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ABSTRACT

The flow entering a high-pressure turbine in a gas turbine engine is characterised by a
loss of symmetry due to temperature distortions in both radial and circumferential directions,
known as hot streaks. In industrial simulations it is common practice to assume uniform
inlet temperature conditions to simplify the aerodynamic analysis. However, hot streaks
may have significant impact on the turbine aerodynamics with the redistribution of the hot
fluid affecting the development of secondary flows with consequent effects on enhanced
local heat transfer and aerodynamic losses. The loss of symmetry has also been linked to
the excitation of low-order nodal diameter assembly modes of the downstream rotor blades
leading to potential blade failure and thus, should be taken into account during the design
process. In today’s carbon-constraint environment additional parameters arise as gas turbines
are challenged to adapt to variations of the fuel composition driven by the need of efficient
and low CO; power generation. Introducing syngas, a synthesis gas fuel that is used to power
integrated gasification combined cycle (IGCC) power plants, is likely to affect the operating
conditions of existing gas turbines leading to the requirement of re-design of components.
With particular focus on the turbine hot flow path, the propagation mechanism of hot streaks
throughout the turbine will be affected with consequent impact on the turbine aerodynamics
and forced response excitation levels originating from the different hot flow patterns.

Motivated by the lack of relevant studies, the current work provides a first step towards
the evaluation of the effects of syngas on hot streaks aerodynamics and the induced forced
response excitation levels. Using full annulus multi-bladerow unsteady 3D CFD simulations
and applying combustor representative hot streak profiles in two different gas turbines, a
complete analysis of the hot streaks migration is achieved, with respect to a number of geo-
metric parameters such as the hot streaks shape and injection location in both spanwise and
circumferential directions, the coolant configurations as well as the combined effects on the
secondary flow development. The aerodynamic analysis indicated the propagation of the hot
streaks up to the exit of the turbines under investigation with differences in characteristics
depending on design parameters. With respect to the effect of fuel composition variations on
the blades temperature levels and the flow pattern is observed between the natural gas and
syngas turbine with the syngas showing a more concentrated wake shape. In effect of the syn-
gas different flow pattern, differences are observed in the secondary flows with consequent

interaction with the hot streaks. Contrast to initial expectations, the forced response analysis
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resulted slightly lower amplitude unsteady force of lower harmonics for syngas compared
to natural gas; however, both fuels showed significant levels of the hot streak induced low
engine order excitation compared to the burners and stator related blade passing frequency

vibration.
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Chapter 1

Introduction

1.1 Background

1.1.1 The Use of Syngas in Industrial Gas Turbines

During the last decade the development of gas turbines burning syngas together with the in-
troduction of Integrated Gasification Combined Cycle (IGCC) concepts has been considered
as one of the most promising solutions for efficient and low-CO; power generation [6]. IGCC
power plants are attractive technological solutions for power production, compared to the
natural gas fired Combined Cycle (CC) power plants, providing the opportunity to reduce
NO, emissions [7], offering CO; capture convenience, when combined with Carbon Capture
and Storage (CCS) [8], while allowing at the same time the use of low cost fuels such as coal,
biomass or solid waste. The implementation of CCS technology has been identified by the
European Strategic Energy Technology Plan (SET-Plan) [9] as the only available technology
that can capture at least 90% of emissions and hence, contribute towards the targets of global

CO; reduction.

In IGCC power plants the carbon-based fuel is converted into a synthetic gas (syngas)
through a gasification process and then converted into electricity in the combined cycle that
consists of a heavy duty gas turbine with Heat Recovery Steam Generator (HRSG) and a
steam turbine. The process used for syngas production and the IGCC operation are described
in some recent studies including current operating IGCC power plants [10, 11, 12]. The
current state-of-the-art IGCC plants [13, 14] provide important knowledge regarding the

design parameters that may affect the gas turbine operation.
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Generally, syngas differs from natural gas in terms of composition and calorific value;
depending on the gasification process the composition and properties of syngas will vary.
Hence, addressing syngas fuel in gas turbines, additional complications may arise related to
the fuel composition. The syngas coming from the gasifier is primarily a mixture of varying
amounts of carbon monoxide (CO), carbon dioxide ( CO;), hydrogen (H,) and steam. With
syngas usually being diluted with H,O and N,, for NO, control, the Low Heating Value
(LHV) is about 1/3 of the LHV of natural gas [15]. As the composition variability of syngas
is an important parameter for the operation and performance of a gas turbine, most of the
published studies have focused on the effects of syngas properties compared to natural gas
[16, 17]. Depending on the syngas fuel composition the varying calorific values of the fuel
introduces additional design challenges towards the development of existing gas turbines.
Once the syngas composition is selected for the IGCC plant operation, with respect to the
power plant performance, the modification of the gas turbine and the adoption to the variation
of the fuel composition is the next most critical step of the IGCC power plant design process,

as that will affect the overall performance of the plant.

1.1.2 The Effects of Syngas on Turbine

In the general case of a syngas fuel, the lower LHV of the fuel means that more syngas is
required to be burnt in order to maintain the same power output, compared to the natural gas
fired gas turbine, affecting the mass flow rate at the turbine inlet. The volume flow rate of
syngas at the turbine inlet is dependent on the syngas composition and the dilution process;
in case of undiluted syngas the mass flow rate of the combustion products reduces, resulting
lower mass flow rate at the turbine inlet [18]. Typical values of LHV have been published by
Kim et al. [19] in a comparative study where the effect of syngas type on the performance of
a gas turbine is investigated. In that study the values of three syngas fuel types correspond
to 8.62, 10.49 and 37.02 [MJ/kg] compared to the natural gas higher value of LHV that is
equal to 49.3 [MJ /kg]. However, there is not sufficient amount of information available in
the literature regarding the syngas variability.

Regardless of the dilution process and the syngas composition, the lower molecular
weight of syngas (always compared to natural gas) results higher volume mass flow rate
at the inlet of the turbine. In currently operating IGCC power plants natural gas state-of-the

art technology is adapted for using syngas. The increase in volume flow rate in case of syn-
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gas introduces the need for certain modifications of the existing gas turbine design in order to
maintain an existing natural gas burning machine to operate reliably and similarly efficiently
with syngas. For a current natural gas fired gas turbine, modifications can be applied either
to the compressor or turbine design to operate under syngas conditions. The key challenges
related to the implementation of existing gas turbine technology for syngas operation can be

summarised as follows:

e Assuming the common turbine chocking condition for heavy duty gas turbines, the
increased volume flow rate of syngas will lead to increased turbine inlet pressure and
thus, reduced demand of air from the compressor. That results in higher compressor
back pressure and potential compressor instability problems. The key challenge is an
adjustment through which the compressor operation can be unaffected. One possible
way is by adjusting the blade stagger angles and hence reducing the mass flow coeffi-

cient while operating at nearly the same original performance.

e A second key challenge is related to the turbine operation. Due to the increased volume
flow rate, the original turbine could be adjusted to allow the compressor working at the
same point by applying geometric modifications. Letting the compressor to work at
the same design point as with natural gas, the restaggering of the first stator blades

could be adopted for the modified turbine [20].

e The aerothermal effects are related to (i) the increased isentropic enthalpy drop; the
difference in thermodynamic properties results lower specific heat ratio () for syngas
fuels, that leads to increased isentropic enthalpy drop and consequently to increased
levels of turbine exit temperature [18], (ii) the turbine hot flow path; the lower specific
heat ratio () leads to a difference in velocity triangles, influencing the axial velocity
component and thus the hot flow path, and (iii) the heat transfer rate; the higher water
content of combustion products is another important aspect resulting in higher heat
transfer rate on the blades surfaces. Hence, additional challenges are addressed to-
wards the turbine cooling system design and the improvement of understanding of the
temperature redistribution in the turbine, that is critical to allow for the selection of

appropriate materials and coatings.

e A final challenge that is introduced is related to the variations of the hot streak profile

at the turbine inlet that may affect the low engine order forced response excitation of

3



the downstream turbine rotor blades. In that case, the issues associated with conven-
tional gas turbines also apply to syngas machines with the added parameter of fuel

composition.

This study is motivated by the need of adjustment of an existing gas turbine fuelled by
natural gas to these changes providing reliable and highly efficient operation of the turbine
section as part of the H2-IGCC project which is coordinated by the European Turbine Net-
work (ETN).

1.1.3 H2-IGCC Project

The main objective of the H2-IGCC project (co-funded by the European Union’s 7" Frame-
work Programme for Research and Development and coordinated by the European Turbine
Network), is to provide reliable and efficient technical solutions for the next generation IGCC
power plants burning hydrogen-rich syngas fuel, by the implementation of current state-of-
the-art gas turbine technology [21]. The project brings together 24 partners from 10 coun-
tries to deal with specific technical challenges which are divided into four subprojects, the
combustion, the materials, the turbomachinery and the system analysis which evaluates the
optimised compatibility between the combustion technology, the materials and the turboma-
chinery requirements.

Among the partners, Roma Tre University, RWTH Aachen University, Cenaero and City
University of London ! contributed towards researching technical solutions related to the tur-
bomachinery challenges. The modified compressor and turbine design has to cope with the
increased volume flow rate, the increased isentropic enthalpy drop and consequent higher
turbine exit gas temperature and heat transfer rates. More specifically, Roma Tre Univer-
sity provided the throughflow model for the generic gas turbine, leading to the definition
of the number of stages, annulus line and blade profiles at mid-span to all stages plus a
compressor characteristic [22]. Based on this data University of Sussex produced a 3D com-
pressor design that was done by extending the 2D model along the span taking into account
the correct stagger of the blades. The design was iteratively modified to achieve the required
performance using 3D CFD computations for single passage multi-bladerow analysis with

mixing planes.
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RWTH Aachen University was responsible for the definition of a representative expander
geometry to be used by all the project partners as a reference for the analysis. Based on the
annulus design and the thermodynamic inlet and outlet conditions provided by the through-
flow analysis the turbine blades have been designed [23]. For the current work, the boundary
conditions have been set for the case of natural gas, based on the CFD results of RWTH
Aachen University. The initial CFD calculations that have been performed using the in-
house CFD solver, for different grids, provided converged solutions and comparable results
with RWTH and Roma Tre Universities. CENAERO produced a preliminary design for the
cooling system which can be used as a generic baseline geometry. The work presented in this
thesis 1s aimed to investigate the effects of syngas on the temperature distribution through the
four-stage turbine with respect of the aerodynamics and the forced response vibration prob-
lem as part of the H2-IGCC project, using the generic gas turbine and the modified syngas

gas turbine geometries as those have been provided by RWTH Aachen University.

1.1.4 Hot Streaks - Problem Overview

It is well known that the flow exiting the combustor in gas turbines contains both radial and
circumferential temperature gradients, known as hot streaks. First turbine stages experience
those temperature gradients which can propagate downstream creating local hot spots on
blades’ surfaces affecting the local heat transfer [24, 25, 26, 2]. Those localised peak tem-
perature areas can be crucial for the turbine blade life, therefore the temperature tolerance
of the first bladerow is generally based on higher temperature than the mean Turbine Inlet
Temperature (TIT) which in turn, results in performance costing cooling flow in the turbine
[27, 28].

Additionally, due to the complex nature of the flow and the relative motion of the ad-
jacent bladerows, these periodic flow disturbances can also affect the performance of the
downstream turbine stage [29, 30], as well as the blade failure due to forced response ex-
citation [31, 32]. In respect to the effects of the fuel composition (when switching from
natural gas to syngas) on the turbine flow path, the ability to understand the temperature
migration pattern in a turbine and identify those areas of localised high temperatures and
enhanced local heat transfer is essential in order to improve cooling effectiveness and reduce
cooling losses. The enhanced heat transfer issues that arise from burning syngas may affect

the migration pattern through the turbine and the combined aerodynamic effects through the
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turbine stages.

Despite the large number of numerical studies on the effects of temperature redistribu-
tion on the turbine, it is difficult to draw general conclusions that could be applied to turbine
design due to a number of design parameters that have impact on the hot streak kinematics
and hence, on the aerodynamics and aeromechanics of the turbine. Due to the lack of full an-
nulus combustor measurements most of the published studies follow simplified approaches
for the hot streaks simulation. The simulation of realistic non-identical hot streaks is expec-
ted to result differences in the hot streak propagation and hence, one issue that the current
study is dealing with is the application of a combustor-representative hot streak profile. The
numerical investigation of the hot streak shapes and the effects on aerodynamics was con-

ducted on the SGT300-2S two-stage turbine based on traverse data provided by Siemens.

1.1.5 Unsteadiness and Forced Response Vibration Problems

The periodic circumferential temperature variations at the turbine inlet introduce additional
unsteadiness to the turbine flow that may lead to potential excitation problems of the down-
stream blade rows. Unsteadiness in turbomachinery can arise from different sources gener-
ally related to circumferential variation in the flow and can be classified in the following: 1)
potential interaction, that is related to pressure fields and depends on the axial gap between
the blade rows and the Mach number; 2) vortical perturbations, which are related to blade
wakes and streamwise vortices that are convected through the stages and can influence the
surface pressure, heat transfer and boundary layer nature of the downstream blades; and 3)
entropic perturbations, related to density fluctuations and thus to temperature fields [33]. The
effects of all three types have been widely investigated over the past years and a thorough
review can be found in AGARD manual [34].

