationship for turbulent flow using Equation 6-30 [151]. Also, by neglecting the
profile thickness, the blade row throat area can be obtained by using Equation
6-31 [6].

Stgsec = 0.285 Reg&sy pry?/° (6-30)

Ay =1 Dy H cosa, (6-31)
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Where the Prandtl Number, Pr for the hot stream is calculated using Equation 6-
32:
pr = He® Cpy

=T (6-32)

The hot side heat transfer coefficient was calculated using Equation 6-33 [6] for
each section of the blade, knowing the section Stanton number, specific heat of
the gas, gas mass flow through the blade row and the throat section area. All
the gas transport properties such as p, y, Cp, y and k were obtained using the
multi regression analysis to develop a correlation for the purpose of
interpolation as presented in chapter of humidity.

my

thec = Stgsec X Cpyg <E> (6-33)

Also, the ratio between the total effective coolant heat transfer surface area and

the total hot gas transfer surface area was defined using Equation 6-34 [1].

a _ S c Acs
cSec — -
SgSec AgsSec

(6-34)

By knowing the external wetted perimeter for one blade and the height of each

blade section, the wetted area of the hot side of the blade can be expressed by

[1]:

AgsSec = JgSec H (6-35)

Where Sy is the hot side parameter = 2.2 * Chord.

6.1.2.5 Adiabatic Effectiveness

Thermal analysis for the film cooled blade will be the same as that for the
convection cooled blade except that the T4 should be replaced by the T; and the
external hot-side coefficient hg by the one valid in the presence of film cooling hy,
(in the absence of a correlation for hr). Rohsenow et al. [170] assumed hg to be
the same as that for the convection cooled blade. The adiabatic wall film

temperature T: is obtained from the adiabatic wall fiim effectiveness n,; as
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defined by using Equation 6-36 [171]. The Tiysecc in this study was assumed
equal to the T¢insec Since the air used to cool the blade internally by convection
is used to provide the external film. The value of n,, was calculated using
means of the semiempirical correlation presented in [172], which suits the
injection of film cooling air through a continuous slot over flat plate. However, it
is common practice to assume that n,, takes a constant value (0.2-0.5) in the
determination of the film cooling temperature, Horlock and Torbidoni [18].
Tyrsec—Tfsec

Naa =
TgrSec - Tianec

(6-36)

The mean value of n,; can be calculated by means of the semi-empirical
correlation presented by Goldstein and haaji-sheikh, for the injection of the film
cooling air through a continuous slot over flat plates.

6.1.2.6 Thermal Barrier Coating and Wall Biot Numbers

The presence of a thermal barrier coating allows for a reduction in the heat
exchange through the blade. Due to their low thermal conductivity, such metal
create a barrier to the transfer of heat from the gas stream to the blade metal,
thus reducing heat flux and cooling requirements. Also, the external TBC
surface can operate at a higher temperature than the blade metal, thus reducing
the convective external heat transfer. Biot number is the ratio of conductive
resistance to convective resistance. Also, Biot number is looks very similar to
Nusselt number but both are different. In Nusselt number, K is thermal
conductivity of fluid where, in Biot it'’s of solid. The Biot number is a measure of
the temperature drop in the blade material and the temperature drop between
the material and the fluid. The blade and the TBC Biot numbers are defined by
Equations 6-37 and 6-38 respectively. The range of the wall Biot number 0.3-
0.8, where Torbidoni and Horlock adopted Bi,,=0.25 [14]. The inclusion of TBC
into the cooling model is straightforward. It simply requires adding on more heat
resistance to the gas coolant thermal model and the TBC external surface

equation can be derived from the heat flux balance as shown in Equation 6-39

[6].
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Bipwsee = Rgsec 22

bwSec gSec kbw (6-37)
Bi _ - tree

lTBCcSec = Ngsec % (6-38)

Teinsec + (Bi FBipyso + 958 )T
cinSec TBCSec bwSec Acsec * heSec fSec

TTBCSec(Ext) = h

. . Sec
1+ Bi + Bi 0
TBCSec bwSec (acSec % thec)

(6-39)

6.1.2.7 Blade Metal Temperatures

The gas side blade temperature is a very complex function of geometry and
flow conditions. To reduce thermal stresses it would be desirable to maintain
constant Thy over the whole blade surface; however this can not be achieved
because (i) strong chordwise variations of hg, (ii) the blade metal hot side and
coolant side temperatures and the coolant flow temperature reach their
maximum values at the exit of the cooling channel. The temperature distribution
through the blade wall states that, for every blade cross section, the metal
temperature is higher on hot side than on the coolant side. Therefore, it is
necessary to define the relationship between the distribution of the blade metal
temperature Tby and the distribution of the coolant flow temperature Te,.. The
blade metal temperatures, hot and cold sides, can be calculated using
Equations 6-40 and 6-41 [1].

. : hgs
(1 + BlTBCSec)TcinSec + (Blwaec + a g*e};‘ )TfSec
cSec cSec

Tpgsec = . . thec (6-40)
1+ Birpcsec + Bipwsec + (@osoe * Poses)
. . thec
(1 + Birgcsec + Bipwsec) Teinsec Acsec * Nesec TfSec
Tpesec = thec (6-41)

1+ Birpcsec t+ Bipwsec + (@osoe * Mosed)

The outlet coolant gas temperature derived from the energy balance equation
and Equation 6-42 is used in this paper. This coolant exit temperature will be
used as the inlet temperature to the next section and used to calculate the exit

coolant temperature of the next section. Cooling air at temperature T, is
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discharged into the mainstream through the holes in the blade surface to form a

cooling film.
thgH(Tf - TbC) = MpcCPc(Teo — Tin)

hySyH

———— (T —Tpc) + Tgi -
mbccpchec ( 4 bC) “ (6 42)

Tcosec =

Blade metal temperature can be considered as the average of metal
temperature gas side (Tbg) and the metal temperature coolant side (Tbc). Also,
the blade metal temperature can be obtained using Equation 6-43, and in order
to get Tb the blade cooling effectiveness should be calculated using Equation 6-
44 [14]. The cooling effectiveness (¢) can be determine by knowing inlet blade
gas recovery temperature (Tgy), the desired metal temperature gas side and

inlet coolant temperature.
Tb = TgrSec — Esec (TgrSec - TcinSec) (6-43)

e _ TgrSec - Tngec
Sec —
TgrSec - TcinSec

(6-44)

6.2 Creep model

The creep life of the blade at each section of interest can be obtained as a
function of the blade section stress and the blade metal section temperature
using the LMP approach (Equation 6-45) as presented in [72]. Because the
maximum metal temperature of the blade and the maximum stresses may occur
at different points on the blade span, the blade creep life will be different at each
blade section. The lowest creep life of any individual blade section will be

considered as the minimum blade life (the blade residual life).

LMP = 1073T(logt; + 20) (6-45)

The reduction of the blade creep life is presented using a creep factor which
measures the consumption of creep life relative to a specific operating condition

defined by the end user. The creep factor (Li/L) is defined as the ratio between
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the actual residual creep life calculated at the corresponding operating condition
and the reference residual life at a user defined condition.

6.3 Chapter Conclusions

The cooling of high temperature gas turbines has been the subject of intensive
work over the past few decades. There are three well known methods for the
design the first stage of a HP turbine blade; un-cooled, convection cooled and
film cooled

The determination of the rate of heat transfer from the turbine blade in a cross
flow is important in hot section gas turbine life assessment. The rate of heat
transfer is normally fixed by semi-empirical correlations expressing Nusselt
number in terms of Reynolds and Prandtl numbers. The implementation of such
correlations requires knowledge of fluid properties such as density, viscosity,
thermal conductivity and specific heat. For gases these properties are normally
available only for the dry state, thus the possible effect of the water vapour
content of the gas has been overlooked

There has not been a great deal of work done to model the effect of humidity on
the heat transfer and cooling processes of a HP turbine blade. The aim of this
model is to investigate the influence of humidity on the turbine blade heat
transfer and cooling processes which, in turn, affect blade creep life. The model
is flexible and capable of assessing the main parameters that influence the
blade cooling performance, such as cooling methods, alternative cooling fluids,
blade geometry, heat transfer coefficients, gas properties and material and
thermal barrier coating. The whole cooled blade row is regarded as a heat
exchanger subjected to a mainstream hot gas flow from the combustion
chamber.

The approach analysis is based on the relationship between the heat transfer
coefficient of the blade and the effect of humidity which in turn determine the
blade metal temperature. Thus, it will be possible to recognise the temperature
distribution of the blade metal and the coolant flow. The limitations of using

water or steam in the blade cooling process are more corrosive than air. Also,
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there is probability of condensate that can locally compromise the blade cooling
channel functionality.

The model presented here allows a very detailed analysis of blade cooling
process includes the effect of cooling configuration and alternative fluids for

convective/film cooling techniques.
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7 FINITE ELEMENT MODELLING DESCRIPTION

Abaqus is a commercially available suite of powerful simulation programs,
based on the finite element (FE) method, which has the capabilities to solve
engineering problems from relatively simple linear analysis to the most
challenging nonlinear simulation [173; 174]. Abaqus has been shown to be
useful in the investigation of structural problems, heat transfer and thermal
stresses analysis. Abaqus CAE (complete Abaqus environment) used in this
study allows for the creation of models, assignment of material properties to the
geometries, and the application of loads and boundary conditions. Furthermore,
options are provided on meshing the geometry and verifying results. Once the
model is completed, Abaqus CAE can submit and control the analysis. Lastly,
the Abaqus visualization module can be used to interpret the results. The FE
analysis completed in this work has been carried out using three stage Abaqus,
as shown in Figure 7-1. Namely; preprocessing (input file), simulation (output

file) and postprocessing (visualization).

The FE model consists of two interrelated models. The thermal model
calculates the temperature distribution in the blade, based on the heat input
from the hot gas stream. The mechanical model calculates the stresses in the
blade, caused by the externally applied load and the varying temperature
distribution. The main objectives of the current study are to determine the blade
metal temperature distribution, determine maximum stresses acting on the
blade, determine the thermal stresses due to high temperature gradients in a 3-
D HP turbine blade and changes in these parameters as a result of change of

humidity on the heat transfer.
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Figure 7-1: Abaqus three stages

7.1 Mechanical and Thermal Stress Modelling

In the gas turbine engine, stress develops on the HP turbine blade and disc due
to the turbine operating at high rotational speeds and thermal gradients, there
will also be pressure loads on the rotor blade. The HP turbine blade is subjected
to a flow of hot pressurised gases which force the blade to rotate at a desired
speed. In addition, the blade experiences centrifugal forces which impose
stress, as well as a bending stress due to the gas pressure on the blade
surfaces. Abaqus is used to conduct stress analysis based on the nodal
temperature distributions obtained from the heat transfer model, the maximum

engine rotational speed and gas pressure

7.1.1 Abaqus CATPart Module

This module allows the user to create the part to be investigated or import the
geometry from other CAD programs. The first stage of the HP turbine blade
study was to investigate the effect of WAR on the heat transfer coefficient and
blade metal temperature using a 3-D FE model. The complex 3-D blade profile
geometry was designed using CATIA V5R19 software. The CAD part file was
saved as .CATPart in order to import in to the ABAQUS 6.9-3 FE software to
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carry out the FE thermal and stress analysis. The internal blade cooling system,
fitree and shroud also were created in the CATIA model and the boundary
conditions of the coolant flow were applied in the Abaqus model. The blade
dimensions presented in Table 7-1 were obtained from the blade sizing model
in Chapter 3.

Table 7-1: HP turbine blade dimensions

Value Unit
Height 0.042 m
Chord at mean 0.027
Blade mean diameter 0.78
Stager angle 35.0 deg
Air outlet angle a2 60.3 deg

The blade solid model was created using CATIA software shown in Figure 7-2,
and the Abaqus FE model is shown in Figure 7-3. Internal ribs in the cooling
channels and cooling holes have been removed to reduce the complexity of
meshing the model. It is thought that the absence of these features would not

significantly impact on the thermal and structural analyses.
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Figure 7-2: Blade CAD model using CATIA software
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Figure 7-3: Blade finite element model using Abaqus

7.1.2 Property Module
In the property module, the author specifies the following properties of the
material(s) assigned to regions of the CAD part for the stress analysis:

e Young’s modulus,

e Poisson’s ratio,

e Density, and

e Thermal expansion coefficient.

An additional thermal conductivity is used as material property for conducting
the thermal analysis. Isotropic materials were assumed in this study and elastic
behaviour of the materials was also specified. Nimonic alloy was chosen as a
valid representative of the material used for land-based HP turbine blades. The
Young’s modulus, Poisson’s ratio and Expansion coefficient were specified as
functions of temperature ranging from 20°C to 1200°C as shown in Figure 7-4
[175].

The blade model has two parts. The main part represents the whole blade,
while the second part presents the contact surfaces of the shroud and root of
the blade. The properties and geometries of the parts were specified by creating
a solid homogeneous section for Section-1 (blade) as shown in Figure 7-5, and

a membrane for Section-2 (shroud contact surface) as shown in Figure 7-6.
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Figure 7-4: Young’s modulus, Poisson’s ratio, expansion coefficient and material
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Figure 7-5: Section and section assignment for whole blade
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7.1.3 Mesh module

The Mesh module allows the user to specify the mesh size and element type
required for the analysis. A mesh convergence study was carried in this study to
assess the right level of mesh to give acceptably accurate results for all cases,
as shown in Figure 7-7. The mesh is said to be converged when further mesh

refinement produces a negligible change in the solution.

\

|

Mesh Convergence

Von Misses stress at location

Mesh Density (level)

Figure 7-7: Point mesh convergence curve

Abaqus has an element library (e.g. solid, shell, beam, etc.,) which provides a

complete geometric modelling capability. Also, elements can be combined to
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create the model for the required analysis [173]. In this study, second order
tetrahedral (C3D10: A 10-node quadratic tetrahedron) element for the blades
was used as shown in Figure 7-8. The very flexible and useful free meshing
technique was used for automatically generating the blade mesh on highly
irregular geometrical shapes such as firtree and shroud. However, free meshing
can result in elements of quality on relatively simple faces. Thus, the mapped
meshing technique was used where appropriate to generate elements of high

quality on such faces.
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[] Imscrease size of interior elements

=) Free [

1 Use mapped bri meshing omn boursding
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Figure 7-8: Element type and mesh control

The density of the mesh was specified by defining the number of seeds along
the edges of the model as shown in Figure 7-9. In the global seed dialog box,
the element size was specified as 1.9, the deviation factor as 0.025 and
minimum size factor as 0.1. The curvature control allows for seed distribution
based on the curvature of the edge, along with the target element size.
Specifying a minimum size factor (fraction of the global seed size) prevents
Abaqus CAE from creating very fine meshes in areas of high curvature but of

little interest. A higher number of elements allows better modelling of the
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interface conditions. In region where steep gradients in stress and strain are not
expected, a small number of elements was used. The size and number of
elements used were dependent upon the solution accuracy required and the
computing time necessary for the analysis. The blade FE model consists of

93821 elements of quadratic tetrahedron, type C3D10.
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4= [X] 5at the data using the Global Sesds dislog 23

Figure 7-9: Geometry mesh density

7.1.4 Assembly module

The parts were created in a particular coordinate system, and by using the
Assembly module instances of the parts were created and positioned relative to
each other in a global coordinate system to form the assembly. The dependent
type of instance was selected in this model, thus when the user selects a mesh
for the original part, Abaqus CAE applies the same mesh to the dependent
instances. The advantage of dependent part instances are: i) change the mesh
of the original part and Abaqus changes all dependent instances, ii) consumes

fewer memory resources iii) the user needs to mesh the part only once.

7.1.5 Step module

The Step module is used to create and configure analysis steps and the

associated output of results. The step sequence captures changes in a model
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such as variation in loading and boundary condition. Two steps were created in
this study;

Initial step created by Abaqus CAE at the beginning of the analysis

e Steady state operation step, where known load and boundary conditions

were applied.

A static-general procedure was defined for the step as shown in Figure 7-10.
The step sequence provides a convenient way to capture changes in the
boundary conditions and the load applied for different cases. Since the
displacements in the model due to the applied load are relatively small during
the step, the nonlinear effect (Nlgeom-Off) was negligible.
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Figure 7-10: Specification of type of stress analysis in the step module

7.1.6 Interaction

Abaqus CAE does not recognize mechanical contact between part instances or
regions of an assembly unless that contact is specified in the interaction
module. In this blade model, the contact between the surfaces at the shroud of
the blade with the adjacent blade shroud is defined as being one of small sliding

(no friction) for steady state stress analysis as shown in Figure 7-11.
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Figure 7-11: Surface to surface contact in the tip and root surface

Contact interaction property was specified for this analysis. This was defined by
a tangential behaviour and penalty friction formulation in which the friction

coefficient between the contacting surfaces was 0.2.

7.1.7 Constraints

The two contact surfaces were tied to simulate the cyclic-symmetry boundary
condition. The master and slave surfaces were defined for the solid tip and face

tip, before a surface-to-surface discretization method was selected, see Figure

7-12.
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7.1.8 Load

In this module the load and boundary conditions applied on the blade were
specified and implemented in the desired step analysis. The stresses in the gas
turbine components were associated with; thermal expansion, rotation speed,
and aerodynamic pressure load caused by the variation in pressure between
the blade suction and pressure surfaces. The pressure loads were applied on
the hot suction side and pressure side of the blade as shown in Figure 7-13.
The pressure loads applied were distributed uniformly over both sides of the
surfaces. In addition, the rotational (centrifugal) body force was applied on the
blade in the radial direction using the angular velocity (radians/time) based on

the axis of rotation as shown in Figure 7-13.
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Figure 7-13: Pressure and centrifugal loads applied on the blade

7.1.9 Boundary conditions

A boundary condition should be specified in the step in which it is active, and
applied to the desired region of the assembly. The analysis step, which
activates the boundary condition and mechanical displacement/rotation

specified, is selected in the create boundary condition dialog box.
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The selection is dependent upon the type of analysis procedures to be
performed. A coordinate system was created on the firtree of the blade so as to
apply the boundary conditions appropriately. The contact faces of the firtree are
restrained normal to the face. Two nodes on firtree on the leading edge side are
restrained in the axial direction. Two nodes on firtree on the pressure side are
restrained in the circumferential direction. The boundary conditions applied are
shown in the Figures 7-14, 7-15 and 7-16.

An initial temperature of 20°C was applied to the model to enable the analysis
to obtain easier convergence and give better results. Starting the analysis from
0°C is usually not recommended for high temperature analysis [173; 176]. The
detailed steps of defining temperature fields are presented in Abaqus user’s
manual Section 16.
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Figure 7-15: Firtree constrained — axial direction
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Figure 7-16: Firtree — restrained to circumferential direction

7.2 Thermal Modelling

The temperature distribution and thermal gradients across the blade geometry
have significant effect on the overall stress in the HP turbine blade. Therefore, a
detailed thermal analysis, together with the appropriate boundary conditions is
necessary to calculate the blade metal temperature. A turbine entry temperature
profile is used to specify the hot gas temperature at each section of the blade
height. At these sections, the heat transfer coefficients were calculated based
on the performance and aerodynamic data available using the methodology
described in Chapter 6.

The results from the analytical heat transfer model (described in Chapter 6)
were applied to the three-dimensional blade FE model as thermal boundary
conditions. It was necessary to split the blade into a number of sections at
various heights, where the corresponding hot gas temperature and heat transfer
coefficients were used as boundary conditions as shown in Figure 7-17. A
similar methodology was adopted for modelling the blade internal cooling
channels, using the HP compressor exit temperature together with the
calculated heat transfer coefficients. It is noteworthy that a heat pick-up rate
was used as the cooling flow travels along the internal channels, as depicted in
Figure 7-18. This model provides a simple and less computationally expensive

process that offsets the loss in accuracy, when compared to a CFD analysis.
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Figure 7-18: FE Coolant air temperature and coolant heat transfer coefficient

7.3 Chapter Conclusions

A detailed description of the procedures adopted to carry out the FE analysis of
the 3-D HP turbine blade has been presented in sequence using Abaqus
software as a simulation program. The blade geometry was imported into
Abaqus where the pre-processor tool was used to generate a FE model which

consists of the thermal and mechanical sub-models.

Careful consideration was taken when setting the thermal boundary conditions
as these have a major effect in determining the blade overall stresses. The
radial temperature profile describing the turbine entry temperature at each blade
height section together with an analytically calculated heat transfer coefficient
was used as external thermal boundary conditions. In addition a representation

of the internal cooling flow with the effect of heat pick-up was described.
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Engineering judgement was also necessary when setting up the locations for
restraining the blade in the axial and circumferential directions together with
several surface-to-surface contacts at the root and tip of the blade.
Furthermore, a mesh dependency investigation was carried out in order to
select a suitable mesh size to produce acceptable results for all cases
considered.

The applied pressure loads were set uniformly on the pressure and suction
surfaces of the blade. It is recommended to run a three-dimensional CFD
simulation to achieve representative 3-D flow behaviour of the aerodynamic
parameters such as temperature, pressure and heat transfer coefficient

distributions around the blade.
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8 FINITE ELEMENT RESULTS

It is the lengths of exposure times and variations in the stresses and
temperatures experienced that are the major factors in shortening the lives of
the hot section components of stationary gas turbine. It is necessary to
calculate the maximum stress and metal temperature at each point over the
blade for use in the creep life calculation. However, there will be thermal
stresses in the blade as result of the temperature gradient between the hot side
and cooled side which need to be considered in the creep life assessment. 3-D
analysis is usually focused on a critical location or critical feature rather than the
whole blade. The FE model was used to run a linear static analysis to solve
different loading cases; mechanical loads (rotation and gas pressure load),
thermal load (heat transfer) and combination of thermal and mechanical load

(thermal stress).

This model is used for general lifetime assessment of the blade except shroud
and firtree. Due to simplified modelling of the blade — to — blade contact and
relatively coarse mesh in the firtree notches, the stress field around the firtree
grooves and contact faces was not accurate enough and a special model was

needed for shroud/firtree assessment

8.1 Mechanical stresses

The inner and outer regions of the blade, known as the firtree and the shroud
(these regions have limited cooling), create the inner and outer annuli of the gas
path and require creep life assessment. In this case the area of interest is only
the blade airfoil surface where the stresses are considered jointly with the blade
metal temperature to calculate the blade creep life. The stress field around the
firtree grooves and contact faces is not accurate enough and thus a special
model is needed to assess the life in this area.
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The mechanical stresses on the blade were calculated at one operating point
for different relative rotational speeds (PCN=1-0.94) to identify the maximum
stresses over the first stage HP turbine blade. However, the changes of the
PCN result from change in the WAR which in turn changes the compressor inlet
mass flow. Abaqus software was used and the blade FE model consists of
93821 modified quadratic tetrahedron elements, type C3D10. The model was
first used to calculate the mechanical stresses, using the Turbomatch and
analytical results as input data. The loads and boundary conditions used in
these analyses are described in the previous chapter. Both the gas loads and
centrifugal loads due to the rotational speed of the blade (by defining the

angular velocity) were considered in this study.

Figures 8-1 (a, b, c and d) show the equivalent Von Mises stress distribution of
first stage HP turbine blade at different operating points (PCN=1, 0.98, 0.94 and
0.92). Figure 8-1 (a) shows the stress distribution along the blade as result of
centrifugal force due to blade rotation at PCN=1 (typical of maximum operating
condition) with maximum stress at the blade root. However, comparatively large
equivalent stress was also observed at the blade root, around the cooling
channel and near the curvature of the blade root and shroud. The blade turbine
was subjected to tensile stresses due to centrifugal forces (high at the blade
root) as well as bending stresses (at middle of the blade) due to the gas

pressure.

Centrifugal stresses show the major contribution close to the blade root. Gas
bending stresses become more relevant close to the blade tip and near the
blade cooling channel. The stresses at that locations were reduced as the
engine operating point changed and the PCN reduced as shown in Figures 8-1
(b, c and d). Table 8-1 shows the von Mises stresses at different critical location
(I=LE fillet, II=mid 40% span and IlI= tip 80% span) on the blade airfoil for
different PCN. These are critical locations (nodes 7837, 8899 and 9682) due to
the design for blade cooling such as root curvature, coolant channel(s) and
blade wall thickness. In all cases the mechanical stress was decreased as the

engine rotational speed reduced, due to reduction in the centrifugal force and
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gas load at each blade section. Turbine blade creep damage usually occurs
close to the blade midspan, thus, thermal stress and gas bending stress should

be considered.
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Figure 8-1: Von Mises stress at PCN=1 (a), 0.98 (b), PCN=0.94 (c) and PCN=0.92
(d)
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Table 8-1: Lifing limiting factor-mechanical stresses

Life-limiting Locations (nodes)

I I I
(7837) (8899) (9682)
PCN MPa MPa MPa
1 698 793 784
0.98 694 787 779
0.94 650 770 760
0.92 646 764 755

8.2 Heat transfer analysis

The thermal model is similar to the structural model but has a single degree of
freedom at each node, the temperature. In order to perform the heat transfer
analysis of HP turbine blade, it was necessary to evaluate the gas path
temperature (TET profile “RTDF=0.8" Figure 6-5) and heat transfer coefficient
along the blade airfoil. Therefore, an analytical model was developed using
detailed airfoil geometry data, operating parameters and engine performance
data obtained from Turbomatch performance software. The results of the
analytical model (T4 hg-Tcin and hc) were used as inputs to the FE heat transfer
model. The heat transfer coefficient was calculated at various bulk temperatures
and as function of change in the gas properties for input into a FE analysis as a
variable. Thus, the internal and external heat rates (convection) will vary based
on the temperature of the surface of the blade airfoil coolant side and hot side
as well as the heat pickup (coolant Cp values) and the flow rate of the cooling
air as it passes through the cooling channel.

The first stage of HP turbine blade 3-D temperature distribution is calculated
due to the combined effects of the relative external gas temperatures, the RTDF
profile, film cooling temperature, TBC and the internal cooling process. First
stage HP turbine blade 3-D model of the whole blade is shown in Figure 8-2.
This model could thermally expand without constraint and some nodes were

constrained to prevent rigid body displacement.
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Figure 8-2: HP turbine blade 3-D finite element model

It is considered that the gas stream and cooling air temperature and heat
transfer coefficient could change as the operating conditions of the gas turbine
change in certain ranges and even in steady state operation. In this study, the
cooling air temperature and heat transfer coefficient are considered to change
at one operating point by change in the WAR in the compressor inlet. Cooling
air extracted from the compressor in the gas turbine engine was design to be
7.5% of compressed air in the high pressure turbine and to be supplied to two
stages of blades. The flux of cooling air of the first stage of HP turbine was 75%
of the extracted air coolant (7.5%) from the compressor. The temperature of the
cooling air increased while the air passed through the cooling hole from the
bottom to the top.

The steady state temperature distributions along the blade span (pressure side)
at different WAR are shown in Figures 8-3 to 8-6 for TET = 1480K. As the WAR
increased the blade metal temperature reduced. The figures show that
maximum metal temperatures of 980K, 973K, 967K and 964K respectively for
WAR = 0.0, 0.04, 0.08 and 0.1. It is evident that the blade LE and mid-airfoil
section (60-75% blade span) is the hottest location on the blade surface and
that is where the turbine blade creep damage usually occurs. Thermal stress

need to be considered in order to calculate the right blade creep life.
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Figure 8-5: TET 1480K and WAR=0.08 Figure 8-6: TET 1480K and WAR=0.1

From the above results it is seen that the temperature difference between
leading edge (LE) and trailing edge (TE) at the blade mean on the pressure side
of the blade profile, changes from 964K to 824K to 935K to 805K for WAR = 0.0
and 0.1 respectively. The variation of the blade metal temperature is almost
linear from the LE to the TE of the blade. Figure 8-7 shows the blade metal
temperature distribution along the chord wise at different blade sections (Root-
Mean-Tip), for WAR=0.0 and 1.0. Considerable there is no change in the gas
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temperature trend (temperature slope) for the dry and humid air, however, the
temperature was dropped when the air is humid (WAR=0.1).

Figure 8-8 contrasts the temperatures of the blade coolant side and hot side
along the blade span for WAR=0.0 (dry) and WAR=0.1. It is clear that the
temperature increases from root to tip (reaching a maximum near the blade tip).
The temperature distribution across any chordwise section occurs because it is
relatively difficult to cool the LE and TE as effectively as the mid-chord area of
the blade. As the WAR increased the blade metal temperature was reduced at
each blade section, because of the increase in the Cp; which in turn increased
the heat transfer coefficient of the coolant air. As the Cp of the coolant air
increased more heat was required to increase the coolant air temperature by
1K. The metal temperature of the coolant side (channel) for WAR=0.0 (dry) and
WAR=0.1 at the blade root were 795K and 784K respectively. Whereas, at the
hot side for the same WAR values it was 858K (dry) and 850K (WAR=0.1). At
the blade tip, the blade metal temperature for the coolant side at WAR=0.0 was
945K, and at WAR=0.1 was 920K, and for the hot side were 982K and 964K
respectively.
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Figure 8-7: Blade metal distribution across the chord wise of the blade at root,
mean and tip for different WAR=0.0 (dry) and 0.1
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Figure 8-8: Blade metal distribution on the coolant and hot side of the blade
airfoil for WAR=0.0 (dry) and 0.1

The internal heat transfer coefficient depends strongly on the internal surface,
coolant fluid (gas properties) and internal coolant design (coolant configuration).
In order to investigate the effect of advanced cooling schemes and coolant heat
transfer coefficient (h¢) on the blade metal temperature, three different values of
he (1000, 2000 and 3000 W/m?K) were applied on the internal cooling channel
with one air coolant temperature, T.,=762 for operating point main stream gas
temperature, T4=1510K as presented in Figure 8-9. On a cross-sectional view
one can see the internal cooling channel and wall thicknesses. The maximum
blade metal temperature on the LE dropped from 1014K for h=1000 W/m?K to
988K for h=3000 W/m?K. Also, the contour plots are on different scales which
represent the details of the temperature distribution for different coolant schema
and h.. In all cases the peak temperature are found on the surface of the
pressure and section side near to the blade LE, and temperature distribution

through the wall thickness is seen on the cross-section view.