Based on the forcing function acting on the blade, excitation problems in gas turbines
can be classified into flutter and forced response problems; only the forced response related
problems will be discussed here. In turbine forced response problems, the unsteady loading
arises from upstream or downstream fluctuations in the flow being periodically applied to the
blades. When the frequency of the exciting force coincides with a blade natural frequency,
resonant vibrations result inducing High Cycle Fatigue (HCF), affecting turbine blade life.
Such conditions are characterised by the growth of fatigue cracks in blades due to the large

number of alternating stress cycles and should be avoided during the operation of the tur-
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bine. Hence, prime consideration of the structural dynamics is the prediction of the natural
frequencies of bladed disk assemblies in order to design the machines to operate outside
resonant conditions and prevent dangerous vibrations.

That resonant condition was early described by Campbell [35], who identified the charac-
teristics of vibrational modes of steam turbine bladed disks. A simple tool that has been used
for that purpose, shown in Figure 1.1, is Campbell diagram that predicts where the blades
natural frequencies coincide with the excitation frequencies. Such resonant conditions are
named crossing points. The natural frequencies (Hz) on vertical axis are plotted against
turbine speed (rpm) on the horizontal axis. The diagonal lines represent the sources of excit-
ation. The excitation frequency of the flow fluctuations, related to upstream and downstream
stator blades as well as burner cans, is normally proportional to the speed of rotor and is
denoted by the Engine Order (EO). For example, in the presence of 40 upstream vanes, the
blade passes downstream encounters a high and low pressure region, hence the excitation

frequency is said to be a 40 — EO excitation.
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Figure 1.1: Campbell diagram illustration

The unsteady force arising from the flow interaction between stationary and moving
blades, known as Blade Passing Frequency (BPF) excitation, is a well-defined problem and
the accurate prediction of the excitation levels is part of the design phase. In order to describe

aeroelastic phenomena in turbomachinery, Computational Fluid Dynamics (CFD) codes in
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combination with standard Finite Element (FE) models constitute an effective way to predict
vibration-free operating ranges. The Campbell diagram can be obtained by a FE analysis
through a modal analysis that model describes the structure’s behaviour without any external
force or excitation. Natural modes and frequencies can then be defined by the physical
geometry of the component, as natural modes describe the patterns of vibration and natural
frequencies are the frequencies of the natural modes. Since periodic excitations due to rotor
blades passing stationary blades are known a priori, the turbine rotors can be designed such
that assembly mode frequencies do not intersect excitation EOs at the rotational speed, as

shown in Figure 1.1.

Another source of excitation forces is related to variations in the flow around the annulus
and results in Low Engine Order (LEO) forced response problems. In case of LEO excitation,
the unsteady aerodynamic force is composed of harmonics lower that BPF, hence the term
LEO forced response. The unsteady harmonic forcing distribution acting on the rotor blade
is caused by any loss of symmetry arising from manufacturing variability and is therefore
somewhat random in nature; examples of which are the combustor exit temperature profile,
the inherent non-uniform spacing between stator blades (or throat width variation) and effects
due to burner blockages. LEO is difficult to predict as the sources of flow variation may vary

between different engines.

Once a resonance is identified, the blade response at that condition needs to be estim-
ated solving the forced response problem. The forced response aeroelasticity analysis can
be numerically conducted in fully-coupled or uncoupled way. In coupled forced response
systems the structural mode shapes, resulting from the modal analysis, are interpolated on
the aerodynamic mesh which moves at each time step during the solution process in order
to accommodate the structural motion by exchanging the boundary conditions at the fluid-
structure interface. The frequency of the motion is determined by the natural frequency of
the corresponding mode. The advantage of the fully-coupled method is the automatic in-
clusion of the aerodynamic damping. However, unless the change in aerodynamic damping
is likely to be important, the forced response analysis may be simplified and solved in un-
coupled way, where the unsteady force and the blade motion are considered separately. This
simplification still allows the calculation of the aerodynamic damping from a separate flutter
analysis and is valid unless the unsteadiness arising from the blade motion is significant such

as in case of fan assemblies. Further discussion and comparison between the two methods



has been published by Breard et al. [36] and Vahdati et. al [37]. In the current study blade
mode shapes are assumed to remain unchanged by the aerodynamic force, thus the FE modal
analysis is solved independently to the CFD analysis, where mode shapes are interpolated

into the fluid mesh.

In the past 30 years there has been an effort leading to significant progress in under-
standing the basic mechanisms of propagation of the hot fluid into the first turbine stage
and aerodynamic effects. The increase in computer power has allowed a great progress to
be made in the field of Computational Fluid Dynamics (CFD) improving in such way the
general understanding of the complicated flow field in turbomachinery. However, due to the
significant computational time required, some of the current industrial design practices are
still based on steady state CFD codes. Hence, unsteady flow phenomena, such as the temper-
ature variation at turbine inlet, are usually absent in most of the CFD simulations, and ideal
uniform inlet temperature conditions are generally assumed. In spite of the considerable
amount of studies on the hot streak kinematics it is difficult to interpret the results of those
studies in a way that may be applied to turbine design due to the complex nature of the flow
field in which a number of design parameters have impact, such as combustor design (hot
streak shape and location in radial and circumferential direction), temperature ratio of the hot
to the cold gas, blade count and coolant injection. Due to the dependency of the hot streaks
on the combustor type, ideal hot streak profiles have been simulated in most of the cases due
to the lack of published experimental combustor measurements. One other important aspect
is related to the effects of hot streaks on forced response excitation; however, it has not been
widely investigated and only a few studies are reported in the open literature [31, 32]. With
the use of syngas, additional complications may arise related to the fuel composition, affect-
ing the turbine hot flow path and the rotor blades vibration and thus major challenges need to
be overcome to account for the aero-thermal aspects involved in order to secure the efficient

and reliable performance when switching to syngas fuel operation.

1.2 Objectives of the Research

As part of the H2-IGCC project, this work intents to present the detailed hot flow path in two
different gas turbines, an existing and a modified one, with particular focus on the variation in

fuel composition (natural gas and hydrogen-rich syngas). The overall objective is to predict,
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via numerical simulations, the hot streaks propagation mechanism with regard to the turbine
aerodynamics and LEO excitation in the two axial HP turbines. The specific objectives of

this thesis are:

e To develop a better understanding of the propagation mechanism of the hot streaks
through a HP turbine considering a number of parameters such as, the coolant injec-
tion, the potential interaction between bladerows, the hot streak shape and location
injection. The Siemens SGT300-2S/Athena turbine has been included in the analysis
for that scope, focusing on the simulation of hot streak profiles which are representat-

ive of real combustor exit conditions.

e To assess the impact of the fuel composition on the flow temperature levels in a four-
stage heavy-duty turbine and the aerodynamics of hot streaks when switching from

natural gas to syngas fuel.

e To evaluate the effect of syngas on the potential LEO excitation of the first rotor blade
in modified turbine geometry originally designed to burn natural gas, as well as the

magnitude of the LEO excitation compared to the BPF excitation levels.
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Chapter 2

Literature Review

2.1 Introduction

This chapter provides a literature review of some of the previous work on the hot streak
problem. The review has been listed according to the effects of the problem under investiga-
tion and is generally chronologically arranged to provide some sense of the progress that has
been made through the years as well as of the contribution of the current work. Until now,
the focus has been primarily on the effects of temperature distortion on turbine aerodynam-
ics. As it will be seen, the hot streaks can also exhibit effects on forced response vibrations.
Summarising the current state of the literature the need to implement realistic inlet temperat-
ure profiles than what is commonly used in numerical simulations is highlighted in order to
capture the unsteady effects in turbines. Moreover, the fuel flexibility in gas turbines leads to
new challenges that are rarely studied. The effects of syngas on turbine design are discussed

in the last part of the literature review.

2.2 Hot Streaks Kinematics

Knowledge of the temperature migration pattern in a turbine is essential in order to main-
tain high turbine performance - through high TIT - avoiding at the same time the heat and
mechanical loads and related High Cycle Fatigue (HCF) problems. The dominant mechan-
ism of the temperature redistribution into the stages, in the blade-to-blade plane, was first
described by Kerrebrock and Mikolajczak for high-speed compressors [38]. For the case of

rotor wake/stator interaction in a compressor stage the temperature wakes passing through
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the stators are transported towards the Pressure Side (PS) of the stator passage. That hap-
pens as a result of the difference of the absolute velocity at the inlet of the rotor, due to the
temperature difference and is known as segregation effect for wakes and hot streaks. The
relationship between the absolute velocity, C and the static temperature, 7T is described by
the definition of the Mach number, Ma:

Ma = _C (2.1)

VYRT

where v is the ratio of specific heats, and R is the gas constant. According to Equation 2.1
the only variable for a hot streak entering the rotor frame is the increased temperature when
compared to the neighbouring cold streak. Hence, a difference in absolute velocity induces
a relative slip velocity between the hot and cold fluid entering at the rotational frame. The
turbine velocity triangles in Figure 2.1 show how the direction of the relative velocity at
rotor inlet differs between the hot and the cold fluid, with the hot fluid moving towards the
rotor PS. Kerrebrock and Mikolajczak also performed an analytical study to describe the
stagnation temperature excess in the wake at stator exit. This analysis will be discussed

further in Chapters 4 and 6, with respect to the thermal wakes at stator exit.
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Figure 2.1: Kerrebrock and Mikolajczak segregation effect

An initial study of the effects of inlet flow distortion in turbine stationary blade rows was
done my Munk and Prim [39]. It was theoretically shown that the inlet total temperature
variation leaves the stator streamline pattern unaffected in the absence of inlet stagnation
pressure, P, ;, gradients. Early experimental studies were performed by Schwab et al. [40]

at NASA Lewis Research Centre and a few years later by Butler [41] on the Large Scale
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Rotating Rig (LSRR) [42]. Schwab studied the effects on performance in an axial turbine
stage when a radial non-uniform inlet temperature profile is applied, while Butler carried out
a number of hot streaks experiments in a large-scale low speed axial turbine to confirm the
tendency of separation of hot and cold fluid when entering the rotational frame. During this
experiment one hot streak was injected at 40% span aligned with the mid-passage between
two stator blades. Sensing the CO;, that was used to describe the flow path, hot streaks were
convected through the stationary frame indicating no significant movement. Entering the
rotational frame the hot and cold gas separated, following the segregation effect. The result
is the preferential heating of rotor PS, with the hot fluid moving towards the PS of the rotor
and the cold towards the Suction Side (SS). Butler’s experimental results indicated no change
to the streamline pattern in the stationary frame for uniform P, ;, confirming the theory first
described by Munk and Prim [39] and Lakshminarayana [43]. However, in addition to the
segregation effect, some 3D effects were observed such as a spanwise migration of the flow,
especially on the PS of the rotor. That effect was attributed to the increase in secondary
flow due to temperature gradients. Further discussion on the effects on secondary flow is

presented in Section 4.3.2.

Early computations aimed to simulate the hot streak kinematics as was described in But-
ler’s experiment. The first numerical simulation was conducted by Rai [44] using a 2D
Navier-Stokes analysis for a single-stage axial turbine. The airfoil geometry used is the same
as that of Butler’s experiment and the comparison indicated qualitative agreement between
them, taking into account the simplifications of the numerical analysis and suggesting the
need of a 3D analysis in which the geometry and inlet flow conditions would be more real-
istic. 3D analysis was performed by Dorney [45] for 1 stator/1 rotor capturing most of the
flow physics of hot streaks migration in a turbine stage. The influence of secondary flows
was also simulated with good accuracy compared to Butler’s experimental results. Dorney’s
3D simulation confirmed the inability of the 2D simulation to predict the increased rotor sur-
face temperature. Sharma’s assessment on unsteady flows provided a comparison between
Butler’s experiments, 2D numerical approaches and 3D unsteady simulations [29]. Results
from both experimental and unsteady numerical simulations indicated the preferential heat-
ing of rotor PS due to the presence of temperature distortions when the hot streak is aligned
at the mid-passage at the inlet of the stator blades. The kinematics of hot streaks in the radial

direction are related to the secondary flows into the rotor passage and are discussed in the
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following section through relevant published studies.

2.2.1 Effects of Hot Streaks on Aerodynamics

Secondary flow is produced when a streamwise component of vorticity is developed from
the deflection of a flow with velocity or density gradients [46, 47]. The impact on vorti-
city production due to temperature non-uniformities was early investigated analytically by
Lakshminarayana [43] and later computationally by Hermanson and Thole [48] who showed
that zero vorticity is produced in a turbine stator when inlet stagnation temperature non-
uniformities are not accompanied by gradients in Mach number and stagnation pressure, in
order to predict the thermally driven secondary flow in a turbine stator and rotor bladerow.
Based on secondary flow theory the streamwise component of vorticity for compressible,

inviscid flow is given by Equation 2.2:

Jd , w5, 2w, 1 JdTdp

75 oG T pCR T p2C2T b on 2.2)

where Cs and R correspond to the inlet streamwise velocity component and the radius
of the curvature of the streamline, respectively, while ;, w,,®, are the components of
vorticity in the streamwise, normal and binormal directions as shown in Figure 2.2, with

@, = 9C,/b.
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Figure 2.2: Schematic illustration of the development of secondary flow in a rotor blade
passage [1]
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It is clear from Equation 2.2 that secondary flow can develop under two conditions: (i)
when there is a normal component of vorticity at the inlet plane (®,) and (ii) when there is a
radial static temperature gradient at the inlet. Since the pressure gradient, dp/dn, is always
non zero in a curved streamline, then secondary flow develops in a bladerow when there is
static temperature gradient at the inlet. Lakshminarayana expressed the streamwise vorticity

also in terms of stagnation temperature, which after simplifications is given by Equation 2.3:

i( O} - 20,
ds pC;"  pC,R

YLy [VTblcos

(1+ 2 pTR

(2.3)

where f3 is the angle between the |V7,| and binormal direction (). Providing that there
are Mach number gradients, variation of stagnation temperature in the radial direction will
produce additional secondary flow in a bladerow, while in the absence of Mach number
gradients the terms of normal vorticity @, and |VT,| cancel each other and secondary flow
remains unchanged. This condition is not representative of the turbomachinery environment;
however, is used as an assumption providing a mean of controlling the parameters that con-

tribute to the generation of secondary flow and in turn, simplify the analysis.

Since, additional secondary flows cannot develop when the stagnation pressure gradient
is zero, the fixed temperature profile in the stationary frame, also mentioned by Butler et
al. [41], is explained when hot streaks are present with uniform P, ;, boundary conditions.
However, in the rotor frame, the difference in rotor relative inlet velocity between the hot
and cold streak, due to segregation effect, produces stagnation pressure gradients at rotor
inlet, leading to additional generation of secondary flows. A 3D Euler solver was used
by Shang and Epstein [49] who investigated the individual effects of wakes and turbine
inlet temperature gradients on the production of secondary flows for low aspect ratio multi-
stage turbines. Boyle and Giel [50] investigated the effects of hot streaks confirming the
experimental measurements of Shang, using a steady state 3D Navier-Stokes analysis when
CPU time requirements were still quite high for such analyses. In a more recent numerical
study Hermanson and Thole [51] used similar temperature gradient to that used by Boyle, in
order to investigate the effect of non-uniform inlet conditions on the secondary flow fields
focusing also on the relationship between P, ;, and secondary flow generation. The results
demonstrated the need to consider more realistic turbine inlet profiles due to the effect of

pressure gradient on the magnitude of secondary flows.
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Prasad and Hendricks [52] studied the mechanisms that drive hot streak transport in tur-
bine rotor with respect to secondary flows. It was found that the variation in flow density
due to the temperature variation drives the variation in the secondary flows in the rotor pas-
sages. Later CFD simulations [53, 54] confirmed the additional secondary flow production
due to hot streaks and the impact of that on the spanwise migration of hot fluid on the PS and
SS of rotor blade. Ong and Miller [54] also investigated the combined effects of blade row
interaction and thermally driven interaction on the hub endwall secondary flow production
in rotor passage, showing relatively weak contribution of the hot streaks on the hub passage
vortex enhancement compared to the stator wake. However, those are general trends and are
quite dependent on specific conditions in different turbines. The major effect of the enhanced
secondary flow in rotor passage is the distortion of the hot streak profile on the rotor PS, the
magnitude of which is dependent on the turbine and combustor design, and the compression
of the hot flow streamlines on the rotor SS, the importance of which is highlighted in terms
of performance and coolant effectiveness. As has been shown in an experimental study by
Jenkins et al. [55], the much steeper temperature gradients that result on rotor SS enhance the
combined effects of film cooling and high turbulence levels on that blade surface. That may
lead to a significant attenuation of peak temperature (by about 74%), leaving a substantial

hot streak on the rotor PS.

In terms of performance, Lewis [56] showed that the effect of spanwise total temperature
redistribution may have significant impact on aerodynamic performance in axial turbines.
However, according to Adamczyk [57], unlike spanwise redistribution, there is no evidence
suggesting that circumferential redistribution impacts on aerodynamic performance. This
is confirmed by a more recent study where the effects of hot streak inlet profile on turbine
performance were investigated [58] taking into account different circumferential hot streak
positions at the turbine inlet. Zilli et al. [58], used a Gaussian distribution superimposed
on a radial profile in order to simulate the hot streak profile. Applying 3D CFD tools the
analysis was performed for two fuel injector positions, one where the hot streak was aligned
with the stator mid-passage, which was defined as unclocked position, and one where the
hot streak was aligned with the stator Leading Edge (LE), and this was defined as clocked
position. Comparative CFD results between the two clocking positions and a case of radial
inlet temperature redistribution indicated quite small variations in terms of performance,

with the most favourable to be the case of the clocked hot streak position, and the worst
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case the one when only radial inlet temperature variation is applied. Since the variations
of performance have been found to be very small, attention turned mainly to the effects of
total temperature redistribution on the formation of hot spots on blades’ surfaces which may

impact the blade life.

In order to investigate the most favourable hot flow migration pattern through the turbine
stages in terms of heat transfer the effects of hot streak shape and injection location have
been studied. With respect to the circumferential injection location at turbine inlet, there are
various numerical studies dealing with the sensitivity of the hot streak propagation through
the turbine [59, 60, 61, 62, 63, 53, 64]. As a general outcome of those studies, the segregation
effect was confirmed to be the dominant hot streak transport mechanism on the blade-to-
blade direction along the turbine, in case that the hot streak was aligned with the mid-passage
between two stator blades (unclocked position). This is because the hot and cold streaks are
not interacting with each other and hence, convect towards rotor PS and SS, respectively. In
case of clocking the hot streak position and align the hot flow injection with the stator LE,
the hot and cold streak are in phase and the movement depends on the relative strength of
the two mechanisms. As long as the temperature difference between the two streaks (hot
and cold) remains quite high, the cross-passage movement is driven by the hot streak, but the
preferential heating of the rotor PS may be weakened. However, if the temperature difference
is not high enough then the effect of rotor PS preferential heating may disappear or even be

reversed.

In terms of coolant effectiveness, the clocked hot streak position leads to reduced peak
temperatures on rotor PS. At the same time the alignment of the hot streak with the stator LE
results increased thermal load on stator blades, thereby higher cooling flow rate is necessary
in order to control the effects on stator blades surfaces heat load. Basol et al. [53] presented
a more detailed study showing that by clocking of the hot streak even by less than 6° towards
the stator PS the heat load of the rotor blade tip could be substantially reduced. Although
there have been numerous studies on the effects of hot streak clocking positions, that design
philosophy only applies for integer hot streaks/stator blades ratios. For non-integer ratios
a combination of clocked and unclocked hot streak positions is unavoidable, hence a full
annulus simulation would provide a more accurate description of the combined effects on

hot streak migration.

A study on the effects of hot streaks focused on turbine blade heat load was performed
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by An et al. [62], taking into account the interaction with the Trailing Edge (TE) coolant
injection and applying 3D unsteady numerical simulation for a 2 stators/4 rotors configura-
tion. Six different hot streak positions were investigated circumferentially relative to the LE
of the stator blades in order to evaluate the effect on heat transfer characteristics. The study
pays more attention to the transient variation of heat load to describe the unsteady effects of
the hot streaks. An altered hot streak was observed at the exit of stationary frame in terms of
shape and maximum temperature values, affecting in such way the fluctuation range of heat
load at rotational frame. The alteration of hot streak shape at the exit of the first stationary
frame was indicated as a result of cut-back slot ejection. Pyliouras et al. [65] suggested an
optimised coolant configuration for individual blades with respect to the first stator bladerow
coolant, as the temperature difference between the hot and cold sections on stator blades
was found to be up to +/- 400 K. According to that study, Pyliouras et al. [65] concluded
that designing the coolant scheme for each stator blade equally, considering only the highest

temperatures, results in a waste of cooling on blades not aligned with the hot streak.

A more recent numerical study performed by Simone et al. [66] on the hot streak effects
on thermal loads in HP turbine summarised some significant design parameters that are worth
to be mentioned as they also account for the contribution of this thesis. Regarding CFD
methods, the importance of the exact blade count ratio is mentioned, in case that there is no
common divisor between stator and rotor blades, as scaling methods will alter the solidity
and result in different alignment positions between hot streak and stator blades (clocking),
with a consequent alteration of the hot flow path. In such case full annulus analysis should
be performed to capture the accurate transport mechanism of the hot fluid into the turbine.
Regarding design parameters, the need for realistic temperature profiles was also pointed out
by Simone; he suggested that the propagation of the distortions further downstream the first
HP turbine stage should be considered to investigate the segregation effect taking place also
on second stator blades, when a representation of a real machine temperature profile is used.
This is of great importance for the accurate interpretation of the hot streak propagation into
the turbine and will be further investigated in this thesis. The need to investigate further the
hot streak migration pattern into the second turbine stage was also pointed out earlier by
Dorney et al. [67] and it is taken into account in this thesis where the hot streak propagation

is investigated up to the exit of the turbine.
Only a few studies deal with the combustor design impact including both the hot streak
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shape and the spanwise location of hot streak injection, in respect of the effects of an accurate
hot streak profile simulation. Those could provide useful information for the interpretation
of the results as will be presented in this thesis, since different turbine designs have been
investigated, using hot streak shapes in a way that will have the optimum effect on heat
load distribution on turbine blades. In order to investigate the effects of spanwise hot streak
injection a study was conducted by Roback and Dring [59] in relation to the combustor
design. According to Roback and Dring, the radial migration of the hot streak into the rotor
passage was found to be dependent on the radial hot streak location at turbine inlet. With the
hot streaks injected in various locations, accumulation of the hot fluid was recorded towards
both hub and tip regions in rotor passage, expressing the dependency of the radial migration
of the hot streak on the location of the radial injection. With respect to the shape of the
hot streak most researchers consider ideal hot streak shapes due to the lack of published
experimental data. They typically used parabolic functions in order to simulate the inlet

temperature profile.

One of the first numerical studies dealing with the effect of hot streak shape in an un-
cooled turbine stage was performed by Dorney and Burlet [68] using circular and elliptical
hot streaks of varying sizes. Based on that study the elliptical shape hot streaks were mixing
more rapidly due to the larger area exposed to the cold surrounding fluid. Regarding the size
of the hot streak, the larger surface area exhibited higher interaction with the secondary flows
near the hub, thus higher losses, resulting in an additional high temperature region. However,
the authors mentioned the need to include cooling injection in a future analysis, as that would
have affected the interaction with secondary flows and the distortion of the hot streak. Basol
et al. [53] also investigated the effects of hot streak shape, using elliptical hot streak shape
in various rotation angles. This practice can be considered as a way of hot streak clocking
(relative circumferential position) with similar findings. Finally, more extensive studies on
combustor representative hot streak profiles were performed by Povey et al. [69, 28, 2]. In
his last study Povey et al. [2] presented a review of six combustor simulators; this is the
most recent and significant published work that has been conducted in order to provide real-
istic data that could be used to describe engine-representative hot flow path in axial turbines.
A whole-field combustor exit temperature profile was presented showing the radial and cir-
cumferential variations between the hot streaks as shown in Figure 2.3, with a maximum and

minimum value of temperature ratio corresponding to 1.14 and 0.84, respectively.
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Figure 2.3: Measured (QinetiQQ) combustor exit temperature profile in a military engine from
Povey and Qureshi [2]

2.2.2 Forced Response and LEO excitation

Excitation problems in gas turbines arise from time-varying excitation forces from upstream
or downstream disturbances. Compared to the BPF excitation, LEO is far less studied and
more difficult to predict due to the unknown controlling parameters a priori that are related to
sources of flow variation. Greitzer et al. [70] classified the unsteadiness into three regimes,
including LEO excitation and rotating stall in the regime of large scale phenomena, meaning
that the length scale of the excitation is roughly an order of magnitude larger than the blade
passage. Unsteadiness associated with the wake and boundary layer turbulence and transition

corresponds to small scale unsteady phenomena while medium scale is related to the passage
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flow structure such as potential interaction and tip clearance vortices.

However, only little work is published regarding the understanding of the large scale
unsteady phenomena such as the LEO forced response. An aeromechanical approach with
forced response analysis, as has been described above, is necessary in order to investigate
the mechanical effects arising from unsteady blade forces that have been generated by flow
non-uniformities. Sayma et al. [71] investigated the effects of non-uniform spacing between
stator blades on LEO excitation, which is believed to be the most common source of low
harmonics. Using a well-defined pattern, the 4" and 8" EO excitations were produced
and the final modal displacement amplitude was found to be dependent on the variation
of the throat width. The same analysis was also presented by Elliott et al. [72] finding
the aerodynamic force to be linearly proportional to the amount of throat width variation.
Rzadkowski et al. [73] performed a 3D numerical study comparing effects of LEO and BPF
excitation. In that study, the LEO excitation that was caused by general unsteadiness in the

flow was shown to be higher in comparison to higher order excitation frequencies.

Joecker et al. [74] presented a comparison of numerical models that have been used to
predict LEO excitation problems in order to evaluate computational approaches that would
save time avoiding to compute the whole annulus turbine stage. A variation of stator throat
width was used to produce a 5 EO excitation force, which when was compared against
experimental results the sector model yielded inadequate results. The same source of LEO
excitation was studied by Vahdati et al. [37] performing multi-blade row forced response
analysis for gradual blockage in second stage of an axial compressor. The results indicated a
small effect on the main BPF but the amplitude of the LEO harmonic were found to increase
as the amount of blockages increases. A more recent numerical study on LEO excitation
was performed by Aschenbruck et al. [75] considering geometrical variances as a source of
low harmonics. Two geometric variations were implemented, one alternating the thickness
of stator TE and another varying the stagger angle of every other blade, resulting in a non-
linear relation between the amount of the geometry defect and the excitation response of the
blades. The modifications were based on geometry defects measured on real blades and the

variation of the stagger angle was found to be the largest contributor to forced response.