Design modification to the HP turbine blade to meet the life could include a
reduction in the gas temperature (T4) or increase the internal cooling. The
change in the internal cooling can be effected by changing the cooling
schemes, including TBC, film cooling, using turbulent air, etc. This study shows
that using humid air improves the cooling process by increases the Cp; and h.

which in turn reduce the blade metal temperature and improve the blade creep
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life. Knowing the metal temperature and stress at any point on the 3-D blade
model, the creep life can be predicted, and the locations of the minimum creep
life identified, which in this case is near the blade LE and near the blade coolant

channel as well as some areas close to the blade TE and root fillet.
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Figure 8-9: Cross-sectional blade metal temperature K distribution for different
coolants (h.=1000, 2000 and 3000 W/m?K)

8.3 Thermal stress analysis

The FE model calculates the thermal-mechanical stresses using the nodal
temperature distributions and the maximum engine rotational speed as
boundary conditions. The von Mises stresses combined thermal stresses
(resulting from the temperature gradient) and structural loading (centrifugal
stress and pressure load) for change in the WAR from 0.0 to 0.1 as shown in
Figures 8-10 to 8-13. These stresses reach quite high levels at the coolant
regions of the blade. The results of the thermal model (temperature distribution
as shown in Figures 8-3 to 8-6) were used as inputs in the thermal-stress
model. This shows that significant variations in temperature occur as result of
change in the WAR which led to high thermal-stress near the coolant area.
Tensile stress occurred around the cooling channel (cooling holes) and
compressive stress occurred on the blade surface. This is because the smaller
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thermal expansion around the cooling channel suppressed the larger thermal
expansion near the blade surface. The minimum thermal stress at locations
near the coolant channel for WAR=0.0, 0.04, 0.08 and 0.1 were 548, 538, 530
and 528 MPa respectively. However, the maximum thermal stress at the same

area for the same WAR values were 905 to 873 MPa as shown in Figures 8-10

to 8-13.
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Figure 8-10: Thermal stress (Von Mises)

Figure 8-12: Thermal stress (Von Mises)

for WAR=0.08

Figure 8-11: Thermal stress (Von Mises)
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Figure 8-13: Thermal stress (Von Mises)
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The modulus and thermal expansion coefficient are approximately 150 GPa and
16.200E-06 1/K respectively, thus a temperature gradient of 973K at one
location results in a stress gradient of 675 MPa which is in agreement with the

contour plots at location IV (580 to 670 MPa) as shown in Figure 8-13.

The increase in the coefficient of thermal expansion with temperature means
the effects of temperature gradients at high temperatures become more
pronounced. The primary loading experienced by the blade section is the
centrifugal force based on the rotating mass of the blade, in addition is the

thermal loading and the stress caused by the temperature gradient.

The linear FE predicted that none of the blade airfoil regions had undergone
any plastic deformation under the loading conditions investigated. Also, the
stress distribution was generally quite uniform along the airfoil although, as
expected, higher stresses were prevalent in some critical area such as blade

root, curvature and near the blade cooling channel.

In the blade situation, the root and tip of the blade will see lower temperatures
based on the main stream gas temperature profile. From the results, the
stresses in the hotter LE and TE are reduced, resulting in a lower creep life
consumption, while the stress in the mid span result in a higher creep rate. It
should be noted that the elastic stress throughout the blade resulting from the
centrifugal stress varies with the temperature dependence of the modulus of
elasticity of the material. It thus appears that fatigue damage is more dominant
on the blade LE, and creep damage is most severe on the mid-span of the

blade on the pressure side

The blade thermal stress (Von Mises stress) variation at three particular
locations, nodes 7682 (root), 9169 (mean) and 9758 (tip) along the blade LE is
presented in Figure 8-14. As the WAR increased and the blade metal
temperature dropped, it is clear from the results that the thermal stress was
reduced at the three nodes along the blade span. The thermal stress at the root
(node 7682) for WAR=0.0 was 624 MPa and this dropped to 555 MPa for
WAR=0.1. For the blade mid-span (node 9169) the thermal stress was 460MPa
at WAR=0.0 and this dropped to 406 MPa at WAR=0.1. The thermal stress at
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the blade tip (node 9758) was reduced from 330MPa (dry) to 303MPa
(WAR=0.1) as shown in Figure 8-14. Since the engine rotational speed was
fixed in this case (PCN=0.97), the thermal stresses produce at the three nodes
were as a result of the temperature gradient and not as function of combination

of the pressure force and centrifugal stress.
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Figure 8-14: Thermal-stress at the blade LE, nodes 7682 (Root), 9169 (Mean) and
9758 (Tip) for different WAR

The thermal stresses along the blade chord on the pressure side (25% blade
span) for different WAR are shown in Figure 8-15. The results show that the
highest thermal stress occurred at a distance of 10% through the blade chord
where the first coolant channel is located. The thermal stress was high in that
area because of the difference between the coolant air and gas temperatures is
quite high compared to other locations. However, the thermal stress was
reduced as the WAR increased from WAR=0.0 (dry air) to WAR=1.0 as shown
in Figure 8-16. The thermal stresses at the blade LE and TE were low and
similar since there is no coolant in that area, and the effect of WAR and

temperature gradient very small as shown in Figures 8-3 to 8-6.
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Figure 8-15: Thermal stress on the blade chord (25% blade span) at different
WAR
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Figure 8-16: Thermal stress FE model on the blade chord (25% blade span) at
WAR=0.0 and 0.1

To investigate the potential effect of advance cooling schemes on the thermal
stress distribution along the blade span, T, was kept constant and h¢ increased
from 1000 to 3000 W/m?K as shown in Figure 8-17. The PCN and pressure load
were fixed and the thermal stress produced was as a function of temperature
gradient at the blade cross-sectional area. The cross-sectional view shows the

thermal stress around the blade coolant channel and through the blade
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thickness. It is clear from these results and the blade metal temperature
distribution shown in Figure 8-9, the thermal stress was higher around the
surface of the blade and coolant channel near the blade LE. The highest
thermal stress around the LE coolant channel dropped from 701 MPa at
he=1000 W/m’K to 697 MPa at h,=3000 W/m?K. This decrease in the thermal
stress combined with the reduction in the blade metal temperature will have

significant effect on the blade creep life of the hot section component.

The whole stress level increased when the flux of the cooling air increased
because of increase of temperature gradient. The thermal stress will decrease
when the average temperature (AT) between the T4 and Ti, is small (see Figure
8-8) which lead to a decrease of the temperature gradient. The stress at the
root was higher because the temperature of the coolant air increased as it ran
through the cooling channels, consequently the temperature gradient in the

section near the root was larger and decreased along the cooling channel.
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Figure 8-17: Cross-sectional blade thermal-stress distribution (50% blade span)
for different coolant schemes (h,=1000, 2000 and 3000 W/m?K)
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8.4 Model validation

An important point of discussion for this study is the accuracy of the calculated
results, which obviously depend on the accuracy of the separate tools and
integrated model. The model result should have been validated against
experimental data; however, experimental data was not available and the only
way to validate the model was to compare the result of the analytical model

developed in this work with data available in the open literature.

Since the stress calculated using the analytical model does not include the
thermal stress, only the mechanical stresses along the blade span using the
devolved analytical mode (A) and 3-D parametric FE model (B) are compared
and the results presented in Figure 8-18. The mechanical stress (von Mises) of
the 3-D FE model at the blade LE along the blade span is compared with stress

obtained using the analytical stress model.
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Figure 8-18: Variation of the mechanical stress along the blade span using

analytical model (A) and finite element model (B)

From the figure above, it is clear that the mechanical stresses of analytical
model A were lower compared to FE model B along the entire blade span
except at the mid-point where the blade stress value predicted by model B is
marginally less than that predicted by analytical model A. The objective of
analytical stress model is to understand the effect of the operating conditions
and the working environment on the stress distribution of the HP turbine blade.

The 3-D FE model analyses were to identify the most critical location on the
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blade with changes in the cooling system parameters, in order to focus in creep
damage evaluation of the blade. The mechanical stresses predicted by both

models were obtained using the same materials and rotational speeds.

The accuracy of the blade metal temperature calculated with the FE model is
mainly determined by the accuracy of the heat transfer coefficient calculated in
the heat transfer model and main stream gas temperature obtained from the
Turbomatch software. One operating point with a given value of WAR was used
to compare the results of the analytical model and FE model blade metal

temperature distribution along the span.

The FE blade model temperature distribution trend along the blade span and
comparable result obtained from the analytical model are shown in Figure 8-19.
However, the temperature differences between the two models’ predictions will
be due to boundary condition assumptions (e.g. cooling configuration, boundary
conditions, etc.), in the in the 1-D analytical model (A) and 3-D FE model (B).
The accuracy of the FE calculations will largely depend on the accuracy of
geometry and size of mesh used, however these can be improved rather easily
and therefore are not considered to be serious limitations. Furthermore, in 1-D
you would have to describe a cooling effectiveness whereas in 3-D, the
temperature distribution is calculated from the heat balance between the hot

cooling blade surfaces.
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Figure 8-19: Variation of metal temperature distribution along the blade span

using analytical model (A) and finite element model (B)
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8.5 Chapter Conclusions

The blade metal temperature and stress is influenced by most of the factors that
drive the life of hot section components of stationary gas turbine engines. It is
necessary to calculate the maximum metal temperature and stress at each
point over the blade in order to calculate the creep life of HP turbine blade. The
FE model was used to run a linear static analysis to solve different loading
cases; mechanical loads (rotation and gas pressure), thermal load (heat
transfer) and combinations of thermal and mechanical load (thermal stress).
The result of integrating FE software with other tool and models for life
prediction of gas turbine components has been presented. It has been
demonstrated that the mechanical and thermal loads of the HP turbine blade
can be calculated from the operational data and the creep life prediction can be
performed. The accuracy of the integrated tool is obviously dependent on the
accuracy of the individual models, and the accuracy of the blade metal
temperature distribution with the FE model is mainly determined by the

accuracy of the heat transfer coefficient value (hc).

The mechanical stresses on the blade were calculated at one operating point
for different rotational speeds (PCN=1-0.94) to identify the maximum stresses
over the blade. The result reveals that the greatest stresses in the blade come
from the rotational load, due to the relatively high operating speed of the
turbine. Bending load due to the gas pressure is significantly lower than that
produced by rotation. The stress distribution along the blade as result of these
loads were a maximum at the blade root. Centrifugal stresses make a major
contribution close to the blade root and near the root curvature, while gas
bending stresses become more important close to the blade tip and near the

blade cooling channel.

Gas stream and cooling air temperatures, and heat transfer coefficient could
change as the operating conditions of the gas turbine change, even under
steady state operation. In this study, the cooling air temperature and heat
transfer coefficient were considered to change the operating point due to

change the WAR at the compressor inlet. The steady state temperature
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distributions along the blade span at different WAR were obtained using the 3-D
FE model. The results show that as the WAR increased the blade metal
temperature decreased. The blade LE mid-airfoil section is the hottest location
in the blade surface, and where the turbine blade creep damage usually occurs
so the thermal stress needs to be considered in order to calculate the correct
blade creep life. The effect of advanced coolant design was investigated as
change in hc. In this study the use of humid air shows an improvement in the
cooling process by increases the Cp and h. which in turn reduce the blade

metal temperature and thus improve the blade creep life.

The FE model calculates the thermal-mechanical stresses using the nodal
temperature distributions and the maximum engine rotational speed as
boundary conditions. The von Mises stress under combined thermal and
structural loading reduced as the WAR increased from 0.0 to 1.0. These
stresses reach quite high levels at the coolant regions of the blade (blade
contact with the coolant). The thermal stress linear FE analysis revealed that
none of the blade airfoil regions had undergone any plastic deformation under

the influence of the loading conditions examined.

The results have been presented in the form of contour maps and temperature
profiles to identify the effects of dry and humid air coolant on critical areas of the
HP turbine blade in a stationary gas turbine engine. The thermal stress analysis
combined with the mechanical stress analysis will yield more valuable
information about the actual magnitudes of overall stresses encountered by the
turbine blade. Therefore, an attempt has been made in the present work to use
FE Abaqus software to obtain the temperature distribution, mechanical stresses
and thermal stress at several cross-sectional areas of the stationary gas turbine
blade. By knowing these life driving factors, the creep life can be predicted and

operation cost reduced.
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9 CASE STUDIES

9.1 Analytical results: effect of operating conditions and
design parameters on the blade creep life

This chapter presents the effects of engine operating conditions and engine

component design parameters on the HP turbine blade creep life of stationary

gas turbine. The study was carried using Nimonic alloy material at different

radial temperature distribution functions (RTDF), turbine entry temperatures

(TET) and cooling effectiveness (g). The coolant air considered here is dry air

extracted from the compressor to cool the first stage HP turbine blade.

9.1.1 The effect of RTDF on creep life

In this section, the effect of RTDF on creep life is investigated by changing its
values from 10% to 15% and to 20%. During this investigation, TET, relative
rotational speed (PCN), and &€ were maintained at 1550K, 0.98 and 0.6
respectively.

The temperature, stress and creep life distribution along the span of the blade
at different RTDF values are shown in Figure 9-1 to Figure 9-4. From Figure 9-
1, it can be seen that as the value of RTDF is increased from 0.10 to 0.20, the
maximum metal temperature increases from 1141K to 1177K at a point 75%
along the span of the blade. However, lower RTDF values result in high metal

temperature at the root and at the tip of the blade.