In general, the numerical studies of hot streaks have been conducted for aerodynamic
considerations in HP first turbine stage rather than forced response analysis. Hence, forced

response studies for LEO excitation due to turbine inlet temperature distortions are very
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sparse in the open literature, though the effects of turbine inlet temperature distortions on
the forced response vibration have been pointed out in few studies [54, 65] but have not
been further investigated. The first attempt to predict the effect of temperature distortions on
the LEO excitation was presented by Manwaring and Kirkeng [31] for a Low Pressure (LP)
turbine based on temperature measurements at the exit of the HP turbine (inlet to LP turbine).
Focusing on the fifth stage, they considered both entropic, due to temperature distortions,
and vortical waves, due to total pressure variations, showing equally important impact on
the determination of the unsteady loading. Further calculation of the blade stresses and
comparison with measured data on the fifth LP turbine stage blade exhibited good agreement.
Hence, the study concluded that incorporation of the forced response analysis, due to the
turbine inlet flow variations, in the design process is needed in order to ensure acceptable

tolerances on the blade vibrations.

Only two more recent numerical studies have been published investigating the acromech-
anical effects of hot streaks with particular interest on the LEO excitation effects [76, 32].
Breard et al. [76] investigated the effects of temperature distortion, that is caused due to
fully or partially blocked burners, using whole annulus 3D CFD simulations and a repres-
entative temperature distribution profile. Additional individual sources of LEO excitation
were included in the same study, among those are variations of stator throat width which
arise from non-identical stator blade passages, variation of the flow exit angle due to manu-
facturing and assembly tolerances, as well as cooling non-uniformities between the blades.
Combined effects were also considered, since in reality most of the sources of LEO coex-
ist meaning that some of the individual parameters will either cancel each other or produce
much larger forcing by superposition. Comparison between the effects of each excitation
source was found to be difficult because the quantification of the parameter variation levels
is not straightforward, while additional difficulties arise when determining the combined ef-
fects by linear superposition. Breard et al. concluded that the total excitation forcing can be
quite different in magnitude compared to the individual components depending on the phase

difference between them.

Finally, Mayorca et al. [32] investigated the excitation levels of the fourth stage of an
industrial gas turbine with respect to burner cans induced forced response. Applying 3D CFD
simulation and scaling method between the stages the excitation levels due to temperature

distortion found to be of considerable strength at the downstream LP rotor blades due to the
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fact that the hot streaks were not highly mixed out through the turbine. However, Mayorca
et al. found no contribution of the total temperature inlet profile on the BPF excitation on
rotor blades. The result is attributed to the possible large interaction between cooling flows,
viscous and potential field effects as well as to the effect of scaling the bladerows. More
specifically, the blade count modification is expected to result in a different distribution of
the temperature profile development along the turbine stages in a way that is proportional
to the level of bladerow scaling and in different set of EOs arising from the blade count

difference excitation.

For forced response predictions, whole annulus models need to be used to accurately
describe the phenomenon due to the lack of cyclic symmetry, as an accurate representation
of the temperature profile at the combustor exit contains random differences between the
hot streaks in radial and circumferential directions. Moreover, in the case of non-integer hot
streaks/blade count ratio, scaling effects would affect the temperature distribution with the
effects being proportional to the level of blade count modification. The effects of geometrical
scaling on the prediction of aerodynamic forcing have been presented in a very recent study
by Mayorca et al. [77]. In order to accurately model the effects of the hot streaks on the LEO
excitation an aeroelasticity model described by Sayma et al. [71] and Vahdati et al. [78] will

be used in the current research for the forced response analyses.

2.3 Syngas Operation in Turbine

With regard to the turbine, there may be many limitations depending on the gas turbine tech-
nology and fuel under consideration. Chemical composition variability and syngas heating
values address considerable issues about the turbine aerodynamic, thermal and mechanical
design. A Siemens study [79] addressed the effect on increased volume mass flow rate due
to the low calorific value resulting in raised Mach numbers. Moreover, due to noticeable
fraction of non-combustibles, such as steam, CO, and N,, performance issues of the com-
bined cycle arise. The higher steam concentration of the expansion gas increases the rate
of heat transfer to the blades leading to maximum allowable turbine inlet temperature and
hot gas path cooling. Discrepancies found in the composition of the fuel (syngas type) will
affect the content of water vapour in the combustion gas and hence the heat transfer charac-

teristics [80, 15, 81, 19, 82]. A syngas fuelled machine will exhibit increased water vapour
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in the gas turbine exhaust gases (the amount being dependent on syngas type) that is linked
to enhanced heat transfer and increased blade metal temperature. With regard to the fuel
composition, the effects of undiluted syngas on the volume mass flow rate were discussed by
Chiesa et al. [18]. He also mentioned the consequences of the increased volume flow rate on
the hot flow path due to the influenced flow velocity and hence the altered velocity triangles.
The work of Chiesa et al. [18] is considered in the thesis as not many published studies deal

with hydrogen-rich syngas fuel in gas turbines.

The overheating of the turbine metal for syngas fuel was investigated by Chacartegui et
al. [82], Sabau and Wright [83]. In particular, Chacartegui showed about 7 — 25 °C higher
metal temperature of the blades compared to natural gas. Maurstad et al. [80] suggested
a combination of air cooling and blade thermal barriers coating for syngas fuel while GE
recommended decreasing the turbine inlet temperature by a certain amount if it is desirable
to maintain 100% of the design lifetime. According to that study, the higher the volume
percentage of water vapour, the more the turbine inlet temperature needs to be reduced. In
order to modulate the turbine parameters and avoid blade failure, an assessment of the turbine
blade temperature due to the fuel change is necessary as the higher heat transfer rates may

address the need of improved coolant schemes.

The effects of syngas on the turbine aerodynamics were also investigated by Colantoni
et al. [84]. Compared to natural gas and for same firing temperature, Colantoni also invest-
igated the flow path overheating when using syngas, without taking into account though 3D
effects such as the hot streak propagation or secondary flow. Those effects were investigated
for a syngas firing gas turbine in a very recent study by Wang and Yuan [85]. Wang and
Yuan [85] performed a 3D CFD analysis to study the combined effects of hot streaks and
gas species non-uniformities on the turbine aerodynamics. Applying sinusoidal profile to
simulate both hot streaks and water steam concentration aligned with stator mid-passage, the
impact of secondary flow and species concentration on the radial migration of the hot streak
into a one-and-half stage turbine was shown, especially on the rotor PS where water steam

was carried along with the hot streak.
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2.4 Summary of Review

A summary of the literature review is presented here with attention paid to the effects that are
relevant to the current thesis and whose importance needs to be highlighted. For natural gas
fuelled turbines, the flow path of the hot streak has been widely investigated as presented in
the literature review in Section 2.2 for aerodynamics considerations. With respect to coolant
efficiency, most of the studies have been limited to the first turbine stage, that is the hot
turbine section, and thus multi-stage turbine simulation have not been conducted in order
to investigate the propagation of the hot streaks up to the exit of the turbine. Apart from
the effects on the turbine aerodynamics, the impact on the downstream blade vibration has
been mentioned but not studied extensively. Only a few publications can be found in the
open literature mentioning the importance of an aeroelasticity analysis being performed as
part of the design process, focused on the LEO excitation. Finally, the recent trend towards
environmentally friendly and low cost fuels, such as syngas, leads to new concerns regarding
the effects of fuel composition on the hot streak propagation; only one recent study deals
with the effects of the fuel composition on the hot streak redistribution mechanism [85].
Regarding the simulation tools, the need of unsteady CFD simulations has been high-
lighted in order to accurately capture the effects of propagation of the hot streak in the tur-
bine, as the nature of the problem is inherently unsteady. Moreover, an accurate modelling of
the turbine stage geometry by using the exact hot streak/stator/rotor blade count ratio is rare
in the literature; current CFD simulations still use scaling methods of the count ratio with
effects on the accuracy of the hot flow field description. Finally, regarding the simulation
of the turbine inlet conditions, data of combustor representative hot streak profiles are not
widely found in open literature due the scarcity of experimental studies and the diversity of
combustor designs, hence most researchers have considered ideal hot streak shapes for the

numerical analysis.

2.5 Contributions

The use of syngas in industrial gas turbines addresses the need for design modifications
to existing engines. For natural gas fuelled turbines, the hot flow path has been widely
investigated; however, additional complications may arise related to the fuel composition,

when switching to syngas operation, regarding the turbine hot flow path and the rotor blades
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vibration; hence further research on the kinematic behaviour of hot streak migration pattern
through the turbine stages needs to be done. Moreover, the lack of experimental data and the
hot streak shape dependency on the combustor type lead to additional challenges regarding
the realistic representation of the turbine inlet temperature conditions in order to enhance
the understanding of the temperature redistribution phenomenon as well as the effects on the

potential excitation mechanism of the downstream rotor blades.

For the current thesis the aerodynamic and forced response effects of turbine inlet tem-
perature distortions are presented as necessary part of the design phase, with respect to fuel
flexibility in gas turbine, based on the turbine modifications provided by other H2-IGCC
project partners. A realistic hot streak profile for a natural gas fired gas turbine was provided
by Siemens to simulate combustor representative temperature conditions. To the best know-
ledge of the author there are no data available in open literature for the effects of firing syngas
on the hot streak propagation and LEO excitation for the whole turbine applying combustor
representative hot streak profile, and this is the main contribution of this thesis. The final
results suggested safe operation of the syngas turbine in terms of LEO excitation, while im-
portant differences in hot streaks propagation observed between different turbine designs that

intent to enhance the understanding of the phenomenon with respect to coolant effectiveness.

2.6 Thesis Outline

This section outlines the organization of the thesis in the remainder 6 chapters after the
introduction and literature survey that have been presented in Chapters 1 and 2, respectively.
In Chapter 3 the in-house numerical model used for the forced response and aerodynamics
analysis is presented along with a grid independence study. Chapter 4 and 6 constitute one of
the two main objectives of the thesis and present the investigation of the effects of hot streaks
on the turbine aerodynamics. Chapter 4 addresses the aerodynamic effects of hot streaks
on the SGT-300 two-stage HP turbine with respect to the propagation mechanism and the
interaction with the flow features. Chapter 5 sets the background of the H2-IGCC project
focusing on the turbomachinery challenges part of which is related to the current work. In
Chapter 6 the hot streaks aerodynamics are analysed with respect to the fuel composition
for the purposes of the H2-IGCC project. The effects of syngas on the kinematics of hot

streaks are discussed with particular focus on the turbine cooling. The evaluation of the LEO

26



excitation of the first rotor bladerow for the H2-IGCC turbine is the second main objective
of the thesis and is investigated in Chapter 7 with regard to the fuel composition. The thesis
is concluded with Chapter 8 where an overall discussion of the results is given, as well as

recommendations for further research.
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Chapter 3

The Numerical Model

3.1 Introduction

A numerical approach has been used for the aerodynamic and aeroelasticity analysis in this
thesis based on CFD and FE methods. This chapter consists of two parts; an overview of
the aeroelasticity model that is presented in Section 3.2 followed by a grid independence
study in Section 3.3 including also a comparison of the steady state CFD results against the

throughflow model analysis. Finally, Section 3.4 summarises the key points of the chapter.

3.2 Forced Response Methodology

3.2.1 Overview

There have been a number of numerical methods developed for the simulation of unsteady
flows in a gas turbine environment. For the purposes of the current work the aeroelasticity
model applied to solve the hot streaks induced forced response problem has been previously
described by Sayma et al. [71, 86, 87], an overview of which will be given here. The forced
response numerical model involves two different fields, fluid and structural. For the current
study the two parts are solved in an uncoupled way. The aerodynamic part is provided by an
unsteady RANS CFD solver while the structural part is based on a standard linear FE model.
A schematic diagram of the current approach is shown in Figure 3.1 and can be described

through the following steps:
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Figure 3.1: Schematic representation of the applied forced response methodology

1. Steady state computation of a single passage for each one of the bladerows.
2. Expand the solution to form the full annulus multi-stage model.
3. Prestress the blade under investigation performing a static analysis.

4. Perform a linear prestressed modal analysis to obtain the mode shapes and natural

frequencies of the blade under investigation.

5. Anticipate the critical frequencies from inspection of the Campbell diagram for the

operating speed.
6. Interpolate the mode shapes from the structural mesh onto the aerodynamic mesh.

7. Apply the source of unsteadiness on the CFD model, that is representative of the tem-

perature distortion in the current study.

8. Solve the unsteady forced response model by using the results of step 2 as initial
condition, the mode shapes of step 6 and the unsteady forcing source applied at step
7. Using the steady state solution as the initial condition, the unsteady calculations are

performed with sliding planes between bladerows.
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0.

10.

Extract the levels of excitation for each one of the mode shapes and the aerodynamic

flow features through the turbine stages.

Calculate the modal force in a post processing step based on the results obtained at

step 9.

3.2.2 In-house CFD and Aeroelasticity Solver

The forced response methodology has been described above while in this section the
specific details of the aeroelastic model are given. The in-house CFD code, SUREF, is
used in the current work for the unsteady aerodynamics and forced response computa-
tions. The code that has been described by Sayma et al. [88, 87, 86] is a finite volume,
URANS compressible flow solver. In SURF the flow equations are discretised using
a second-order accurate time-implicit scheme for unsteady flow calculations and an
outer Newton iteration procedure is used where the time step is fixed throughout the
solution domain. The selection of an optimum number of time step, in terms of com-
putational cost, is based on the physics of the phenomenon under investigation. For
forced response calculations the time step is controlled by the blade passing frequency
and is chosen so that a complete cycle of vibration is captured. For the sliding planes
between the bladerow boundaries the solution is updated at the interface at each time
step by interpolating the variables in the stator computational domain to get the rotor

fluxes and in the rotor domain to get the stator fluxes [89, 88].

The aerodynamic meshing approach that has been reported by Sayma et al. [86] and
by Sbardella et al. [90], combines the advantages of both structured and unstructured
grids providing geometric flexibility. A structured body fitted grid is applied near the
blade to resolve the large gradients normal to the wall effectively while an unstructured
grid occupies the interface between the structured mesh around the blades as shown
in Figure 3.2. The one-equation Spalart-Allmaras turbulence model [91] is employed
for the CFD simulations and the standard wall function with slip condition is used in

these computations.

The structural modelling is based on a linear modal analysis that is the standard method
followed to solve part of the forced response problem when the elements of the stiff-

ness matrix are constant. The structural analysis provides the mode shapes and eigen-
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frequencies of the blades using a FE model of the structure. The FE software used
in this analysis was chosen to be ANSYS, a typical commercial package. The mode
shapes are interpolated from the structural mesh to the aerodynamic mesh to complete

the forced response calculations.

3.2.3 Flow Model

For the sake of completeness the formulation of the CFD code is described in this
section. The unsteady, compressible, 3D RANS equations can be solved in a relative
reference frame for a blade rotating about the x-axis with angular velocity ®. Assum-
ing a given control volume Q with boundary I, the governing equations can be written

in conservation form as:

d
—/ng+f@}{mmr:/saz 3.1)
dt Jo r Q

where the unit vector normal to the surface is represented by n, while U, F and G are

vectors given by:

P
U=|pu, 3.2)
pe
p(uj—wj)
F = pui(uj_Wj)+p6ij (3.3)

pe(uj—wj)+pu;

(u o) + Kg—;

with U representing the vector of the conservative variables, F' and G the inviscid and
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viscous flux vectors respectively, where the viscous term G is put into non-dimensional
form. The first row of the vectors corresponds to the continuity equation, the second
to the momentum equation, while the third is the energy equation. In Equation (3.1) S
contains the terms of Equation (3.1) due to the rotation of the non-Newtonian reference

frame and is given by:

S=| pou, (3.5)

pwu3

In Equations (3.2) - (3.3) p is the fluid density, p is the static pressure, e is the specific
internal energy, u; is the absolute flow velocity vector and w is the grid velocity in the
reference frame and J;; represents the Kronecker delta function. In Equation (3.4)
is the effective thermal conductivity, T is the static temperature and oy is the viscous

stress tensor given by:

du; duj, 2 duy

Gij:u(a_)Cj+a_)Ci)_§ ij,ua—Xk (36)

where U is the sum of the molecular and eddy viscosity. The eddy viscosity assumption
is used in one-equation turbulence models such as the Spalart-Allmaras where only
one additional equation is needed to model the turbulence viscosity transport. One-
equation models have shown efficient behaviour in complex turbomachinery flows,
where the use of unstructured grid becomes very popular due to the advantage of flex-
ibility that offers. For the current study the one-equation Spalart-Allmaras turbulence
model is employed for the CFD simulations, as the only available in the code, and the

standard wall function with slip condition is used in these computations.

The equation set is completed with the perfect gas relation:

p=(r=1)ple=3) 3.7)
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where 7 is the the fluid specify heat ratio. An edge-based discretisation method de-
scribed by Sayma et al. [86] is employed to solve Equation 3.1 on a computational
domain that has been discretised in volumes. Based on this approach, the grid is
treated by the solver as a set of node pairs connected by edges, a 2D mesh repres-
entation is shown in Figure 3.2. For clarity this is illustrated on a 2D mesh, although
the formulation is applicable to 3D cells. Assuming that node / is connected to the sur-
rounding nodes Jy, ..., J,,, the side weight 7n;;; is obtained by the summation of the two
dual median lengths around the side times their normals. According to the example
shown in Figure 3.2 it will be 171 = f@ +B? . The inviscid fluxes Fjj, are treated
using a central difference formulation with a suitable artificial dissipation based on an
upwind scheme. The viscous fluxes are expressed using the edge weights 1;;; and by

evaluating the required gradients of the primitive variables at the mesh nodes.

J 5 3

6

Figure 3.2: Typical 2D mixed-cell mesh

The system of equations is advanced in time using first order, implicit time integra-
tion. Steady flow calculations are achieved by using a point relaxation procedure with
Jacobi iterations. While unsteady, time-accurate flow computations are treated using a
scheme with Jacobi iterations and a dual time stepping allowing relatively large time

steps for the external Newton iterations ensuring time accuracy [92].
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3.2.4 Structural Model

Assuming a linear behaviour of the blade motion, the global aeroelasticity equation of

motion can be written as:

M+ [Cli+ [Kl = F (1) (3.8)

where the mass M, damping C and stiffness K matrices are constant while the unknown
displacement x varies with time as well as the aerodynamic force F(t). The modal
analysis describes the way in which the bladed disk will vibrate naturally, numerically
this solution is achieved by performing a free response analysis considering F (1) = 0
in Equation 3.8. By solving the free vibration problem the modal analysis provides
the natural modal properties (natural frequencies ®, and mode shapes ¢,) of the blades

using a FE model of the structure, r being the mode index.

Transforming the system into mass normalised modal space through the coordinate
transformation x = ®gq [?], with g being the vector of principal or modal coordinates

and & the mass-normalised mode shape matrix, allows Equation 3.8 to be written as:

T MDG+ DT CPG+ DT Kdg = DT F (1) (3.9)

For full assembly calculations, assuming that the disk is rigid, the mass-normalised
mode shape matrix can be evaluated for a single blade and expanded to the full as-
sembly. For symmetric structures, the method has the capability of modelling a bladed
disk based on cyclic symmetry. Due to the rotationally periodic nature of the assembly,
bladed disks can be represented by a single subpart which is repeated at equal angles

around the rotation axis.

Using the orthogonality properties of the mass, damping and stiffness matrices with
respect to ®, and assuming proportional damping, the equations of motion decouple,

reducing to:

gr+ |diag (2, y)]g + [diag(wrz)]q = CI)TF<t) = 0,(1) (3.10)

where w, and , are the natural frequency and modal damping for mode r and ®,(¢)
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the modal force, is the projection of the aerodynamic load vector F(¢) onto the mode

shape vector ¢,. This can be expressed as:

nodes

O.(1) =Y ¢ (AAjn;)p;(r) 3.11)
j=1

where j is the node index, AA; is the blade surface element area associated with node

J» n is the normal unit vector on the blade’s surface and p(¢) is the vector of pressures.

In this form the aeroelastic equation of motion can be solved; once the modal force
is calculated, that represents the strength of the unsteady excitation force in a particu-
lar mode of vibration, can be expressed in the frequency domain by Fourier analysis
in order to separate the signal into discrete harmonics. A Fourier transform of the
time-varying force will give the amplitude of the unsteady force associated with the
corresponding mode of vibration. At the node that exhibits the highest displacement,
the maximum resonant amplitude for a given mode r, is calculated using Equation

3.12:

AQD 1

r

(3.12)

Xmax -

where A is the amplitude of the modal force resulting from the Fourier transform,
®,,.x and , is the value obtained for the maximum modal displacement and the cor-
responding natural frequency respectively, resulting from the modal analysis, and Q is
the damping factor representing the sum of aerodynamic and structural damping. If
the forced response analysis is conducted in coupled way, the aerodynamic damping is
computed inherently during the computation. In the current work uncoupled method is
employed considering the unsteady flow and the blade motion separately. In that case
the aerodynamic damping could be calculated from a separate flutter analysis while
the specification of the structural part of Q in this study is obtained from published

literature.
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3.3 Test Case

The Siemens 5.2 MW SGT-100-1S turbine is a two-stage HP turbine with a non-
integer stator-rotor count ratio of 2:3.05 and 2.6:3.05 and a design rotational speed
of 17,500 rpm. In Figure 3.3 a view of the annulus line and the blade locations within
the throughflow model are displayed with the location of the first rotor domain shown
with blue colour, on which a mesh independence study is carried out next. A sample
of the computational grid of the first stator is shown in Figure 3.4 in the radial and

blade-to-blade direction.

Station- —— —— —— =& == =
1 2 3 ] 9 10 11 12 13 14 15 16 17
Statar - 1 1
m 02
B - | 1
o 02

_ [ ] [ ]

Stage o o

Figure 3.3: Turbine annulus

The boundary conditions for the single bladerow 3D steady flow simulations were
defined based on the throughflow model provided by Siemens. The steady state ana-
lysis, that can be then used as initial condition for the unsteady simulation, is based
on the mixing plane approach assuming the flow to be mixed out at the mixing plane
before entering the next bladerow. The steady state analysis was carried out on an
800,000 point mesh using all the four bladerows and convergence to steady state con-
ditions was achieved after about 2000 time steps. The second and more realistic type
of multi-bladerow CFD methods applied to calculate the unsteady flow field into the
machine, is based on the sliding planes approach [93]. During the unsteady procedure
the interface between the bladerows is treated as a sliding boundary and flow data are
exchanged between the two non-overlapping meshes that move relative to each other,
rescaling the pitch/chord ratio of the rotor blade row. Such analysis is applied for all

the hot streaks simulation and discussed in the next chapters.
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(a) Stator blade
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A distributed source point based cooling model was used to inject 7% coolant flow
of the turbine inlet mass flow rate into the main flow from the trailing edge region of
the first stator. In order to simulate the cooling injection the applied local source term
method uses a uniformly distributed source term treatment which mimic the behaviour
of coolant injectors. The source terms are applied as a patch in the area corresponding

to the cooling holes [94] as shown in Figure 3.5 for three different mesh densities.
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(c) Trailing edge

Figure 3.4: Computational grid for 1* stator blade

A leakage flow consisting of about 4.5% of the mass flow rate was included in the hub
and tip region of the first rotor domain, downstream of the blade. A more accurate
method to simulate the cooling flows would consider a full meshing approach where
the cooling holes are included in the computational domain. However, the increased
computational cost, due to the high number of points, along with the meshing process,
which can be time-consuming, led to the choice of the local source term method which

has been proved to provide adequate results for complex 3D geometries [95].

3.3.1 Grid Independence Study

In order to investigate the grid independence on the numerical solution, a grid depend-
ency study was conducted using three different grids for the first of the two stages and
results are presented for Rotor 1, at design point. Starting from a relatively coarse grid

the number of control volumes has been gradually increased for each type of grid in

both blade-to-blade and radial direction.
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(c) Medium mesh - Hub

(d) Medium mesh - 50 radial layers

(e) Fine mesh - Hub

(f) Fine mesh - 70 radial layers

Figure 3.5: Computational domain for 1* stator blade at hub




The two-stage mixing plane simulation for three different grids gives the grid in-
dependent solution that will be used as initial case for the unsteady simulation. In
these 3D steady state simulations two mesh refinements are presented compared to the
coarse grid. An example of the three grids used to discretise the first stator blade on the
blade-to-blade plane is shown in Figure 3.5. The total number of points corresponds
to 200k, 400k and 800k for the coarse, the medium and the fine grid, respectively. All

three simulations use the same initial conditions based on the throughflow model.

Results

The results presented in that section refer to the first HP turbine stage where the coolant
model has been implemented. Table 3.2 presents the outlet normalised average values
for the three grids at the exit plane of the first rotor row (Station 9 in Figure 3.3),
showing an overall good agreement between the three cases. The normalisation is

based on the corresponding inlet mass averaged values for the current turbine.

Case No. of points  Radial levels P, our/Pav  Toout/Tav  Tiour [kg/s]
Coarse mesh 200k 35 0.9811 0.563 1.07
Medium mesh 400k 50 0.9818 0.569 1.072
Fine mesh 800k 70 0.9821 0.571 1.078

Table 3.1: Grid independence study - Average inlet-outlet steady state results
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Figure 3.6: Grid independence study - normalised stagnation pressure and temperature radial
profiles at R1,, domain
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In Figure 3.6 the radial profile of the normalised total pressure and temperature is
shown for the outlet plane of the first stage. Due to industrial confidentiality the values
displayed have been normalised based on the inlet average conditions. All three grids
capture the same profile with an exception of the fine mesh on the area close to the hub
and tip with regard to the temperature distribution. However, the differences that the
three grid densities exhibit in the radial distribution can be considered negligible and
hence, the 35 radial levels of discretisation are acceptable without further refinement

in the radial direction.
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Figure 3.7: Mach number contours on 1* stator blade - midspan
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Plots of the normalised Mach number contours are shown in Figure 3.7 for the first
stator at midspan. The two shocks, one on the suction side and one on the pressure
side near the trailing edge have been captured for all the three grids. The mesh refine-
ment leads to a slightly more distinctive areas of high Mach numbers. However, the
analysis that follows in the next sections is unsteady and analysis of this type is ex-
pected to demonstrate more accurate predictions of the unsteady flow features such as
the shock waves. Thus, the fact that the coarse and medium mesh used for this steady
state simulation capture the flow phenomena makes them a good compromise between

computational cost and accuracy.
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Figure 3.8: Pressure profile along S1 blades at hub and midspan

Figure 3.8 shows a comparison of the total pressure coefficient distribution along the
first stator blade at tip and midspan for each mesh refinement. The total pressure coef-

ficient used throughout the thesis is defined by Equation 3.13 and is used as indication
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of pressure losses to provide comparable values against future experimental work.