Figure 9-2 shows the stress distribution along the span of the blade. Since the
stress distribution depends on the PCN alone, changing the values of the RTDF

did not change maximum stress.
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Figure 9-1: Turbine Blade Inlet Temperature Profile along the span of the blade at
different values of RTDF
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Figure 9-2: Maximum Stress Distribution along the span of the blade at different
values of RDTF

Figures 9-3 and 9-4 show creep life variation for RTDF = 0.10, 0.15 and 0.20.
The values of creep life in both figures are presented as relative values,
expressed as creep factor (Li/Lw) of the creep life at the root. From Figure 9-3, it
can be seen that the lowest relative creep life was located at 25% of the span of
the blade with a value of 0.97 L¢/L. This means that at this location, the blade’s
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creep life was 3% less than the life at the blade root. The relative creep life
increased from a minimum value of 0.97 Li/Lw at 25% to 2.17 Li/L at the tip. In
contrast in Figure 9-4 the lowest relative blade creep life for RTDF 0.15 and
0.20 were located at 75% of the span of the blade with relative values of 0.35
Li/Lr and 0.09 L{Lw respectively. Although the temperature at the root for
different RTDF was slightly different, the creep life at the root is the same since

at that section of the blade the creep is mainly due to the centrifugal force.

Comparing Figure 9-1, Figure 9-3 and Figure 9-4, it can be seen that for RTDF
of 0.10 has a higher metal temperature at the blade root than for RTDF of 0.15
or 0.20. Since the stress and temperature were higher at the blade root as
shown in Figure 9-1 and Figure 9-2, the combined effects of the two factors is
considered to be the main driving factor producing the lowest life at or near the
blade root. In contrast, although the maximum stress for RTDF 0.15 and 0.2 is
similar to RTDF 0.10, which is about 124.7MPa at the root, the location of the
lowest relative creep life is different from RTDF 0.10. This is because for both
RTDFs 0.15 and 0.2, the effect of higher metal temperature at 75% the span of
the blade was greater than the effect of maximum stress at the blade root, thus

changing the location of lowest relative creep life.
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Figure 9-3: Turbine blade creep life along the span of the blade at RTDF=0.10
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Figure 9-4: Turbine blade creep life along the span of the blade at RTDF=0.15 and
0.20

It is clear from the results that changing the value of the RTDF led to a change
in the location of maximum and minimum temperatures along the span of the
blade. At the lower RTDF the temperatures at the tip and root are higher than
for the higher RTDF. On the other hand the maximum metal temperature which
occurred about three-quarters along the span increased with increase in RTDF.
It is concluded that more consideration should be given to the selection of the

combustor RTDF to better control creep life.

9.1.2 The effect of cooling effectiveness on creep life

Blade temperature will be a function of combustor outlet temperature, blade
geometry, and cooling effectiveness. The reduction of ¢ could be the result of
any combination of the following factors; increase in air cooling temperature,

increase in TET or/and degradation in the cooling system [177].

In this investigation, the effect of cooling effectiveness on blade creep life is
evaluated. The off-design point selected for consideration was RTDF = 0.15,
TET = 1550K and € = 0.6. In the analysis, € was decreased from 0% (¢ =0.6) to
10% (e = 0.54) in increments of 2% to assess any variation of the blade’s creep
life from the root to the tip. However to maintain clarity in Figures, ¢ of only 0%,

6% and 10% reduction are shown here.
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Figure 9-5 shows the temperature, stress and creep life distribution along the
span of the blade for different values of €. Reducing € by 6% increases the
maximum metal temperature three quarters the way along the span from about
1116K to 1148K. Reduction of ¢ by 10% increased the maximum metal

temperature to 1170K as shown in Figure 9-5.
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Figure 9-5: Turbine blade inlet temperature profile along the span of the blade at
different reductions in cooling effectiveness

From Figure 9-6 we see that the maximum stress at 75% of the blade span is

35 MPa for all three values of € degradations.
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Figure 9-6: Maximum stress distribution along the span of the blade at different
reductions in cooling effectiveness

Figure 9-7 shows that for all three values of € degradations, the shortest creep
life is located at 75% of the span of the blade. For €= 0.6, the blade creep life at
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this point is about half that at the root. Reducing € by 10% decreased the blade
creep life at the same location to about one-third that at the root. It is clear that
reducing € increases the maximum blade temperature at 75% of the span of the
blade and that, combined with the maximum stress at that region, reduces the
blade creep life at that location more than at either the blade root or mean
length.

Note that the creep life in Figure 9-7 is given relative to the life at the root of the
respective material. However, this does not provide information regarding how it
deviates from the chosen reference point. Table 9-1 lists the ratio between the
creep life at the blade root of the respective material with the life of the blade
root at the reference point. As an example the value of 0.023 means the life at
blade root is 2.3% of the life of the reference point’s blade root. For this study
the reference point chosen is at TET=1500K, ¢=0.6and RTDF=0.15.

Table 9-1: Creep life ratio at different values of ¢

Creep life (Li/Lw)
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Figure 9-7: Turbine blade creep life along the span of the blade at different
reductions in cooling effectiveness

Comparing the impact of € it is clear that the location and the duration of creep
life will be different mainly due to different stresses and temperatures.
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9.1.3 The effect of TET on creep life

The effect of TET on blade creep life is studied by changing the TET from
1400K to 1600K in increments of 50K. Here, only TET =1400K, 1500K and
1600K are presented to demonstrate the blade’s creep life along the span of the
blade. The reference off-design point selected in this investigation were RTDF =
0.15and € = 0.6.

Figure 9-8 shows the temperature distribution along the span of the blade with
different TETs. It can be seen that by increasing the TET the maximum blade
temperature three-quarters the way along the span increased from 1015K at
TET 1400K to 1145K at TET 1600K. However, the minimum temperatures,
which occurred at the blade root are 944K at TET 1400K, and 1062K at TET
1600K.
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Figure 9-8: Inlet temperature profile along the span of the turbine blade at
different TETs

Figure 9-9 shows how the maximum stresses along the span of the blade varied
as the TET changed. From the figure, the maximum stress at the root increased
with temperature, from 96.3MPA at TET 1400K to 128.7MPA at TET 1600K.
Three-quarters along the length of the span of the blade the corresponding
stresses were 27.2MPa and 36.3MPa. This increase in stress is due to the

increase in TET which in turn resulted in increased rotational speed.
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Figure 9-10 shows the blade creep life distribution along the span of the blade.
The minimum life is found to be three-quarters along the blade. At TET=1400K
the creep life at that location is only 0.20 Lf/Lir (20%) of the creep life at the
blade root. At TET = 1600K the creep life decreased to 0.52 Lf/lLir (52%)
relative to the blade life at the root. Comparing the relative effects of
temperature and maximum stress distribution within the blade it is clear that

temperature has the greater effect.
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Figure 9-9: Maximum stress distribution along the span of the blade at different
TETs

Similar to the results in Section 5.2, Table 9-2 lists the ratio between the creep
life at the blade root and the creep life of the reference point at the same blade
location for different TET.
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Figure 9-10: Creep life along the span of the turbine blade at different TETs

162



An Evaluation of Operation and Creep Life of Stationary Gas Turbine Engine

Table 9-2: Creep life ratio at different TET

Creep life (Lf/Lw)

1600 0.041
TET(K) 1500 1.787
1400 130

Increasing the TET decreases blade creep life along the span of the blade.
However, the location of the minimum life creep will depend on the maximum
blade metal temperature, maximum stress and creep behaviour of the material.
Small change in the stress value along the span of the blade will move the
location of the blade creep life from three-quarters of the blade length to half.
The results show that different design parameter combined with a change in
operating conditions can significantly affect the creep life of the HPT blade and
the location along the span of the blade where the failure could occur.

9.1.4 Effect of compressor degradation on creep life

Compressor fouling is recognized as the most common cause of engine
performance deterioration [140]. It manifests as a build up of dirt on the
compressor blades, thereby constricting the air flow passage thus reducing
mass flow capacity. There is also a reduction in efficiency due to the change in
blade aerodynamic profile and increased surface roughness. The reduction in
mass flow also leads to lower compressor pressure ratio due to the change in
the compressor operating point on its characteristic. The result is a decrease in
shaft power and increase in SFC. Operationally, to recover the loss in power,
the fuel flow could be increased leading to higher TET and decrease in creep
life. In this study, three degradation cases are used to examine the effect of
different levels of compressor fouling on creep life [73]. These are: severe
fouling, representing the scale of compressor fouling in highly polluted
environments; moderate fouling and light fouling as a result of normal usage.
Table 9-3 details the percentage drop in mass flow capacity and efficiency for
the cases examined. These values are consistent with typical values for
compressor fouling [140]. For ease of reference, 3%, 2% and 1% are used to

represent severe, moderate fouling and light fouling, respectively.
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Table 9-3: Mass flow capacity and efficiency for different levels of fouling

Change in

Compressor Mass flow Isentropic Designation
capacity efficiency

fouling (%) (%)
Severe -6 -3 3%
Moderate -4 -2 2%
Light -3 -1 1%

In Figure 9-11 to Figure 9-13 the effect of the different levels of fouling are
compared to the baseline conditions. Figure 9-11 shows that compressor
fouling has no affect on the location along the blade span of the maximum and
minimum creep life. Moreover the shape of the combustor outlet temperature
distribution, shown in Figure 9-12 is unchanged. Figure 9-13 also shows that
the trend in blade metal temperature remains the same. Hence, the only effect
of increasing TET to regain performance due to compressor degradation is the
severity in creep life reduction. Figure 9-11 shows clearly the reduction of creep
life from a factor of 0.76 to a factor of 0.28 as the severity of fouling increases
from 1% to 3% at the blade mean. Performance recovery can be achieved by
either regular washing of fouled compressors or by increasing TET (thereby
reducing creep life). Economic studies have suggested that compressor

washing is the more favoured solution to performance recovery.

100 P
75
X
c
g 50 —
—— 1%
25 —H—2%
3%
0
0 0.5 1 1.5 2 2.5

Blade creep life (L;/Lg)

Figure 9-11: Blade creep life for compressor degradation at T,,,,=288.15K
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Figure 9-12: Combustor outlet temperature distribution for compressor

degradation at T,,,, = 288
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Figure 9-13: Blade metal temperature for compressor degradation at
Tamp=288.15K

9.2 The effect of WAR on the HP turbine blade creep life

For a given off-design point, the WAR varied as dry (0.0), 0.038, 0.051 and 0.07
to evaluate the effect of WAR on the heat transfer. The effect of WAR on the
heat transfer coefficient and cooling process along the blade span is presented.

The life at each section of the blade span for different operating points was
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relative to the life of the selected reference operating point at the blade root.
Also, different operating points were also evaluated at different WAR and Tamp
to identify the effect of WAR on the creep life at the blade mean. The WAR at

each operating point was quantified by the T,mp and relative humidity.

9.2.1 Heat transfer and creep life distribution along the blade span

In this section the effect of WAR on the turbine blade heat transfer coefficient
and creep life are discussed. The reference point selected for this study is
presented in Table 9-4. The off-design point was T,mp=318.15K, TET=1480K,
Tein=757.5K, PCN=0.96, RTDF=0.08 and the WAR was varied from WAR= dry
to WAR=0.10. The results presented in this paper are for WAR=dry, 0.06, 0.08
and 0.10.

Table 9-4: Reference point input data

Parameter value
PCN 0.98
Tamb 288.15K
Ty 1465 K
Tein 750.0 K
m 80.9 kg/s
mg 74.5 kg/s
RTDF 0.08

Nad 0.3
WAR Dry (0.0)

Figure 9-14 shows the inlet coolant air temperature at each section of the blade
span. The outlet coolant of the previous section is used as inlet to the next
section. It can be seen that on increasing WAR from dry to 0.10. The blade inlet
coolant temperature reduced from 760K to 757K in the blade root and from
825K to 811K in the mean. However, for the same WAR the inlet air coolant
temperature increased from the root to the tip as a result of receiving heat from
the blade metal by forced convection. In the case of WAR= 0.06 the inlet air
coolant temperature at the root was 761K which increased to 866K near the
blade tip. The difference between the temperature at the blade tip and blade

root decreased as the WAR increased.
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Figure 9-14: Blade inlet cooling temperature along blade span at WAR = dry (0.0),
0.06, 0.08 and 0.10

Figure 9-15 shows the change of coolant density and viscosity along the blade
span as WAR changed from dry to 0.10. In general, increase in WAR increased
the air coolant density for each operating point at given location on the blade.
This was because increase in the WAR at each operating point reduced the
coolant air temperature. However, along the blade span the coolant density
reduced because of the increase in the gas constant of humid air and the air
coolant temperature (as shown in Figure 9-14). Also, the effect of temperature
on the dry air density was more significant than on humid air, due to which the
variation in the density of the dry air from blade root to the tip was higher than
for humid air. Near the root, cooling air temperature over the range of WAR is
small, hence the density variation at blade root for different WAR is very small.
Similarly, above the blade mean, a higher variation in density was noticed

between the humid and the dry air.

The coolant air viscosity was reduced when WAR was increased, and for a
given WAR, the viscosity increased from the root to the tip. This is mainly due to
the increased air coolant temperature along the blade span.

Figure 9-16 shows the distribution of the coolant Reynolds number along the
blade span at different WAR (dry to 0.10). Reynolds number was calculated

from the coolant air p (which varied with WAR), y, Dy and coolant air velocity. At
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a given location on the blade, Re was higher for higher WAR. For a given WAR,
Re decreased from the root to the tip of the blade. The main reason for this is
increase in the coolant air viscosity and decrease in the air density. For all the
cases considered, Re was greater than 4x10%, suggesting turbulent flow
conditions. Although the flow mechanism does not change from turbulent to the
laminar condition, increase in Re will lead to increase in Nusselt number which

in turn will govern heat transfer on the coolant side.
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Figure 9-15: Coolant air density and viscosity along the blade span at WAR = dry
(0.0), 0.06, 0.08 and 0.10

Heat transfer by forced convection is described by the Nusselt number (Nu)
which is a function of Reynolds number. Humidity (WAR) affects the heat
transfer through a change in the gas composition in these non-dimensional
numbers. Figure 9-17 shows the variation of coolant heat transfer coefficient at
different WAR along the blade span. As the WAR increased from dry to 0.10 the
coolant heat transfer coefficient increased. However, in all cases the coolant
heat transfer coefficient decreased along the blade span relative to the root
section of the blade. This is mainly because of the change in coolant fluid
properties (Cp and R) due to the change in WAR and increase in the coolant
inlet temperature (see Table 9-5) from blade root to the tip. The higher the

vapour content, the higher its energy content (more heat will be transferred to
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the coolant air). The cooling air comes from the compressor discharge, and as
this air contains greater water vapour content; it provides higher heat carrying

capacity of the cooling flow.
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Figure 9-16: Coolant Reynolds Number along the blade span at WAR = dry (0.0),
0.06, 0.08 and 0.10
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Figure 9-17: Coolant heat transfer coefficient along the blade span at WAR = dry
(0.0), 0.06, 0.08 and 0.10

Table 9-5 confirms that change in WAR affects p, y, Cp and R of the coolant air
which in turn affects Re and Nu. Any change in the cooling air thermal and flow

properties would affect the coolant outlet and blade metal temperatures.
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Table 9-5: Effect of WAR on various parameters along the span

Parameter t; p M Re Nu Tgn

Hubtotp AN A A ¥ ¥ A

Figure 9-18 shows the distribution of blade metal temperature and stress along
the blade span. Since the PCN was constant, the stress was constant at each
blade section. Therefore, the change of the creep life of the turbine blade at
each WAR value was a function of change of the blade metal temperature. In
Figure 9-18 the blade metal temperature at each section was reduced as WAR
increased from dry to 0.10. The blade temperature at different WAR values was
similar at the blade root up to about 25% of the blade span. Also from the root
to 25% of blade span the behaviour of Cp was very similar, and hence the effect
of humidity on heat transfer was small and the blade metal temperature was
less affected by change in WAR. The effect of WAR on the metal temperature
became more significant from 25% to blade tip. At 25% of the blade span, the
blade metal temperature was 988K at WAR= 0.0 and 979K at WAR= 0.10,
whereas at blade mean this temperature was 1025K for WAR= 0.0 and 1012K
for WAR= 0.10. This reduction in the blade metal temperatures at each section
obtained by increasing the WAR resulted from the change in the coolant heat

transfer coefficient and the overall heat transfer.
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Figure 9-18: Blade metal temperatures and stress distribution along blade span
at WAR = dry (0.0), 0.06, 0.08 and 0.10
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One reference point was selected (see Table 9-4) in order to compare the blade
creep life at an off-design condition to that at the reference operating point. This
means that the life obtained at each section as shown in Figure 9-19 was
relative to the life at the reference operating point at the blade root. For
example, the value of 2.5 at blade mean means the creep life at that section
increased to 2.5 times the life of the reference operating point (blade root),
whereas the value of 0.8 at the root would indicate a 20% reduction of the

component’s creep life from its reference operating point.

The results show that at for all the WAR cases considered the life at the blade
root was less than the creep reference life, since the ambient temperature and
inlet cooling temperature from the compressor of the reference operating point
was lower than for the off-design operating points. Also, the creep life for the
WAR= dry case (Tamp 318.15k) was reduced along the blade span relative to
the life at the reference point. On increasing the WAR to 0.06, 0.08 and 0.10,
the blade creep life along the blade span increased. It is clear that the increased
blade creep life was as a result of reducing the blade metal temperature, and
this was achieved by increasing the WAR and the heat transfer capacity of the

coolant air flow.
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Figure 9-19: Blade creep life (Li/L:) long the span relative to the blade root at
WAR = dry (0.0), 0.06, 0.08 and 0.10
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As shown in Table 9-6, at WAR= 0.06 the blade creep life at the mean was 2.98
relative to the reference operating point creep life, and this increased to 4.88 at
WAR= 0.10. Also at WAR= 0.10 the creep life at the blade tip increased to 13.3

times the reference creep life.

Table 9-6: Blade creep life with different values of WAR at T,,= 318.15K

Creep factor (L#/L)
WAR Root Mean Tip
Dry (0.0) | 1.00 2.22 1.87
0.06 1.22 2.98 9.12
0.08 1.32 3.55 11.1
0.10 1.46 4.88 13.6

It can be concluded that the influence of humidity on turbine blade creep life
becomes more important when large variation of WAR is expected. This would
more likely in hotter more humid climates and/or when inlet humidification is

used to increase gas turbine power output.

9.2.2 Different location and operating point

Gas turbines are sited at different locations and are used for different
applications; e.g. aviation, oil and gas, marine and power plants. The effect of
creep is highly dependent on the operating conditions of the engine, its mode of
operation, the working environment and the properties of critical hot section
components. Therefore, creep life at different ambient temperatures and TET
were investigated to identify the effect of WAR on the creep life at the blade
mean. A reference point was selected at TET=1480K, WAR=0.0 and T mp=
288.15K. The WAR at each operating point is quantified by the humidity.
Figures 9-20 to 9-22 show the change of creep life at different operating points
and different ambient temperatures for change in the WAR from dry to 0.10.
Figure 9-20 shows the change of creep life (L¢/L) at Tamp= 288.15k and WAR=
dry to 0.01. The result shows that as the WAR increased, the creep life
increased. This is the result of reduction in the in the inlet coolant temperature
of the HP turbine blade and increase in the heat transfer coefficient as

discussed in the previous section.
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Figure 9-20: Creep life at the blade mean for different operating points, WAR (dry
(0.0), 0.008, 0.01) and T,,,=288.15K

Figures 9-21 and 9-22 show the creep life for Tamp= 308.15K and 313.15K. For
WAR=0 the creep life reduced because the inlet mass flow reduced and inlet
coolant temperature increased. However, for TET/TET+= 1 with increase in both
Tamp and WAR; from T,mp= 308.15 and WAR=0.04 to T,mp=313.15 and
WAR=0.08, the Li/Li increased from 1.09 to 1.1. Increase in the WAR from
0.055 to 0.10 for the same Tamb and TET/TETe and the Li/Lw increased from
1.25 to 1.85. The results also show that operating the GT engine at a lower
operating point (TET/TETe= 0.975) in a humid environment (WAR= 0.04, 0.055,
0.08 and 0.10) improves the blade creep life as shown in Figures 9-21 and 9-
22.
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Figure 9-21: Creep life at the blade mean for different operating points, WAR (dry
(0.0), 0.04, 0.055) and T,,,,=208.15K
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Figure 9-22: Creep life at the blade mean for different operating points, WAR (dry
(0.0), 0.08, 0.10) and T,,,=313.15K

Different operating points for different T,m, and WAR= dry were also studied
and the results presented in Figure 9-23. For WAR= dry the blade creep life
reduced as the ambient temperature increased, this is because the inlet cooling
temperature increased and cooling effectiveness reduced. If the TET s
increased above the reference point (TET/TET > 1) for different Tomp, the effect
of Tamp at WAR= 0.0 on blade creep life becomes more significant. Increase in
operating TET from the reference point at Tomp= 288.15K to 313.15K will result

in a decrease in creep life to 40% of the reference value of the creep life at the

blade mean.
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Figure 9-23: Creep life at the blade mean for different T,.,, TET and
WAR= dry (0.0)
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Figure 9-24 shows that when increasing WAR from 0.008 (at 288.15k) to 0.10
(at 313.15k) by increasing the humidity, there is a corresponding increase in
blade creep life particularly at lower TET. At WAR= 0.008 (288.15K) the blade
creep life factor for TET/TET =1 at the mean and decreased to one fifth (0.20)
of the creep life of the reference point. At an operating TET of 1460K, an
increase WAR from 0.008 to 0.10, gave a corresponding increase in blade
creep life factor from 2.6 fold to 4.3 fold. Increasing the TET to 1500K at WAR=
0.055 reduced the blade creep life to 0.9 of that at the reference point. It is clear
from Figure 9-24 that when the T,mp increased the blade creep life increased
because of the increase in the WAR and Cp (coolant) as shown in Table 9-7.
The improvement of the blade creep life was achieved by increasing the WAR

and Cp coolant which resulted in more heat being absorbed by the coolant air.

Table 9-7: Cp coolant at TET1460K and different WAR

TET=1460K

WAR 0.008 0.035 0.055 0.10
Cp (J/kg.K) 1110 1194 1258 1394
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Figure 9-24: Creep life at the blade mean for different T,,,, TET and WAR=0.008,
0.035, 0.055 and 0.10

Figure 9-25 shows the blade creep life at Tamp= 288.15K and different values of
WAR for three operating points: TET= 1480K, 1500K and 1520K. At WAR=dry

the blade creep life reduced as the TET increased. However, it is clear from the
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results that life improved as WAR increased even if the TET increased
(TET=1500K). For WAR= 0.008 and 0.01 the blade creep life increased from
0.5 and 0.63 respectively (the relative life of the blade at WAR=0.0 was 0.4 for
the same operating point). Although, in one case the TET increased from 1480K
to 1500K at the same T.mp, the blade creep life approached nearly to the

reference operating life (Lir) by increasing the WAR to only 0.01.
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TET/TET,

Figure 9-25: Creep life at blade mean for different TET at WAR= dry (0.0), 0.008,
0.01. T,mp 288.15K

Figure 9-26 shows that at a T,mp of 313.15K, increasing the WAR from dry to
0.10 increased the blade creep life substantially. At WAR= 0.0 the blade creep
life was reduced at all operating points because of the increase in the
temperature of the cooling air and drop in the cooling effectiveness. However,
an increase in the WAR improved the blade creep life at all operating points,

compared to Tamp= 288.15K, as shown in Figure 9-25.

On comparing the results plotted in Figure 9-25 and Figure 9-26, it is clear that
even if the ambient temperature increased, at higher temperatures the creep life
increased due to increase in the WAR. The effect of the increase in the WAR on
heat transfer was more significant than the increase in the ambient temperature.
This suggests that it is possible to operate the engine even above the reference

point just by increasing the WAR.
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Figure 9-26: Creep life at blade mean for different TET and WAR=0.0, 0.08, 0.10.
Tamb= 313.15K

9.3 Finite element results: effect of humidity on the blade
creep life

From the FE model, the temperatures and the mechanical stress are known at
each node of the mesh; so for a given value of stress, the Larson Miller
parameter (LMP) can be obtained from the LMP creep curve. Hence, the time to
failure under any temperature and stress operating conditions can be
determined. The blade metal temperature, stresses and creep life at the blade
LE at different locations and for different WAR are presented in Tables 9-8 to 9-
11. The blade metal temperature at the LE reduced as the WAR increased from
dry to 0.10. This resulted to an increase in the life of the blade at the LE as the
WAR increased. Also, the average temperature from the root to the tip of the
blade at WAR= dry and 0.10 were 57K and 41K respectively. Similarly the
mechanical stress was reduced from 484MPa (LMP=21.65) to 215MPa
(LMP=24.05). The calculated creep life is presented with reference to the life at
a critical point on the LE blade root. The blade metal temperature in all cases
increased (root to tip) and reached the maximum at the blade tip. The result
shows that the blade creep life at the LE increased from the root to the tip with
increase in WAR. At the blade root LE, the stress was higher, while, the
temperature was higher above the mid-span of the blade, which shows that the

stress (LMP value) controlled the blade creep life at the blade LE.
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Table 9-8: FE model LE blade metal temperature, stress, and creep life for
WAR=0

T(T) o(MPa) LMP LilLg

Tip 975 215 2405 16.8
973 252 23.58 6.1
I 959 290 23.21 5.8
932 387 2246 4.5
Root 918 484 21.65 1

A 57

Table 9-9: FE model LE blade metal temperature, stress, and creep life for
WAR=0.06

T(T) o(MPa) LMP LilLg

Tip 963 215 2405 337
961 252 2358 10.8

I 953 290 23.21 8.3
928 387 22.46 5.8

Root 914 484 21.65 1.3

A 49

Table 9-10: FE model LE blade metal temperature, stress, and creep life for
WAR=0.08

T(T) o (MPa) LMP  LilLw

Tip 955 215 2405 55.1
957 252 2358 16.3
I 947 290 2321 118
923 387 22.46 7.9
Root 909 484 21.65 1.7
A 46
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Table 9-11: FE model LE blade metal temperature, stress, and creep life for

WAR=0.10
T (T) o (MPa) LMP  LilLw
Tip 947 215 24.05 89.95
949 252 23.58 26.2
I 941 290 2321 16.9
919 387 22.46 9.8
Root 906 484 21.65 2

A 41

The blade metal temperature, stresses and creep life at the blade TE at
different locations and for different WAR are presented in Tables 9-12 to 9-15.
The results indicate that as the WAR increased the blade creep life at the TE
generally increased due to drop in the blade metal temperature. However, along
the blade span the blade creep life reduced in all cases of WAR. The creep life
was presented with reference to the life at a critical point on the TE blade root.
In this case, the average temperature from the root to the tip of the blade at
WAR=0.0 and 0.10 were 107K and 90K respectively and the corresponding
mechanical stress was reduced from 411MPa (LMP=22.24) to 200MPa
(LMP=24.25). At WAR=0.0 the results show that the creep life at blade TE
along the span was less than the creep reference life. Thus, the metal
temperature and stress are considered to be the main driving factor producing
the lowest life at or near the blade tip. Whereas, at WAR=0.08 and 0.10 the
blade creep life at the TE was reduced up to 80% of the blade span and then
increased slightly near the blade tip. This is because of the reduction in the
blade metal temperature as the WAR increased and the average temperature

from the root to the tip was less than at WAR=0.0.

The change in the blade creep life at the blade LE and TE results from the
change in the blade metal temperature and the LMP value used in the creep life
equation; as well as the blade geometry thickness at the LE and TE. The
sensitivity of the calculated life for creep life at the blade LE and TE (reference
to LE root and TE root) to deviations in stress and temperature is presented in
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Figures 9-27 and 9-28. A small deviation in stress and temperature is amplified
in the life prediction.

Table 9-12: FE model TE blade metal temperature, stress, and creep life for
WAR=0.0

T(T) o (MPa) LMP  LiLw

Tip 842 200 2425 0.03

830 225 23.9 0.04

I 801 250 23.6 0.16

759 331 22.88 0.80

Root 735 411 22.24 1.0
A 107

Table 9-13: FE model TE blade metal temperature, stress, and creep life for
WAR=0.06

T(T) o(MPa) LMP LilLg

Tip 831 200 2425 0.09
822 225 23.9 0.07

I 797 250 23.6 0.22
756 331 22.88 0.99

Root 733 411 2224 1.22

A 98

Table 9-14: FE model TE blade metal temperature, stress, and creep life for
WAR=0.08

T(T) o (MPa) LMP  LiLw

Tip 822 200 2425 0.18

816 225 23.9 0.12

I 794 250 23.6 0.30

754 331 2288 1.30

Root 730 411 2224 1.60
A 92
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Table 9-15: FE model TE blade metal temperature, stress, and creep life for

WAR=0.10
T (T) o (MPa) LMP  LdLi
Tip 818 200 24.25 0.24
812 225 23.9 0.16
I 790 250 23.6 0.41
751 331 2288 1.66
Root 728 411 22.24 1.98
A 920
980 - 600
x —
Q
5 970 - 500
(1]
o 960 - 400 8
g 950 =
o - 300 @
= 940 o
- —dh L -
g 930 200 &
'§ 920 ——LETb —A—LlE oo - 100
@ 910 0
0.00 5.00 10.00 15.00 20.00

Creep life (L/L)

Figure 9-27: LE metal temperature and stress sensitivity of creep life along the

blade span
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Figure 9-28: TE metal temperature and stress sensitivity of creep life along the
blade span
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At the blade LE and TE the metal temperature increased and the mechanical
stresses reduced from the root to the tip. However, the blade creep life from the
root to the tip at blade LE increased and at the blade TE is reduced. In the first
case, the creep life increased because the stress was driving the reduction in
life along the blade span. Whereas, in the second case, the blade creep life was
dominated by the increase of temperature. This can be seen from the average
temperature from the root to the tip at the blade TE (higher) and the blade LE.
In Tables 9-8 to 9-15 variation in LMP values along the blade span (WAR=0.0

to 0.10) at the blade LE and TE has significant effect on the result of creep life.