Pt — Ps.ex
Ptiin — Ps,ex

Cp, = (3.13)

Comparison of the medium and fine mesh results quite close match between the flow
features along the blade surface; hence, a representative of the medium mesh will be

used as a baseline for the unsteady calculations presented in the thesis.

3.3.2 Comparison Between 3D CFD Results and Through Flow

Calculation

A comparison between the steady CFD results and the through flow model is presented
in this section in order to ensure that the applied numerical tool produces accurate
results. As discussed in the first section of this chapter, SURF offers two distinct
methods for solving the flow equations, the steady and unsteady approach. The code
has been validated against experimental data for unsteady aeroelasticity simulations
[78, 88]. In addition to previous validation studies, a simple steady state analysis
where averaged outlet values are compared against throughflow model results has been

included here.

Results

For the purpose of the comparison between the two models, the inlet and outlet average
values of mass flow rate, total pressure and temperature are presented in Table 3.2
showing very good agreement between the steady CFD analysis and the throughflow

model.

M Hex Po,in P, 0,ex To,in To.,ex
Throughflow model 1 1.127 1 0.786 1 0.56
CFD 1.01 1.13 I 0771 1.002 0.57

Table 3.2: Average inlet-outlet results - throughflow model vs. CFD mixing planes
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A comparison of stagnation pressure and temperature radial distributions is shown in
Figure 3.9 at the exit plane of the HP turbine (station 17 in Figure 3.3). The results
show good agreement with the throughflow model in terms of temperature and are in a
fair agreement in terms of pressure between 10% and 90% span, before and after which
the pressure difference increases. That difference is not unexpected as throughflow
calculations do not capture the secondary and tip leakage flows near the endwalls. The
temperature profile is of high importance as it seems to be captured very well and the
results appear to be compatible with the data provided by the industry confirming the
validity of the coolant injection model which has been incorporated into the code for

the purposes of the current work.
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Figure 3.9: Comparison between throughflow model and CFD steady state results at R2,,
domain

3.3.3 Grid Independence study - Unsteady 3D CFD simulation with

periodic boundaries

In order to get confidence on the unsteady simulations a mesh independence study
was performed for the coarse and medium mesh densities, using scaling methods for
the first turbine stage. A simplified model consisting of 4 stator and 6 rotor blades

was used for the purposes of evaluation of the mesh density. A simple non-uniform
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temperature profile was applied at the turbine inlet providing variations only in the
circumferential direction. The temperature ratio of the maximum over the average inlet
value corresponds to 1.12. Figure 3.10 shows the model of the first stage, including the
inlet stagnation temperature profile and the cooling patches used for stator and rotor
blades coolant. As mentioned above, a sourced point based cooling model was used
to inject coolant into the main flow from the first stator TE and the first rotor hub and
tip at the temperature of 672.1 K. The total amount of coolant corresponds to 11.4%

of the turbine inlet mass flow rate.

cooling
patches

0.50 0.66 0.81 0.97 1.12

To/Tav:

Figure 3.10: Simplified model of the first turbine stage with periodic boundaries

The simulated inlet temperature profile consists of ten circumferential temperature
variations over the entire inlet cross-section and was simulated through a trigonometric

function (Equation 4.2) in order to get a sinusoidal profile enforcing periodicity.

T,(0) =T,(1 +Axsin(NDx0)) (3.14)
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where T, is the specified average total temperature for a given spanwise location, 0 is
the circumferential coordinate, A corresponds to the amplitude and the Nodal Diameter
(ND) corresponds to the number of distortions applied, which are ten in this case. A
constant percentage of distortion was applied along the span and is equal to 0.012%.
Figure 3.11 shows the inlet boundary conditions in normalised stagnation temperature

values.

To/Tav
1.13
1.07
1.02
0.96
0.91
0.85

Figure 3.11: Normalised stagnation temperature profile at turbine inlet with circumferential
variations

Results

The steady state solution presented in the previous section of this chapter was used
as initial condition for the unsteady CFD simulation. A considerably large number of
200 time steps was set as the rotor passes one stator passage. However, due to the high
computational cost, a reduced time step number is preferred to be considered for the
full annulus multi-bladerow simulations which are presented in the following chapters.
In order to ensure convergence the variation of static pressure was recorded for three

points on the rotor blade surface as shown in Figure 3.11 (a). The values of static

46



pressure have been normalised as previously, based on the average inlet conditions.
As shown in Figure 3.12 (b) periodicity was reached after approximately 150 time
steps. The simulation was performed in a serial environment for a total number of

2000 time steps that corresponds to a quarter of one full revolution.
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(a) Schematic representation of the recorded points
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(b) Normalised static pressure variation monitored at LE, PS mid-chord, SS mid-chord

Figure 3.12: Recorded pressure variation at midspan of one first rotor blade

Figure 3.13 shows the instantaneous normalised stagnation temperature contours at
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hub and tip of the first stator bladerow after 2000 time steps. The contours are plotted

for values of T,/T,, higher than 1.1 to identify the small variations due to the mesh

density difference. Between the coarse and fine mesh small differences can be ob-

served after the stator TE when the hot fluid interacts with the downstream bladerow,

while not considerable differences are observed near the hub between the two grids.
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Figure 3.13: Instantaneous temperature contours at the exit plane of stator bladerow

At the outlet plane of the stationary bladerow the normalised stagnation temperature
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contours are shown in Figure 3.14 for the same instant. Small variations in temperature
distribution are observed for the peak temperature values with the coarse mesh result-
ing into a more uniform temperature distribution along the span and slightly higher
magnitude. However, the differences are considered quite small to make the grid re-
finement necessary for the full annulus unsteady simulations which are presented in

the next chapters.

To/Tav: 0.50 0.66 0.82 0.99 1.15

(a) Normalised stagnation temperature contours at stator exit - coarse mesh

To/Tav: 0.50 0.66 0.82 0.99 1.15

(b) Normalised stagnation temperature contours at stator exit - medium mesh

Figure 3.14: Instantaneous temperature contours at the exit plane of stator bladerow
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3.4 Summary

In this chapter an overview of the methodology and the CFD code that is used for the
analysis presented in this thesis has been given followed by a test case. Based on the
steady state results of the grid verification in Section 3.3.1, a medium grid density with
35 radial levels of discretisation has been chosen to ensure grid independent solution
while keeping a minimum of the computational resources. A comparison between
the steady CFD results and the throughflow model has also been presented in order
to ensure that the applied numerical tool produces accurate results. In addition, a
test case is presented using unsteady simulations where circumferentially non-uniform
stagnation temperature profile is applied at the turbine inlet for a scaled geometry of the
first turbine stage. The results have been presented for two mesh densities, the coarse
and medium, showing not significant variations in terms of the hot flow distribution

through the stator bladerow.

50



Chapter 4

Hot Streaks Migration and
Aerodynamic Effects in 2-Stage HP

Axial Turbine

4.1 Introduction

The full annulus unsteady CFD analysis of the hot streaks aerodynamics in the SGT-
300-2S two-stage turbine is presented in this chapter. In section 4.3.1 the propagation
of hot streaks on the blade-to-blade direction is discussed separately trying to identify
the individual mechanisms of the hot streaks kinematics. In section 4.3.2 the combined
effects of hot streaks and stator coolant injection are taken into account to describe the
hot streak migration and interaction with the flow. Emphasis is given on the shape
and the spanwise location of the hot streak with respect to the impact on the hot flow
propagation. Applying the classic hot streak migration theory, the importance of simu-
lating realistic hot streak shapes is underlined by the comparison of standard sinusoidal
and combustor representative hot streak profiles. Highlighting the significance of ad-
vanced CFD methods the analysis provides a better understanding of the hot streak

migration pattern.
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4.2 Hot Streaks Cases Preparation

4.2.1 HP Turbine Overview

A two-stage axial turbine is used for this study, the main design parameters of which
are given in Table 4.1 in normalised form due to industrial confidentiality as has
been mentioned in Chapter 3. The geometry and operating parameters were provided
by Siemens Industrial Turbomachinery Ltd. As there is no common integer factor
between the number of stator and rotor blades, a common approach in order to per-
form computationally cheap unsteady simulations in a case like this, would be to
apply a geometrical scaling method changing the solidity of one of the bladerows.
Due to the significant computational cost even most recent unsteady simulations still
use scaled geometries in order to reduce computational time. However, this method
has been found to give some discrepancies in the prediction of unsteady flow features
through a turbine and further verification of the results would be necessary[96, 97, 77].
Thus, this approximation is avoided here by running 3D CFD simulations in a multi-
bladerow whole-annulus environment. Both stages have been simulated with the real
blade configuration in order to investigate whether the hot gases are convected into
the second stator/rotor passage and how they affect the aerodynamics throughout the

turbine.

Parameter Value
S1/R1 1/1.5
S2/R2 0.95/1.5
Rotational speed [rpm] 13996
Ps,out /Po,in 0.262

Table 4.1: Dataset overview and normalised flow conditions

The computational grid for the whole turbine contained about 30 million points and
the number of 80 physical time steps was set per rotor blade passing. That means
2720 time steps are needed for one full revolution for the current turbine. The results
presented in this chapter correspond to two full revolutions with the total wall clock

time of about 5 days for a simulation performed in a parallel environment of 48 Intel
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Xeon cores of 1.95 GHz. In order to obtain accurate predictions of time-dependent
flows it is essential to find a combination of an appropriate grid and time step. A time
step sensitivity study was performed for two different values of 80 and 200 time steps
for a simple unsteady simulation with inlet temperature gradients, as shown in Section
3.3.3. The final choice of 80 time step was found to be high enough to describe the hot
streaks aerodynamics, as well as the forced response problem. Based on the literature,
a common choice of 40 time steps per blade passing has been found to describe the

hot streak migration [98, 85].

(a) Full annulus two-stage SGT-300 turbine geometry
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(b) Two-stage blade passage computational grid

Figure 4.1: Two-stage computational grid and boundaries nomenclature

For the current simulations all the airfoils were cooled using cooling patches at discrete
locations. The coolant properties are presented in Table 4.2 in percentages of the inlet
mass flow rate. Figure 4.1 shows the two-stage HP turbine geometry as well as the
computational grid of one blade passage. In Figure 4.1 (b) the grid around the TE slot
that is used to simulate the stator TE coolant injection is also shown in detail. Six hot
streaks have been modelled circumferentially for the full annulus analysis; the details
are presented in the following section where the boundary conditions are discussed

further.

Bladerow Coolant

Injection
[%]
S1 7.114
R1 4.016
S2 2.540
R2 1.621

Table 4.2: Percentage of coolant injection per bladerow with respect to turbine
inlet mass flow rate
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4.2.2 Boundary Conditions

An objective of this work is to consider the contribution of the hot streak shape on the
kinematics of hot streaks propagation through the stages of a HP turbine. Hence, this
chapter highlights the differences in hot streak propagation and the effects on turbine
aerodynamics with respect to three different inlet temperature profiles, a uniform, a
radial, and a profile consisting of six hot streaks circumferentially positioned corres-
ponding to the six combustor burners. A common approach for hot streaks simulations
is to maintain the stagnation pressure, F,, of the hot fluid the same as in the main flow
to isolate the effects of hot streaks on the enhancement of secondary flow. Following
that approach, the hot streaks have been modelled with the absence of total pressure

gradients at the turbine inlet.

Spanwise Temperature Variation

The two parameters with major influence on the propagation of hot streaks are the
maximum over the average inlet temperature ratio and the hot streak shape that de-
pends on the combustor design and fuel choice. Any variation in terms of hot streak
shape and injection location is expected to produce some differences between the cor-
responding CFD results. This information is very limited in open literature because
of the lack of such data and due to that wide variation in the inlet temperature profiles
between engines. Thus, ideal shapes have been widely used in literature with identical
circumferentially applied hot streaks; however, measured temperatures at the exit of
combustors exhibit only approximately symmetric circumferential variations and non-

identical hot streak shapes, with relatively cool regions at the hub and casing end walls
[2].

For the turbine considered in this study the boundary conditions for the hot streak
profiles were established based on two sets of traverse data provided by the industrial
partner. Those sets consist of contour plots of total temperature values at different
spanwise locations as shown in Figure 4.2. In the first case (Figure 4.2 (a)) a hot
streak profile was provided with the peak temperature radially located at about 20%
of the span from the hub endwall to the tip endwall. After further discussion on the

first configuration (Figure 4.2 (a)) and interpretation of initial CFD results, an updated
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temperature profile was provided by the industrial partner shown in Figure 4.2 (b).
Based on the data shown in Figure 4.2 (b) another hot streak profile was simulated, the
so-called baseline, with a peak temperature located between 40-50% spanwise. For the
second set of data, additional total temperature values were provided at different radial
locations along with the contour plot. The extra information allowed a more realistic

simulation of the hot streak profile compared to the first set of data.