Tables 9-16 and 9-17 show the blade metal temperature, stress, LMP value and
creep life at different critical locations (I=LE fillet, II=middle, 40% span and III=
tip, 80% span) on the blade airfoil for WAR=0.0 and 0.10. The stress and blade
metal temperature for WAR=0.0 and 0.10 were higher at node 8899 (II) and
9682 (III) compared to the node 7837(I). This because nodes II and III were
near to the critical location with higher local gas temperatures (see Figure 6-5).
The high stresses in these critical locations due to the design future of the blade
coolant such root curvature, coolant channel and blade wall thickness. The
blade creep life was presented referred to the design point and increased at
nodes 8899 and 9682 for increase in WAR from 0.0 to 0.10 due to the reduction
in metal temperature and stress. From the results it can be seen that for
WAR=0.0 the creep life was reduced by factors of 0.4 and 0.21 to the reference
life at nodes 9682 and 8899 respectively. Increasing the WAR to 0.10 increased
the creep life at these nodes (9682 and 8899) by factors of 3.61 and 2.46

respectively to the reference point.

Table 9-16: Blade creep life at critical location for WAR=0

Location T (K) ¢ (MPa) LMP LdLw
(node)
1(7837) 709 698 20.55 2585
11 (8899) 815 793 20.3 0.21
11 (9682) 806 784 20.32 0.4
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Table 9-17: Blade creep life at critical location for WAR=0.10

Location T (K) o (MPa) LMP Ll
(node)
1(7837) 690 646 20.76 31169
1T (8899) 784 764 20.36 2.46
111 (9682) 779 755 20.38 3.61

9.4 Chapter Conclusions

This chapter has investigated the effects of the design parameters and
operating conditions on turbine blade creep life. In addition, the chapter
highlights how different operating conditions and design parameters can
influence the location of the lowest blade creep life along the span of the blade.
By understanding the relationship of the design parameters and operating
conditions with creep life, both gas turbine designers and users will be able to

trade-off between different design options and maintenance decisions.

The effects of using different RTDF, cooling effectiveness, TET and blade
turbine materials on the blade creep life were investigated. Changing the value
of the RTDF led to a change in the location of maximum and minimum
temperatures along the span of the blade. At the lower RTDF the temperatures
at the tip and root were seen to be higher than at the higher RTDF. On the other
hand the maximum metal temperature which is at 75% along the span of the
blade increased with the increase in RTDF. For lower RTDF the lowest creep
life was located at the lower section of the blade whereas at higher RTDF it was
at around 75% of the span of the blade.

The maximum metal temperatures increased as cooling effectiveness was
reduced. However the location of the maximum temperatures remains
unchanged. Eshati, [72]has presented results for the change in creep life with
use of two Nimonic alloys as turbine blade material. The location of the lowest
creep life was seen to change with different material used (75% of the span of
the blade for alloy A and 50% of the span of the blade for alloy B). This is

mainly due to the difference in the material densities at the same temperature,
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which in turn results in different maximum stress values along the span of the
blade.

It was found that increasing the TET increased the blade creep life along the
span of the blade. However, the location of the minimum creep life depends on
the maximum blade metal temperature, maximum stress and creep behaviour

of the material.

The variation of blade metal temperature and maximum stress along the span
of the blade for all cases has a strong influence on the blade’s creep life. Thus,
small changes in these two factors will determine the precise value and location
of the lowest creep life. Therefore, more consideration should be given during
component life assessment to the stresses and temperature values and their
locations along the blade, in order to identify the exact location of minimum

creep life.

The effects of WAR on the turbine blade heat transfer coefficient and creep life
are also presented. The off-design point was selected and the WAR was varied
between dry (0.0), 0.06, 0.08 and 0.10. The life at each section of the blade
span for different operating points was given relative to the life of the selected
reference operating point at the blade root.

It was noticed that on increasing WAR the blade inlet and outlet coolant
temperature reduced along the blade span. Also the difference between the
temperature at the blade tip and blade root decreased as the WAR increased.
As WAR was increased, the coolant density decreased between the blade root
and the mean of the blade, but had negligible effect from blade mean up to the
tip of the blade. Also, at a given location on the blade, Reynolds number was
greater for higher values of WAR, this increased the Nusselt number which
governs heat transfer on the coolant side. As the WAR increased from 0.0 to
0.10 the coolant heat transfer coefficient increased. However, in all cases the
coolant heat transfer coefficient decreased along the blade span relative to the

root section of the blade.

Different operating points were also evaluated at different WAR and Tmp to
identify the effect of WAR on the creep life at the blade mean. The WAR at each
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operating point was quantified by the T.n, and relative humidity. The results
show that increase in WAR increases the blade creep life even if Tanp is
increased. The effect of the increase in the WAR on heat transfer was more
significant than the increase in the ambient temperature. Also, the result shows

that at TET above TET the blade creep life improved with increase in WAR.

FE analysis is coupled with the creep lifing model (LMP) to predict the evolution
of metal temperature, stress and creep damage over the entire airfoil. Also, the
critical areas susceptible to creep were identified and displayed on a computer
screen. In summary, the most critical point on the blade with regard to creep life
can be identified in the root LE. This from the lifing point of view would be the
predicted life of the whole blade. Nevertheless, the trends in the results show an
interesting phenomenon that gives significant insights into blade creep life
assessment. It is observed that the blade creep life increased with increase in
WAR from the root to the tip at the LE. This is in contrast to a similar critical
point in the TE, where the creep life decreases significantly from root to the tip.
In the first case, the creep life increased because the stress was driving life
reduction along the blade span. Whereas, in the second case, the blade creep
life was dominated by the increase of temperature. This is because the average
temperature gradient from the root to the tip at the blade TE is higher than at
the blade LE, and a small deviation in stress (LMP) and temperature is
amplified in the life prediction. The significance of these trends is exemplified in
the redesign of blades for improved blade life. The need to consider the final
change in temperature and stress gradients as they affect the various blade
sections becomes paramount for an optimised design that increases blade
creep life and durability.
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10 CONCLUSIONS AND RECOMMENDATION FOR
FUTURE WORK

10.1 Conclusions

Since the first jet engines were put into service, improving engine performance
and efficiency have always been major concerns for gas turbine manufacturers
and operators and this will continue, requiring engine components to be

exposed to ever more extreme mechanical and thermal loads.

In the case of stationary GT engines for mechanical power, creep failure
problems are a very common cause of mechanical failure that significantly
reduces component life. The magnitude of the adverse effects is highly
dependent on the operating conditions of the engine, its mode of operation and
also the design parameters and details of the critical hot section components.
The design of engine components is determined by both mechanical and
aerodynamic requirements. Against this background, the research programme
was aimed at achieving a better scientific understanding of the major reasons
for creep failure on HP turbine blades to better allow mechanical equipment to
run for longer, free of creep failure problems. The outcome could be a
substantial saving in operating costs and a considerable improvement in
equipment reliability. Therefore, the aim of this research was to develop an
analytical life model capable of assessing the influence of humidity on the heat
transfer and cooling processes on a HP turbine blade taking into account the
engine design parameters, operating conditions and working environment. This
work contributes to the development of creep life methodology and provides
good creep life prediction for HP turbine blades under various gas turbine
operating and environmental conditions. The main contribution to knowledge of
the current work is the consideration of the effects of humidity on the HP turbine
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blade cooling processes and its subsequent impact on the performance and
blade creep life of GT engines.

An engine performance model was created using an existing component based
engine performance tool developed at Cranfield University; Turbomatch. This
tool has the ability to simulate different thermodynamic cycles and processes
while analysing the overall performance of the engine including among other
things the effects of cooling flows, air and gas mixing, component degradation,
variable geometry (including compressors, turbines and exhaust nozzles) as
well as extraction of bleed air and shaft power off takes. Output data from the
engine performance model (such as temperature, pressure and mass flow rate
for each component at inlet and outlet) were then used as inputs into lifing sub-
models. Also, the first stage of the HP turbine blade was sized using the
constant nozzle method to facilitate estimation of creep life. The design process
consists of initial performance engine simulation, inlet/outlet annulus geometry
sizing, stage efficiency prediction, rotor inlet velocity, constant NGV blade
design calculation and blade design details from root to the tip.

The analytical creep life model considers the change of stress along the blade
span, blade trailing and leading edges and back of the blade. However, the
blade metal temperature was considered only along the blade span. The model
was upgraded to include the change of blade metal temperature through the
blade TBC, and blade metal and creep life can be calculated using LMP.
However, in this model the thermal stress was not considered, thus a 3-D finite
element model was developed to determine the thermal stress of the blade as

result of the change of the WAR and heat transfer coefficient.

Part I: Effect of operating condition and design parameters on the HP

turbine blade creep life

The work highlights how different operating conditions and design parameters
can influence the location of the lowest blade creep life along the span of the
blade. By understanding the relationship between the design parameters and

operating conditions with creep life, both the gas turbine designers and users
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will be able to trade-off between different design options and maintenance

decisions.

e The effects of using different RTDF, cooling effectiveness, TET and blade
turbine materials on the blade creep life were investigated. Changing the
value of the RTDF led to a change in the location of maximum and
minimum temperatures along the span of the blade. Maximum metal
temperature which is located at 75% of the blade span increased with
increase in RTDF. The lowest creep life was located at the lower section of
the blade for lower RTDF, whereas at higher RTDF it was at around 75% of
the span of the blade.

e The maximum metal temperatures increased as cooling effectiveness was
degraded (reduced). However the location of those temperatures remains
unchanged, but the location of the lowest creep life changed as different
material was used. This is mainly due to the difference in material densities
at the same temperature, which in turn results in different maximum stress
values along the span of the blade.

e For all cases the variation of blade metal temperature and maximum stress
along the span of the blade has a strong influence on the blade’s creep life
and small change in these two factors will significantly affect the value and
location of the lowest creep life. Thus, more consideration should be given
during component life assessment to stresses and temperature values and

their locations along the blade to identify the location of minimum creep life.

Part ll: Effect of humid on the HP turbine blade creep life

The presence of water vapour changes the values of the gas transport
properties for both the cold side and the hot side gases of the GT engine. Little
work has been done to model the effect of humidity on coolant heat transfer and
cooling processes of HP turbine blades. The analytical creep life model was
upgraded to investigate the influence of WAR on the turbine blade heat transfer
and cooling process which affects the blade creep life of industrial gas turbines.
This approach deals with convective/film cooling with TBC and is based on an

engine performance model, heat transfer model (hot side and cold side), and
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the change of properties of moist air as a function of WAR. The changes of fluid
properties due to the presence of water vapour are not only considered through
a variation of the Cp, y and R, but also the variation of density, Reynolds

number, Nusselt number and other related parameters.

The whole cooled blade row is regarded as a heat exchanger, and with the
presence of TBC is subjected to mainstream hot gas flow from the combustion
chamber. Also, the temperature variation due to the heat transfer along the
metal blade span is considered. The creep life of the blade at each section of
interest can be obtained as a function of the blade section stress and the blade
metal section temperature using the LMP approach. Heat transfer depends on
the parameters governing fluid flow conditions (density, viscosity, Re,

temperature, structure of turbulence, body geometry, etc) and heat transfer (k,

Cp, Nu etc). The condition and properties of the layers between the coolant fluid

and hot gas flow determine the rate at which heat is transferred.

e The off-design point was selected and the WAR was varied between 0.0
(dry) to 0.1. The life at each section of the blade span for a different
operating point was expressed relative to the life of the selected reference
operating point at the blade root.

e It was observed that on increasing WAR: the blade inlet and outlet coolant
temperatures reduced along the blade span; the difference between the
temperature at the blade tip and the blade root decreased; and the coolant
density decreased between the root and the tip of the blade. Also, at a
given location on the blade, Reynolds number was greater for higher values
of WAR, thus increasing the Nusselt number which governs heat transfer on
the coolant side. As the WAR increased from dry to 0.1 the coolant heat
transfer coefficient increased. However, in all cases the coolant heat
transfer coefficient decreased along the blade span relative to the root
section of the blade.

e The blade metal temperature at each section was reduced as WAR
increased which resulted in increased blade creep life. This was achieved
because increase in WAR increased the Cp of the coolant and the heat

transfer capacity of the coolant air flow.
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e Different operating points were evaluated at different WAR and Tamp, to
identify the effect of WAR on the creep life at the blade mean. The WAR at
each operating point was quantified by the T,m, and relative humidity. The
results show that increase in WAR increases the blade creep life even if
Tamb IS increased. The effect of the increase in the WAR on heat transfer
was more significant than the increase in the ambient temperature.
Moreover, the result shows that at TET above the TET the blade creep life
improved with increase in WAR. This suggests that it is possible to operate
the engine above the reference point just by increasing the WAR.

e The study indicates the importance of accounting for changes in humidity
on the life of the HP turbine blades of an industrial gas turbine engine. The
life savings in terms of maintenance scheduling and costs for users in parts
of the world which are affected by hot/humid conditions could be

considerable over the life cycle of a HP gas turbine engine.
Part lll: Finite element results: effect of humidity on the blade creep life

The creep life model and heat transfer model are integrated with the finite
element 3-D first stage HP turbine blade model to run a linear static analysis to
solve different loading cases; mechanical loads (rotation and gas pressure
load), thermal load (heat transfer) and combination of thermal and mechanical
load (thermal stress). The results of integrating FE software with other tools and
models for life prediction of gas turbine components have been presented. It
has been demonstrated that the mechanical and thermal loads of the HP
turbine blade can be calculated from the operational data and creep life
prediction can be performed. However, the accuracy of the integrated tool is
obviously dependent on the accuracy of the individual models, and the accuracy
of the blade metal temperature distribution with the FE model is mainly

determined by the accuracy of the heat transfer coefficient value (hg).

e The mechanical stresses on the blade were calculated at one operating
point for different rotational speeds (PCN=1 to 0.94) to identify the
maximum stresses over the blade. The results reveal that the greatest

stresses in the blade are from rotational load, owing to the relatively high
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operating speed of the turbine. Bending load due to the gas pressure is
significantly lower than those produced by rotation. The stress distribution
along the blade as result of these loads were a maximum at the blade root.
Centrifugal stresses show the major contribution to be close to the blade
root and near the root curvature, while gas bending stresses become more
relevant close to the blade tip and near the blade cooling channel.