Hot Gas Temperature [K]

(a) Initial inlet hot streak profile

Hot Gas Temperature [K]
(b) Updated inlet hot streak profile - baseline

Figure 4.2: Inlet temperature contour plots provided by Siemens

Two additional cases were simulated for the purposes of this study, one with a purely
radial variation of the temperature profile and one with uniform inlet temperature
boundary conditions. Those are used for comparative purposes against the simu-
lated hot streak profiles as they represent the common approach used in industry in
which temperature non-uniformities in both radial and circumferential direction are
not usually taken into account during simulations. Figure 4.3 summarises the circum-
ferentially averaged normalised radial temperature profile of the four different inlet
boundary conditions used for the current turbine where the uniform temperature pro-

file corresponds to average temperature of the baseline hot streak profile. Throughout
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the analysis different cases are compared on a non-dimensionalised basis where the
normalised values are divided over the corresponding mass averaged stagnation values

at turbine inlet.
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Figure 4.3: Normalised circumferentially averaged radial temperature profiles at turbine inlet

Circumferential Temperature Variation

Regarding the circumferential temperature variation over the entire inlet cross-section,
a sinusoidal profile was used to simulate the first set of data (Figure 4.2 (a)), enforcing
periodicity through a trigonometric function (Equation 3.14), with one hot streak peri-
odicity having 30° circumferential angle same as in Chapter 3. The simulated profile
(Figure 4.5 (a)) consists of six elliptical and identical between each other hot streaks.
The percentages of inlet distortion in the spanwise direction, and hence the amplitude,
are calculated based on the definition of the Overall Temperature Distribution Factor
(OTDF) [28] that was provided by the industrial partner to be about 20%. The OTDF
is used as measure of the variation of the hottest gas streak from the mean temperature

and is given by Equation 4.1:

OTDF — Tinax — Tav,area (4 1)
ATcomb .
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where 713y, 4req 18 the mean temperature, 75,4, 1S the maximum local temperature at com-
bustor outlet and AT, is the temperature rise across the combustor. By specifying
the value of OTDF, the average combustor and turbine inlet temperature the value of
maximum temperature was determined based on which the percentage of temperature
distortion was estimated. Table 4.3 shows the percentage of distortion applied along

the span.

Span [%] A [%]

0 0.0693
12 0.0848
18 0.0975
25 0.0768
35 0.0378
40 0.0005

Table 4.3: Percentage of temperature distortion applied for the sinusoidal profile

In order to represent more realistic hot streak profiles additional total temperature val-
ues were provided for the second and baseline case. More concentrated and non-
identical hot streak shapes were simulated with the percentage of distortion slightly
varying between each hot streak (Figure 4.5 (b), 4.6) such that the hot streak profile

also has circumferential variation.

Regarding the baseline hot streak profile, a MATLAB script was used to produce the
varying temperature values, where the input values are based on data provided by the
manufacturer. The added benefit for the baseline configuration is that in a realistic tur-
bine environment, hot streaks would exhibit both radial and circumferential variations.
Such differences would affect the propagation of hot streaks through the turbine stages
and their simulation would enhance the quality of the analysis and lead to a better un-
derstanding of the propagation mechanism under more realistic conditions than usually

met in the literature.

The non-uniform inlet temperature profile in the circumferential direction is shown
in Figure 4.4 to help illustrate the inlet conditions. The distribution is presented at
30% and 40% span for the sinusoidal and the baseline case, respectively, where peak

temperature is set. The Fast Fourier Transformation (FFT) shows a clear dominance
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of the six Engine Order (EO). The term Engine Order is used throughout this study
to describe the amplitudes of the frequency components which are determined by the
multiples of the rotational speed. In Figure 4.4 the presence of different EOs with
lower amplitudes can also be noticed for the baseline profile, that is related to the

random variations between the six hot streaks.

(a): Circumferential temperature distribution
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Figure 4.4: Circumferential temperature distribution and FFT at S1;, plane at the spanwise
location of HS centre

Based on the temperature profile provided by the industrial partner the peak to aver-
age temperature ratio is close to 1.15 for the first case and 1.23 for the baseline one
as shown in Figure 4.4. An accurate comparison between different hot steak shapes
should be made using the same temperature ratio (peak to average temperature) and
same hot area; however, in that case the temperature differences between the hot streak
shapes are not noticeable, thus comparison between the two configurations is con-

sidered to be acceptable for the purposes of that study.
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(a) Sinusoidal inlet hot streak profile (b) Baseline inlet hot streak profile

Figure 4.5: Normalised stagnation temperature contours at the inlet of the turbine - used as
boundary conditions

After establishing the inlet temperature profiles the procedure is as follows:

e Applying uniform inlet stagnation temperature conditions in order to get a con-
verged steady state solution that will be used as initial condition for the unsteady

simulation.

Generating the inlet boundary conditions as shown in Figure 4.5, with the si-
nusoidal inlet profile shown in Figure 4.5 (a) and baseline one shown in Figure
4.5 (b). Most engines in reality would exhibit some differences between the hot
streaks, thus, in the second approach (baseline) small variations are randomly
applied between each hot streak. An example of two hot streaks applied in the
current analysis is shown in Figure 4.6, where variations on the temperature con-

tours can be seen in radial and circumferential direction.

Building the full annulus for each blade row and generate the unsteady solution
for the whole machine by employing the hot streak boundary plane at the inlet to

simulate the flow non-uniformities.
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(a) Zoom at baseline hot streak 1 (b) Zoom at baseline hot streak 2

Figure 4.6: Normalised stagnation temperature contour plot of two non-identical simulated
inlet hot streaks based on Figure 4.5 (b)

4.3 Unsteady Hot Flow Path Analysis - Results and Dis-

cussion

4.3.1 Hot Streak Migration in Blade-to-Blade Plane - Segregation

Phenomenon

The migration pattern of the hot streaks into the turbine is characterised by 3D flow
features. The discussion in this section starts with a 2D consideration in the circum-
ferential and axial direction, followed by a complete 3D analysis, in order to provide
an understanding of the distinct and combined effects of hot and cold flow accumula-
tion through the turbine stages. In the blade-to-blade plane, the CFD analysis of the
full annulus and multi-stage HP turbine describes the flow field based on the segreg-
ation effect which is one of the dominant mechanisms of the hot streak redistribution
in axial direction [38] as has already been described in Chapter 2.2. The segregation
effect describes how the difference in rotor relative velocity between the hot and cold
fluid at stator exit, that is introduced by the hot streaks, results in the preferential heat-

ing of the first rotor blade PS. The mechanism is discussed in this section through the

61



interpretation of the unsteady CFD results for the baseline case.

In Figure 4.7 the normalised stagnation temperature contours are used to display the
propagation of the hot fluid through the four bladerows at 40% span, that coincides
with the inlet peak temperature spanwise location. A closer view of the hot flow path
is shown in Figure 4.7 (b). The tendency of the hot fluid to accelerate towards the first
rotor PS when leaving the first stationary frame can already be seen. However, what is
noticeable about the propagation mechanism is that the effect is not limited to the first
rotor bladerow but it extends to the downstream bladerows as well. The significance
of that observation is due to the lack of published data for a complete flow path up to
the exit of a turbine. So far, the analysis of the propagation of hot streaks under the
effect of the segregation mechanism found in the literature has been limited to single

or 1 and 1/2 turbine stages.
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(a) Instantaneous normalised stagnation temperature contours at 40% span
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(b) Instantaneous normalised stagnation temperature contours-zoom in one hot streak propagation

Figure 4.7: Instantaneous normalised stagnation temperature contours through the two-stage
turbine at 40% span (hot streak centre)

The effect on first rotor blade is better described in Figure 4.8 where the velocity vec-
tors are plotted in combination with the normalised stagnation temperature contours
at 40% span. A closer view of the velocity vectors is shown around the rotor LE and
towards the PS area of the hot fluid acceleration. In the same figure, the velocity vec-
tors of a case with uniform inlet temperature conditions are also plotted and are named
as cold fluid, since no hot streaks are applied for this case. Hence, the red lines cor-
respond to the baseline HS case and describe the movement of the hot fluid while the
black vectors correspond to the case of uniform inlet temperature conditions showing

the direction of the fluid in the absence of hot streaks.

63



5

TolTav

M. \
0.98
0.95
I o3
0.90
0.88
0.85

\

(a) Instantaneous normalised stagnation temperat-
ure contours at R1

(b) Comparison between velocity vectors at R1 for
HS and uniform inlet temperature conditions

2N,
2 ///,l/,{/,///

7

Hot Fluid

7 e > $
S N =
— - /—é—’—% o

——f—%
——"% ——%

—

(c) Comparison between velocity vectors at R1 for HS and uniform inlet temperature conditions -
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Figure 4.8: Instantaneous hot streak propagation through R1 blade passage at 40% span

Figure 4.9 shows the instantaneous normalised static temperature distribution along

one “hot” blade of each bladerow referring to the baseline hot streak case and the case

of uniform inlet temperature conditions. The results are plotted for three different span

locations, hub, tip and 45% span, that is in line with the peak inlet temperature radial

location. ”Hot” blades have been named those through which the hot streak passes at

that instant, after two full revolutions.
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In the blade-to-blade plane, the temperature distribution generally confirms the tend-
ency of the highest temperature flow to convect to the blades PS and the colder flow
towards SS following the kinematics as have been described in the previous section,
without any distortion of the hot streak observed along the first stator that is in agree-
ment with previous studies [39, 43] when zero total pressure gradients are assumed at

the turbine inlet.
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(c) Static temperature profile along hot blades at tip - Baseline case

Figure 4.9: Instantaneous static temperature distribution along hot blades through the 4
bladerows for three different spans

Comparison against the case of uniform inlet temperature conditions shows a higher
impact of the segregation phenomenon at the rotational frame near the hub and tip
(Figures 4.9 (b) - (c)), while close to the midspan (Figure 4.9 (a)), where the hot
streak centre is, the temperature levels remain quite close between the rotor PS and
SS. The difference in magnitude of the segregation phenomenon along the span can be
explained through the effect of hot streaks on the generation of additional secondary
flows [99, 53] as well as the effect of vane coolant on the rotor SS. The enhanced

secondary flow at the hub near the blade SS pushes the hot streak towards the midspan
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where the temperature difference between PS and SS decreases as shown in Figure 4.9
(a). The impact of secondary flow will be discussed further in this chapter. Another
observation related to the radial hot streak migration is related to the hub region of first
rotor where the temperature close to the LE is lower compared to the TE. That comes
as a result of the radial spread of the hot streak and the migration towards the hub of

the rotor PS as it moves towards the rotor LE.
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Figure 4.10: S1 exit circumferential normalised stagnation temperature at 40% span

Apart from the velocity deficit in the axial direction, as a result of the temperature
difference between the hot streak and the main flow, variations are also observed in
the circumferential direction. To illustrate the effects of hot streaks on the variation of
circumferential values, the normalised stagnation temperature and absolute velocity at
the exit of first stator are plotted in Figures 4.10 and 4.11, respectively, at 40% span

for the baseline hot streak profile. Figure 4.10 indicates the effect of hot streaks on the
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temperature wake at the exit of first stator blades. Compared to the case of uniform
inlet temperature conditions, the hot streaks result in increased stagnation temperature
values for both the stator PS and SS. However, the behaviour of velocity in Figure
4.11 is not similar to the stagnation temperature wake. For the first vane exit, larger
circumferential increase occurs, in terms of absolute velocity, close to the PS of the
stators TE. This is in agreement with the segregation effect as in the circumferential
direction the HS with high velocity tends to move towards the rotor PS. Additionally,
the stator TE coolant injection should decrease the velocity of hot streak SS branch;
the combined effects of stator coolant injection and hot streak will be discussed later

in this chapter.
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Figure 4.11: S1 exit circumferential absolute velocity at 40% span

Based on Figure 4.11 the axial absolute velocity difference between the HS case and

the uniform inlet temperature conditions in the circumferential direction at the exit of
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first stator is plotted in Figure 4.12. The average of the absolute velocity difference at

40% span corresponds to 6 m/s.
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Figure 4.12: S1 exit difference in circumferential absolute velocity at 40% span

4.3.2 Radial Hot Streak Migration - Combined Effects

So far, the kinematics of hot streaks on the axial and circumferential direction have
been discussed. However, the turbine flow field involves combined effects including
coolant injection, secondary flows and hot streaks propagation and they all have an
impact on the 3D kinematics of hot streaks. Focusing on the radial hot streak migra-
tion, the circumferentially averaged absolute velocity at each one of the bladerow exit

planes is presented in Figure 4.13.

The spanwise profiles were extracted at the absolute frame of reference assuming to
be the same regardless the reference frame. The spanwise location of higher absolute
axial velocity at first stator exit coincides with the position of the hot streak, while the
opposite effect is shown at hub and tip where the absolute velocity is lower for both

cases of inlet temperature non-uniformities compared to the uniform inlet temperature
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profile. Similar observation can be made at the exit plane of first rotor row for the
case of inlet hot streak profile; however, in case of radial inlet temperature distortion
the flow turning at hub and tip follows the behaviour of the flow with uniform inlet
temperature conditions. Attenuation of the effects of temperature distortion on the
flow turning is observed at the exit plane of second stator as shown in Figure 3.13
(c). The divergence in the velocity distribution at the exit planes of the bladerows in
combination with the stagnation pressure gradients results in enhanced secondary flow

as will be shown next.
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Figure 4.13: Spanwise axial absolute velocity distribution at bladerows exit plane for com-
pared inlet temperature profiles

At 40% span, where the hot streak centre was set for the baseline case, the effect of
the velocity increase on the flow coefficient is investigated next. When the hot streak
profile is applied at the turbine inlet and stator exit absolute velocity, Cy, increases, as

discussed previously, the flow coefficient ¢ = C,/U increases proportional to Cy for a
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given blade geometry. The simplified velocity triangles in Figure 4.14 help to describe
the effect on flow coefficient for the first turbine stage. The term cold streak is used

again to refer to the flow in the absence of hot streaks.