e The steady state temperature distributions along the blade span at different
WAR were obtained using a 3-D FE model. The results show blade LE and
mid-airfoil section is the hottest location on the blade surface and that is
where the turbine blade creep damage usually occurs, but as WAR
increased the blade metal temperature reduced. It follows that thermal
stress need to be considered in order to calculate the right blade creep life
and the effects of advanced coolant design investigated and presented at
different hc. In this study using humid air improved the cooling process by
increases the Cp and h¢ which in turn reduce the blade metal temperature
and improved blade creep life

e The FE model calculates the thermal stresses using nodal temperature
distributions and the maximum engine rotational speed as boundary
conditions. The thermal von Mises stresses under combined thermal and
structural loading were reduced as the WAR increased from dry to 1. These
stresses reach quite high levels at the coolant regions of the blade. The
thermal stress linear FE analysis revealed that none of the blade airfoil
regions had undergone any plastic deformation under the influence of the
loading conditions examined.

e FE analysis was coupled with the creep lifing model (LMP) to predict the
evolution of metal temperature, stress and creep damage over the entire
airfoil. Also, the critical areas susceptible to creep were identified and
displayed. In summary, the most critical point on the blade with regard to
creep life can be identified as the root of the LE. From the lifing point of view
this determines the life of the whole blade. Nevertheless, the results reveal
an interesting phenomenon that gives a significant insight into blade creep

life assessment. It was observed that the blade creep life increases with
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increase in WAR from the root to the tip at the LE. This is in contrast to a
similar critical point in the TE, where the creep life decreases significantly
from root to the tip. In the first case, the creep life increased because stress
was reduced along the blade span. Whereas, for the TE, the blade creep
life was dominated by the increase of temperature. This is because the
average temperature gradient from the root to the tip at the blade for the TE
was higher than at the blade LE. A small deviation in stress (LMP) and
temperature is therefore amplified in the life prediction. The significance of
these trends will be embodied in the redesign of blades for improved blade
life. The need to consider the final change in temperature and stress
gradients as they affect the various blade sections becomes paramount for
an optimised design that increases the blade creep life and durability.

e The comparison of the mechanical stresses along the blade span between
the developed analytical model (A) and 3-D parametric FE model (B)
reveal that the mechanical stresses of model A were slightly lower at the
root and tip sections along the blade span. This difference, which is less
than 5%; is mainly due to the fact that model A considers the stress only in
the principal axis of rotation, whereas model B accounts for the stress
components in all directions on the blade material. Therefore the analytical
model (A) presents a suitable approximation of the main stresses on the
blade; and can give acceptable results for blade creep life assessment. In
general the temperature differences between the 2-D and 3- D models will
be influenced by the state of the boundary layer from LE to TE (either
laminar or turbulent). In this case, the temperature differences between
model A and model B are mainly due to the surface area, metal thickness
and temperature and heat transfer coefficient distribution around the
pressure and suction surfaces of the blade. These are better described in 3-
D FE model. Furthermore, in 1-D you would have to describe a cooling
effectiveness whereas in 3-D, the temperature distribution is calculated from

the heat balance between the hot cooling blade surfaces.

It can be concluded that the developed creep life model is capable of assessing

the main parameters that influence blade cooling performance, such as cooling
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methods, alternative cooling fluids, blade geometry, heat transfer coefficients,
gas properties, materials and TBCs. In addition, the method will assist users in
the selection of the most cost effective engine and will help them to make
appropriate inspection and/or maintenance decisions to minimise operating

costs while giving the best engine availability.

The thermal stress analysis with the mechanical stress analysis will yield more
valuable information about the actual magnitudes of overall stresses
encountered by the turbine blade. Therefore, an attempt was made in the
present work to use FE Abaqus software to obtain the temperature distribution,
mechanical stresses and thermal stress at several cross sections of the
stationary gas turbine blade. By knowing these life driving factors, the creep life
can be predicted and operation cost reduced. However, a limitation of the
integrated creep life model is that it cannot use the thermal stress results in the
LMP to calculate the blade creep life as the creep rupture data generated during
the material test does not consider both the stress due the thermal gradient and

the range of thermal stress values.

10.2 Recommendations

The aim and objectives outlined in this work have been successfully achieved.

However, there are some aspects that could be improved upon in future work.

The following are recommendations to improve the creep life analytical model

and the FE model:

¢ One of the assumptions made in the effect of WAR in the heat transfer model
was that the blade metal temperature changed along the blade span and
through the blade wall. Therefore, the heats transfer model could be
improved to consider the temperature distribution chordwise in the blade.

e The whole blade cooling process is regarded as a heat exchanger subjected
to mainstream hot gas flow. Analysis usually requires detailed information of
the geometry of the blade as well as the flow conditions, which are typically
not available at the conceptual design stage. Expensive experimental tests
and more computation could be used; making the process both time-
consuming and laborious. Other simpler heat transfer techniques could be
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used to model the blade. One interesting approach would be to model the LE
area as a semi-cylinder and the rest of the blade (TE area) as a flat plate
subject to mainstream hot gas flow; using analogies for the heat transfer for
flow over a cylinder and flat plate previously published in [152; 166; 178].
This kind of model would be necessary for developing a method for life
assessment of turbine blade, using the blade span and chord as the basic
details required.

Although the creep failure mechanisms are dominant in stationary GTs,
other failure mechanisms such as fatigue and oxidation could to be
integrated with the creep failure mechanism using different coolant fluids
(dry, humid air and steam) in the lifing model. This could be done by applying
a linear summation rule for the total damage due to creep, fatigue and
oxidation. Another way, (which seems more robust, particularly for transient
applications), is to use a thermo-mechanical damage model that couples the
effect of the three main damage mechanisms. Some of the models that could
be considered include [179-182] amongst others.

This model is capable of assessing the life of hot section components and
there could be further modifications of the model to make it applicable to life

estimation of other components such as the compressor.

Linear static analysis of the 3-D FE model was integrated with the analytical

lifing model in order to analyse the thermal and stress loads at different WAR as

well as to identify the critical areas or feature susceptible to creep on the blade.

The boundary condition (parameters) such as Ty, Tcin, he, and hg were used
in the blade FE model along the blade span as obtained from the
performance model and the heat transfer model. 3-D CFD analysis could
enhance the thermal analysis (blade metal temperature) and thermal stress
predictions along the blade span and chordwise. Localised stresses along
these parts could be accounted for, thus providing a more accurate creep life
estimation. This would be computationally costly and the trade between

complexity, cost and accuracy required should be considered carefully.
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The area of interest in this study was only the blade airfoil. The simplified
modelling of blade — to — blade contact and the relatively coarse mesh used
in the shroud/firtree notches, mean the stress field around firtree grooves and
contact faces would be relatively inaccurate and a special model is needed
for shroud/firtree life assessment.

The FE model could be upgraded to include the film cooling configuration
and TBC to give more accurate information about the actual magnitudes of
overall temperature distributions and thermal stresses (using humid air
cooling) on the pressure side and suction side of the turbine blade. This
could be easier to implement through the model suggested above (the LE
area as semi- cylinder and TE area as flat plate).
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APPENDICES
Appendix A Blade sizing model

A.1 Blade sizing

e The design process is as shown in Figure A-1
¢ The inlet and outlet gas path values at the DP are presented in Table A-1.

Table A-1: Engine simulation at design point output

Values Unit
Non-dimensional speed (PCN) 1 -
Compressor efficiency 88.2 %
Turbine efficiency 88.5 %
Compressor inlet mass flow 82.5 kg/s
Compressor inlet stagnation 288.15 K
temperature
Compressor inlet stagnation pressure  1.0083E+05 Pa
Compressor outlet stagnation 745 K
temperature
Compressor outlet stagnation pressure 2.33E+06 Pa
NGV inlet stagnation temperature 1505 K
NGV inlet stagnation pressure 2.15E+06 Pa
Rotor outlet stagnation temperature 1065 K
Rotor outlet stagnation pressure 408.7 Pa
Coolant mass flow rate 6.033 kg/s
Coolant outlet stagnation temperature 745 K

Engine performance simulation
(TurboMatch-DP)

! B

Inlet/outletannulus geometry

1

Blade inlet gas velocity
calculation

A

Blade profile dimension

Figure A-1: HP turbine first stage blade design process
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A.2 Turbine blade cooling technology

cooling effectiveness using single crystal materials [4]. Therefore, based on
the TET; the ¢ for this blade size model is assumed to be around 0.55 to 0.6.

Rotorinlet gas ternvperature—(°F)

Figure A-2 presents the rotor inlet temperature capability as a function of the

— Film/convection
4600 __ /§/| T Advar?ced
LI cooling
4200 — ~ | : Single
p— ks crystal
3800 — S '\\ SR material
F A NS family
3400 }—- Convection \q,\l e 7
L — @ - ."
3000 {— Q Turbine material
— . melt temperatures
2600 |— ¢ '/
2200 |-
1800 l J
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Cooling effectlveness=<fw—mm
1!7"5 — Teoolant

Figure A-2: Estimated Cooling Effectiveness [4]

A.3 Model description

A.3.1 Specific heat at constant pressure and polytropic effeciciency

Figure A-4 illustrates typical velocity triangles at the inlet and exit of the

turbine rotor blades.

The developed turbine model is based on a mean line analysis for constant

nozzle flow along the blades.

NGV

V.

a

el

Vs
I ;‘
Vwo ! Vw3 !

Rotor

Figure A-4: HP turbine stage velocity triangles
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e The gas properties used during the velocity triangles calculation were
obtained by using Equations A-1 to A-4, and turbine polytropic efficiency was

obtained using Equation A-5.

In (POO'U.t)
A i Pongy
Ratio of specific heats,y, = 5 - A
In( oout)_ln(l_ ) -
Pongy NeToney
. YoR
specific heat,Cp, =
7y -1 A-2
In (PIS)ComOut)
Ratio of specific heats,y,. = oComlin A3
In (%ComOut) —In (nc . AT n 1)
oComlin oComlin
R
specific heat, Cp, = ch N s
c -

y—1
P v
In|1-n, (1 - (—Pzﬁg‘i) )

i (e

A-5

Polytropic ef ficiency,n, =

Where v is ratio of the major specific heats, R=287 (J.kg-K™"), P, is the total pressure (Pa), AT

is the component temperature drop (K) and 1 is component efficiency.

A.3.2 Overall specification
e Since the HP turbine is a two stage turbine, it was assumed that the

temperature drop was half-way between the two stages. Knowing the stage
temperature drop and Cppot the stagnation enthalpy AH=Cpnot*AT can be
obtained. Equations A-6 and A-7 were used to calculate the HP turbine

temperature drop and turbine power.

Temperature drop, AT = Tonevy — Toout

HP Power = mCp,AT
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Where T is temperature (K), m inlet mass flow (kg/s), and Cp specific heat at constant pressure

(Jkg'K™

e It is essential to know the values of VAT and Mach number as well as the
non-dimensional mass flow W~T/AP; these should be calculated for
isentropic expansion of the gas from the stagnation pressure, and stagnation
temperature [183]. Equations A-8 to A-10 were used to calculate static

temperature, static pressure and V/VT.

N S
V/\/TzM[‘/V_R/(1+%1MZ)] A-10

Where T is total temperature (K), t is static temperature (K), P is total pressure (Pa), p is static
pressure (Pa), M is mach number, y is ratio of major specific heats and R is gas constant=287

J/kg K.

A.3.3 Inlet annulus geometry
e The inlet annulus area of the first stage HP turbine was obtained by using

Equation A-11, blade height Equation A-12 and blade tip root diameter
Equations A-13 and A-14.

1000mVT;,
Inlet annulus area,A = —— A-11
1000QP;,
Bkade height,h = A-12
T[Dmean
Blade tip diameter, Dy;),jst = Dipean + h A-13
Blade tip diameter, D, t1st = Dppean — h A-14

Where m is compressor inlet mass flow (kg/s), Ty, is turbine inlet temperature (K), P;, is turbine
inlet total pressure (Pa), 4 is the HP turbine inlet annulus area (mz), Dyean 18 blade diameter at

the mid of the span (m) and 4 is the blade height (m).
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e The value of the blade root tip ratio in this blade design process was obtained
using Equation A-15.

e The blade hub to tip ratio should be between 0.5 and 0.9 to prevent high tip
clearance loss and decrease secondary flow. Also, low blade hub to tip ratio
increases the blade stress at the blade root as a result of increase of blade
height [141][139; 184].

Dyipyst A-15

root1st

Root to tip ratio =

A.3.4 Stage efficiency prediction at mean height
In order to calculate the stage load and flow coefficient the blade speed at

the mean blade height is calculated using Equation A-16, knowing HP turbine

speed and mean blade diameter mean.

RPM 7t Dppegn A-16

Blade speed at mean height, U,eqn = 60

Where RPM is HP turbine speed and D is blade diameter (m).

e The performance and the efficiency of the axial turbine stage can be
described in terms of two non-dimensional parameters: the stage loading
coefficient and the flow coefficient. For most engines stage a typical load
value is between 1.3 and 2, with higher values for the front stages.

e AH/U is a measure of the energy exchange, per unit mass flow for a given
blade speed (U). The number of stages is a compromise between achieving
low loading and good efficiency, or high loading and low cost and weight

[139]. The stage loading was calculated using the following equation:

Cp ATstage

TE A-17

Stage load, (AH/UZ) =

Where Cp is the gas specific heat at constant pressure (J/kg.K), AT, is stage temperature drop
(K) and U blade speed (m/s).

Equation A-18 is used to obtain the turbine inlet axial velocity. Figure A-5

shows the turbine velocity triangles at mid radius of the blade.
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|4
Inlet axial velocity,V,, st = W,/T,nNGV A-18

AVw |

Figure A-5: Turbine velocity triangles at mid radius of the blade span

e The flow coefficient is a measure of the mass flow passing through a stage at
a given blade speed. For a given stage loading the corresponding pitch line
flow coefficient for optimum efficiency can be obtained from the correlation
presented in a SMITH CHART minus 2% [49; 139; 184]. Figure A-6 shows

turbine efficiency correlation (Smith chart).

V s
Flow coef ficient, V/U = —AxInt® A-19

Umean

Where Cp is the gas specific heat at constant pressure (J/kg.K), AT, is stage temperature drop
(K), T temperature, U blade speed (m/s) and ¥ is axial velocity (m/s).

HP turbines Line of bestefficiency LP turbines
\
2.4 -
«~ i | LT . N ‘\
2 22 N il 4 AN \
E —t m /"-‘ ! 4"' ‘\ \ \ \
I I N ~ \ A\
! _— | b 1
PRy SEs=a s ,
Q 1.8 — -‘ /’ ,‘( 1\\ ”a [ _‘5?’
2 . ] S N A
q) o - ] Cd ‘ _Lf ‘/
S8 171 =T, I\ A AT
o P74 Z ool
5 12 ) Vel V4 N [ e
? i A TR T AT
S V1 L] L7V
2 'V T/
% 0.8 /:/ EQ%J:J (/ i 1/ 1/ r -
& o ! N CONTOURS OF "—
n / B S p . // / ‘LISENTROPIC EFFICIENCY ||
0.6 . - +— } — -
0.4 0.5 0.6 0.7 0.8 0.9 1 11 1.2 13 1.4

Flow Coefficient- V,_ /U
Figure A-6: Turbine efficiency correlation (SMITH CHART) [139; 184; 185]
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A.3.5 Outlet stage data and annulus geometry
Using Equations A-20 to A-29, the first stage HP turbine outlet stagnation

temperature and pressure, air outlet angle and velocity triangles at the blade

mean can be calculated.

Rotor outlet temperature, Trotorout = Tongv — ATstage A-20

Where, T, is NGV inlet temperature (K), AT is total temperature drop across the stage (K).

The blade total whirl velocity calculated using Equation A-21.

Total whirl velocity, AV mean) = g 2 A-21
Uz Q
Where AH/U? is a non-dimensional stage load coefficient, U is blade speed (m/s) and Q is a
non-dimensional stage work done factor and assumed to be 0.98 [139].
e The blade outlet whirl velocity at the blade mean is obtained using Equation
A-22. The mean blade speed is subtracted from the blade total whirl velocity
and since the blade reaction is 50% at the blade mean, the result is divided

by two.

AVWmean — Umean A-22

2
e Equation A-23 gave the stage pressure ratio, I, using the stage temperature

Outlet whirl velocity, Viyzimean) =

drop, stage isentropic efficiency (from Smith Chart) and NGV inlet

temperature.

) 1—-AT
Stage pressure ratio,[p = A- 23

¥
(nisent Tln)y_1
e From stage pressure ratio and stage inlet stagnation pressure, Pongy, the

rotor outlet stagnation pressure can be obtained from Equation A-24.
Rotor outlet stagnation pressure, Pyoy: = I'p + Pyngy A-24

e The rotor outlet (1000Q) is obtained from Equation A-25. The rotor outlet
axial velocity can be calculated using Equation A-26.
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1000 m TOOut A- 25

Rotor outlet non — dim mass flow,1000Q =
PoOutAOut

Rotor outlet axial velocity, Voyour = A- 26

V
\/_TTOOut
Where m is compressor inlet mass flow (kg/s), Toour is rotor outlet temperature (K), Aoyr is

stage annulus outlet area (m?) and Pooyr rotor outlet stagnation pressure (Pa).

e The whirl exit angle is obtained using Equation A-27.

_Vws
A3mean = tan 1 7 A-27
a

e The rotor exit absolute velocity can be obtained using Equation A-28.

Rotor exit absolue velocity,V; = Axout A-28
cosas

e Equation A-29 was used to obtain V/NT parameter and then the rotor exit

Mach number was found.

Vs

Toout = —
\/ ToOut

Vs/ A-29

A.3.6 Rotor inlet axial velocity
« Blade convection effectiveness and NGV metal temperature were calculated

using Equations A-31 and A-32.

e 10% of the total inlet mass air flow is used to cool the hot section
components. The HP turbine uses 7.058% of the core flow to cool the first
and second stage. The first stage of the HP turbine uses 60% of the core
flow to cool the NGV and rotor, 2/3 of that core flow is used to cool the NGV
and 1/3 is used to cool the rotor.

« The NGV air cooling percentage, ¢ can be obtained by knowing the non-
dimensional coolant mass flow and the constant K. For typical modern
turbines K is of order 2% to 3% [157]. Rearranging the NGV cooling equation
the non-dimensional coolant mass flow can be obtained using Equation A-30.
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Non — dimensional coolant mass flow,m* = % A- 30

Where, ¢ is percentage of air cooling in the NGV, K is a constant and assumed in this

calculation to be 0.025.

The convection effectiveness can be obtained using Equation A-31.

, , Est1
Convection ef fectiveness,N¢on = — - A- 31
m* — (&sym*)

Using Equations A-32 to A-34 the NGV metal temperature, NGV air cooling

exit temperature and NGV mass fraction can be calculated.

NGV metal temperature, Tygy = Tongy — (€st1 — Tem) A- 32

Coolant exit temperature, Teour = Ten + Neon (Tngy — Tern)  A-33

%coolant 1stNGV
%coolant from core flwo enter HPT

A- 34

NGV mass fraction =

Where, T,ycris NGV inlet stagnation temperature (K), 7...zv 1s air cooling temperature (K) and

¢ is non-dimensional stage cooling effectiveness.

Using Equations A-35 and A-36 the rotor inlet stagnation pressure and
temperature are obtained, and the rotor inlet non-dimensional mass flow and

inlet axial velocity using Equations A-37 and A-38.

Rotor inlet stagnation temperature, Tynse1

_ ToNGV - (NGVmassfractionmcCpc)(TCOut - Tcln) A-35
m* Cpy

Rotor inlet stagnation pressure, Py, A- 36
= NGVpressure recoveryPoNGVstl )

1000 m / Toinst1 A- 37

Rotor inlet nondim mass flow,1000Q =
PoInstl AIn

%
Rotor inlet axial velocity, Vixrotorimst1 = \/_Tw/Tolnstl A-38

219



An Evaluation of Operation and Creep Life of Stationary Gas Turbine Engine

Where, NGV es5ure recover 15 assumed to be 99%, which means a 1% pressure loss in the NGV, m,

is air cooling mass flow (kg/s), m is inlet total mass flow (kg/s).

A.3.7 HP turbine fixed nozzle design
e The stator outlet flow angle a, is obtained using Equation A-39 and is

assumed constant from the root to the tip of the blade.

|4
ao(constant through root to tip) = tan™?! o A-39
VAxRotorIn

e The rotor inlet absolute velocity (V,) can be obtained using Equation A-40.
The rotor outlet absolute velocity is calculated by knowing the rotor outlet
whirl and axial velocities and using Equation A-41.

Vo = VAxRotorIn A- 40
cosa,
Vs = \/(VW3)2 + (VAxRotorOut)2 A-41

e The rotor inlet and outlet relative velocity can be obtained using Equations A-
42 and A-43, while the rotor inlet and outlet flow angles are calculated using
Equations A-44 and A-45.

Vi = v (Vwo + U)? + (Vaxrotorin)? A- 42
V, = \/(VW3 + U)? + (Vaxrotorout)? A-43
- VAxRotorIn -
a; = cosTl——— A-44
Vi
a, = cos—1 (VAxRotorOut> A- 45
v,

Where, Vy, is rotor inlet whirl velocity, U is blade speed (m/s), V,, is rotor inlet axial velocity

and V,; is rotor outlet whirl velocity.

The acceleration values for both blades can be obtained using Equations A-
46 and A-47.
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Vo

Nozzle acceleration = ————— A- 46
AxNGVinst1
Rotor acceleration = 72 A- 47
1

e To calculate the reaction from the root to the tip, the V,, is calculated using
Equation A-48 and then the reaction values obtained from the hub to tip
using Equation A-49.

VWZ = Vz Sinaz A- 48

Vw2 =V A- 49

Reaction =
2U

Where V, is rotor outlet relative velocity as shown in Figure 4-4, a, is rotor outlet flow angle,

V1 1s rotor whirl inlet velocity minus blade speed (V,-U) and U is blade speed (m/s).

A.4 Blade design strategy

In the open literature some published material and procedures have been presented on
how to carry out blade design [140; 183; 186] [187]. The contribution in this stage is to
the detailed design of the first stage blade of the HP turbine. Figure A-7 shows a typical

turbine blade profile.

Leading Edge (LE)Nngn Surface
Pressure Surface =
Camber line N
—
Stagger angle — \ Trailing Edge (TE)
~— . —

~
S~ Throat
Pltch or spacmg
Chord \
A

Flow |n|et/‘ A
angle Flow i

[ Tangent to camber

Incidence angle ’ line (TE)

| Flow exit angle

Axis

Tangent to camber
line (LE

Blade inlet angle

j=———— Axialchord — —..._.
Deviation angle~7 \(7 Blade exit an
gle

Figure A-7: A typical turbine blade profile [187]
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A.4.1 First stage blade design details

The minimum loss solidities could be well correlated by assuming that the
zweifel loading coefficient (yr) had a constant value of 0.8 [184; 188].
Knowing the blade inlet and outlet flow angles and zweifel loading coefficient

the space chord ratio (s/c) can be obtained using Equation A-50.

S _ Yr A- 50
c 2.tana; (cosa,)

From the user’s manual of the engine selected the blade height to chord ratio

was scaled and found to be equal to 1.46. Also, Saravanamuttoo [140] has
stated that the value of h/c would certainly be satisfactory if greater than 1
and less than 4.

The blade chord and space chord ration can be obtained using Equation A-
51 and A-52.

h
h/ Cratio

Space/pitch,s = c.S/Cratio

Blade chord, c = A- 51

A- 52

The stagger angle (¢) of the HP turbine rotor is assumed to be 35° based on
the discussion with the axial turbine designer at Cranfield University.
The axial chord and axial solidity were found from Equation A-53 and A-54

) A-53
Axial chord, b = c.cos&

b A- 54
Axial solidity = 3

Where ¢ is the stagger angle

For the preliminary design, a ratio of the blade spacing to the surface
curvature of up to 0.75 is acceptable. A range that appears to give favourable
shaped blades is 0.25< (s/e) <0.625 [186].

In this study s/e was assumed 0.2 to achieve a good degree of surface
curvature on the blade convex surface and accelerate the air downstream of
the blade throat.
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A-55
Surface curvature at throat,e = %

e The angle of induced incidence is calculated using Equation A-56.

L aq c A- 56
Induced incidence, 0;,q = 14 1 — (%) +9 18— (E)

e The opening or throat area is calculated using the correlation presented in
[186] for flow outlet angle calculations at Mach number 0<M<0.5. The
equation was rearranged and used to obtain the value of o/s as shown in
Equation A-57.

0 6 S A-57
P cos <10 +7> a, — (4E)

e Regarding the blade outlet angle, it has been common practice to take the
gas angle as being equal to the blade angle defined by cost”(opening/pitch).
Equation 4-58 was used to calculate the blade outlet angle. The relation
between the relative gas outlet angle 33 and the blade angle is presented in
Figure A-8 and defined by Equation A-58.

A-58
Blade outlet angle, 5, = cos™(9/s)

80°) —
70°—

60o°f — g
sof— %

40¢°]

309 | ! ] | |
30° 40° 5O0° 60° 70° 80¢°
Cos'(o/s)

Figure A-8: Relation between gas and blade outlet angles [140].

e By using Equation A-59 the blade deviation angle can be obtained.

L A-59
Deviation angle,§ = [, — a,
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Knowing stagger angle, throat, pitch and axial solidity, the TE intercept can
be calculated using Equation A-60. The blade leading edge radius is often
specified to be a given proportion of the blade spacing. Typical values fall
between 0.05*s and 0.10*s. by using Equation A-61 the LE radius can be

calculated.

0.02 (2) A- 60
TE intercept = | —————
PE=\ 975) cost

A- 61

LE radius = 0.1 X s
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Appendix B Humidity

B.1 Jet-A fuel properties for different values of FAR and WAR

e The results of the investigation into the gas properties of the gaseous
products of combustion (Cp,y, and R) of Jet-A fuel at different values of
TET, WAR and FAR are presented in Figures B-1 to B-9. The multi
regression equation for the gas properties of Jet-A fuel is presented in

Equation B-1 and the coefficients for the fluid are presented in Tables B-1.
Fluid properties (Cp; ¥;R) = A+ B.X; + C.X, + D.X5 + E. X, (B-1)

Where, X;=FAR is the fuel air ratio, X,=WAR is the water air ratio, X5=P is the gas pressure

and X,=T is the gas temperature.

Table B-1: Coefficients for the calculation of the gas properties of Jet-A

(kerosene).
Cp Y R
A 908 1.4 287
B 1863 -0.57 -8.95
Cc 1201 -0.15 156.5
D -0.08 1.34E-05 -2.54E-04
E 0.223 -6.66E-05 3.74E-05

e Cp increased more or less linearly with increase with TET, WAR and/or
FAR. As would be expected there was a strong similarity to the results
obtained for natural gas.

e The trend of the isentropic coefficient (y) curve was similar to that obtained
for natural gas: y decreased with increase in any of TET, WAR and/or FAR.

e R does not change with temperature and only very slightly with change in
FAR. However, R increased with WAR, as WAR increased from 0 (dry air)
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to WAR=0.10 (humid air) for different values of FAR and TET, R increased
from approximately 287 to 303.

1500
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—o— WAR=0-FAR=0
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——WAR=0-FAR=0.03
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1200

Cp (J/kg/K)

1100

1000

700 900 1100 1300 1500 1700 1900 2100
Temperature K

Figure B-1: Hot gas specific heat at constant pressure of WAR=0 and different
FAR=0, 0.02, 0.03 and 0.04 (Jet-kerosene)
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Figure B-2: Hot gas specific heat at constant pressure of WAR=0.08 and different
FAR=0, 0.02, 0.03 and 0.04 (Jet-kerosene)
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Figure B-3: Hot gas specific heat at constant pressure of WAR=0.10and different
FAR=0, 0.02, 0.03 and 0.04 (Jet-kerosene)
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Figure B-4: hot gas isentropic exponent of WAR=0 and different FAR=0, 0.02,
0.03 and 0.04 (Jet-kerosene)
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Figure B-5: hot gas isentropic exponent of WAR=0.08 and different FAR=0, 0.02,
0.03 and 0.04 (Jet-kerosene)
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Figure B-6: hot gas isentropic exponent of WAR=0.01 and different FAR=0, 0.02,
0.03 and 0.04 (Jet-kerosene)
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Figure B-7: Hot gas constant of WAR=0 and FAR=0, 0.02, 0.03 and 0.04 (Jet-A

kerosene)
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Figure B-8: Hot gas constant of WAR=0.8 and FAR=0, 0.02, 0.03 and 0.04 (Jet-A
kerosene)
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Figure B-9: Hot gas constant of WAR=0.10 and FAR=0, 0.02, 0.03 and 0.04

(Jet-A kerosene)
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Appendix C Gas absolute velocity

1000Q = (mce X /Tgin )/(Ach X P) (C-1)
. _y+l
1000Q = M x \/% X (1 +7 ; X Mz) o (C-2)
y—1
T/o=1+ X M? (C-3)
P, 1, G3) -
fo="; (¢4)
v _ Yoo | L
M‘MXJ;XJTZ (©9)
_ Yo |l Ly 7o
V—MX\/;X T/tx Tein (C-6)

QlOOO
—T/t \
-P/p
—V/\/T ”
Mach

Figure Appendix C: illustrate the iterative process of calculating the coolant

gas velocity
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