Figure 4.14: Velocity triangles at first stage outlet - effect of hot streaks on flow coefficient

Based on the velocity difference, Figure 4.15 shows the radial variation of flow coeffi-
cient as a result of the hot fluid at the exit of first stator. The increase of flow coefficient
indicates positive incidence; Dorney et al. [100] related the effect of the difference in
flow coefficient on the incidence at rotor inlet. In addition, as a design parameter, the
flow coefficient has been chosen to yield the best stage efficiency, increased ¢ is re-
lated to increased losses due to the higher flow velocities. Hence, the effect should
be taken into account during the design process and uniform inlet temperature profiles
should be avoided. This conclusion is further enhanced by the results presented in the

following section where the effects of hot streaks on secondary flow are described.
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domain
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(a) Instantaneous stagnation temperature contours (b) Instantaneous stagnation temperature contours
at R1;, along the PS of R1 blades

Figure 4.16: R1;, instantaneous temperature contours showing hot streak radial spread

In addition to the difference in flow angles between the hot and cold fluid, the inlet
temperature non-uniformities produce radial and circumferential gradients in the rotor
relative inlet conditions and hence introduce additional secondary flows that affect the
radial migration of the hot streaks. Due to those effects the hot fluid that convects

towards the PS spreads radially along the blade surface, while the part of hot fluid that
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convects towards SS narrows around the blade midspan.

Observation of the normalised temperature contours of first rotor row in Figure 4.16
describes the radial migration of the centre of the hot streak as it enters the rotational
frame. The radial migration of the hot fluid on the rotor PS is shown for an instant
time after two revolutions in Figure 4.16 (b). The hot fluid propagates towards the hub

as it moves towards the rotor LE.

The normalised stagnation temperature contour plots show the propagation of the hot
streak through the first rotor blades passage in Figure 4.17 (a). The 3D effects are
obvious with the radial spread of the hot streaks resulting in two distinct peak temper-
ature areas that propagate close to the rotor PS and one close to the midspan of rotor
SS (segregation effect). The circumferentially averaged temperature distribution at the
exit of the first stage (Figure 4.17 (b)) confirms the two temperature peaks with the hot
streak centre located between 50-60% span (compared to the inlet 40-50% span). Fig-
ure 4.18 shows the normalised stagnation temperature contours at the exit of first rotor
for six different instants, each one corresponding to one hot streak passage. The con-
tour plots confirm the previous discussion showing the midspan and close to hub high

temperature areas at the exit of first stage as have been marked for the first instance.
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(a) Instantaneous stagnation temperature contours at R1,, domain
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(b) Circumferentially averaged stagnation temperature profile at 1* stage inlet-outlet

Figure 4.17: First stage exit - radial hot streak migration

To identify the additional vorticity due to the combined effects of hot streaks and
coolant injection, the instantaneous normalised stagnation pressure contour plots are
presented in Figure 4.19 for the exit plane of first rotor for one hot streak position (the
location is in agreement with the hot streak shown in Figure 4.17 (a)). In an attempt to
separate the individual effects of the vane cooling and hot streak on the production of
secondary flows three different cases are shown here, one for the baseline case (a), one
for the case of radial inlet temperature profile (b) and one for the case of uniform inlet
stagnation temperature conditions (c). Focusing on the specific blade passage where
the hot streak is convected for that instance (can be seen in Figure 4.17) the worst
conditions in terms of secondary flow losses are observed for the baseline case (Figure
4.19 (a)). The combination of hot streak and vane coolant result in a stronger lower
passage vortex close to rotor SS. The radial temperature profile also enhances the sec-
ondary flow, while the absence of temperature variations in Figure 4.19 (c) exhibits the

most favourable case in terms of secondary flow losses.
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Figure 4.18: Instantaneous normalised stagnation temperature contours at R1,, for different
time steps
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Figure 4.19: Instantaneous stagnation pressure contours at the exit of 1% stage for three

different inlet temperature conditions

When the hot streak enters the rotational frame additional secondary flows are intro-

duced due to the relative total pressure gradients upstream of the rotor the inlet flow

angle radial distribution [43]. This results to streamwise vorticity within the rotor pas-

sage due to the upstream vane passage and due to density gradients at the inlet of the

rotor bladerow. As discussed about radial hot streak migration, one of the two peak

temperature areas formed into the rotor passage migrates towards the hub, interacting

as shown here, with the lower passage vortex and resulting in lower total pressure.

Compared with the baseline case, in case of radial inlet temperature profile (Figure
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4.19 (b)) the effect is less significant, while uniform inlet temperature profile (Figure

4.19 (c)) shows the least impact on the magnitude of lower passage vortex.

The results are in agreement with a previous study of Hermanson and Thole [51] where
the effects of spanwise inlet temperature variations alone (1D) and both radial and cir-
cumferential inlet temperature varying profiles (2D) on the secondary flow develop-
ment were investigated showing a minimum effect of the radial temperature distortion
compared to the inlet hot streak profile. The resulting velocity profile at stator exit,
as shown in Figure 4.13 (a), indicates higher flow turning between 30-60% span and
hence, additional unsteadiness and enhancement of the secondary flow into the first
rotor passage, demonstrating the effect of circumferential varying inlet temperature

gradients and the need to consider realistic turbine inlet temperature profiles.
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Figure 4.20: Instantaneous stagnation temperature contours and velocity vectors on R1 SS
blades

The additional secondary flow that is produced nearby the first rotor SS is respons-
ible for the redistribution of hot fluid on rotor SS. He et al. [61] has also related
the hot streak radial migration to the rotor passage secondary flow. In that study ra-
dial migration is observed close to the hub where a stronger secondary flow due to a
passage-vortex is more visible than that near the tip. Roback and Dring [59] studied the
effects of spanwise hot streak location on the radial migration into the rotor passage.

For different injection locations in the radial direction the accumulation of hot streak
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towards both the rotor hub and tip has been observed. The formation of two distinct
peak temperature areas at the outlet of first rotor as a result of the radial migration into
the rotor passage has been also mentioned in literature [101, 68] that is in agreement

with our observations.

Focusing on rotor SS further examination for the cases of cooled and uncooled vanes
is shown in Figure 4.20 where the instantaneous stagnation temperature distribution
around the rotor SS and the velocity vectors are shown. The figure indicates the con-
tribution of the vane cooling on the enhancement of secondary flow on the rotor SS
as has already been discussed. In terms of the hot fluid movement, the lower velocity
cold gas convects towards the SS pushing the hot streak towards the midspan where
the peak temperature alongside the SS of first rotor blades was observed (Figure 4.9
(a)). For the case of vane cooling injection, it can be noticed that additional secondary
flow is introduced in the region of hub and as a result the hot gases narrow around the
midspan. The observation of those hot spots on the blade surfaces indicates areas of

local heat transfer enhancement and is of great importance for the blade cooling.

4.3.3 Effects of Hot Streak Shape

The effects of the hot streaks shape on their propagation through the turbine are also
discussed by referring to the exit of each stage. In Figure 4.21 the circumferentially
averaged radial distribution of the stagnation temperature along the exit plane of each
turbine stage shows a higher magnitude of the hot streak for the baseline hot streak
profile. In terms of radial migration the hot streak remains more concentrated at the
exit plane of the first stage for the baseline case compared to the sinusoidal inlet tem-
perature profile with the two temperature peaks being located close to 50% span, when
the inlet hot streak centre was set between 20-30% span for the baseline profile and
40-50% span for the sinusoidal hot streak profile. That shows a significant impact of
the baseline profile on the secondary flow which consequently results in radial migra-
tion of the hot fluid along the first rotor passage up to the exit of the stage. At the exit
of the turbine plane (Figure 4.21 (b)) the sinusoidal hot streak profile exhibits higher
mixing with the peak temperature area being located near the tip while the baseline

case is spread along the span.
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With respect to the hot streak shape, Dorney [68] compared elliptical and circular
hot streak profiles, with the elliptical resulting enhanced mixing as it propagates. In
case of elliptical profiles the circumference per unit area is bigger, thus more of the
hot fluid is exposed to the surrounding colder fluid. As expected, the sinusoidal inlet
profile resulted in less significant temperature gradients underestimating the impact of
hot streaks up to the turbine exit. Here, the importance of applying realistic hot streak
profile for the CFD analysis needs to be highlighted through the comparison of ideal
and more realistic hot streak shapes to provide a better understanding of the magnitude

of the unsteady aerodynamic effects.
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Figure 4.21: Spanwise stagnation temperature distribution at the exit of turbine stages for
the baseline and sinusoidal HS profile
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4.3.4 Combined Effects of 1* Vane Coolant and Potential Interac-

tion

The radial migration has already been discussed and further discussion on the cir-
cumferential alteration follows here. The hot streak shape at the exit of first stator,
as already has been shown in Figure 4.16, has been radially and circumferentially
changed compared to the inlet profile. The instantaneous stagnation temperature con-
tours for the baseline case in Figure 4.22 illustrate that variation on the flow pattern
at the outlet of the first bladerow. In order to investigate the influence of the coolant
injection on the hot streak shape, a comparison between a cooled stator bladerow and
an additional case without any cooling injected at stator blades are presented in Figure
4.23. The contours at the exit of the uncooled stationary frame reveal a different shape
of the hot streak as compared to the case where hot streak and stator coolant co-exist.
For the cooled stator blades Figure 4.22 indicates some lower temperature areas in
the spanwise direction caused by the coolant injection at the stator TE resulting in a
chopped hot streak shape at the outlet plane of first stator. A case of combined hot
streak and coolant injection at the stator TE has been mentioned in the literature [62].
The existence of coolant may affect the migration pattern and needs to be taken into

account for the hot flow path analysis.

However, apart from the cooling flow, additional sources of interaction with the hot
streaks are investigated, since the comparison of the inlet and outlet profiles also re-
veals a change in the circumferential direction even in the absence of stator cooling
(Figure 4.23) indicating some flow mixing. That could be due to the influence of the
downstream potential interaction of the rotor on the stator flow field. The movement
of the hot streak in the tangential direction has been described by Shang and Epstein
[49] as a "woobling” effect altering the shape of the hot streak in circumferential dir-
ection at the rotor blade passing frequency and has also been confirmed by more recent

studies [27].
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Figure 4.22: Alteration of hot streak shape at the exit of 1*' vane row - baseline case
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(a) Instantaneous stagnation temperature contours (b) Instantaneous stagnation temperature contours
at S1,, - no vane coolant at S1,., - zoom

Figure 4.23: Alteration of hot streak shape at the exit of 1* vane row - no vane coolant

In order to describe the effect of potential interaction an additional case has been in-
vestigated using only the first stator row. The contour plots of the instantaneous total
pressure coefficient for the baseline case and the case with only the stator row are
shown in Figure 4.24. The total pressure coefficient has been calculated using the tur-

bine inlet condition as the reference condition based on Denton [102]. The effect of the
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adjacent rotor row is shown in Figure 4.24 (a), where a region of minimum pressure
coefficient is periodically strengthened. Comparison with Figure 4.24 (b) implies that
the origin of this low pressure region is the relative motion of stator and rotor row. As
the potential interaction is a phenomenon that is dependent on the axial distance from
stator TE to rotor LE and the Mach number, the interaction between first stator and
rotor blades for this turbine could be related to the high Mach number in the first vane
row. The loss of stagnation pressure that is related to the bladerows interaction, as
well as to the hot streak propagation which was described earlier, would be equal to an
increase of entropy. A complete analysis of the aerodynamic losses in a turbine should
consider investigating the losses arising from the unsteady flow (hot streaks, potential
interaction), which may be significant in some cases dependent on the design. In ad-
dition to the pressure losses, entropy generation should be enhanced due to the heat
transfer across the temperature differences; however, the effects of hot streaks on the
entropy production have not been analysed during the current study but could be part

of future work.

Cpt[-]. 0.90 0.93 0.96 0.99 Cpt[-]. 0.90 0.93 0.96 0.99

(a) Total pressure coefficient at S1, for the

baseline case without rotor row

Figure 4.24: Instantaneous total pressure coefficient contours at the exit of 1% vane row

4.4 Summary

In this chapter the effects of the hot streaks propagation through a two-stage HP turbine

were evaluated by means of a 3D unsteady CFD code. The propagation of hot streaks is

82

(b) Total pressure coefficient at S1., for a case



an unsteady phenomenon and may be affected by a number of individual and combined

parameters.

The kinematics of the six hot streaks, aligned to the first stator midpassage, follows the
basic propagation mechanism as has been described in the literature, with the hot fluid
migrating towards the rotor blades PS and narrowing around the midspan of blades
SS. The preferential heating of the blades PS indicated increased temperature values
compared to a case where uniform inlet temperature conditions were applied. Looking
into different components, which are related to different flow mechanisms, the presen-
ted results showed that effects of vane coolant injection, secondary flows and potential
interaction should be taken into account, with regard to the alteration of the hot streak

shape and the radial migration of the hot streak centre.

The vane coolant injection, in combination with the stator/rotor interaction, resulted
in a circumferentially chopped hot streak profile at first stator exit plane. Secondary
flows, enhanced due to the presence of hot streaks, tended to push the hot fluid along
the radial direction. Moving through the stages, hot streaks resulted in two distinct
peak temperature areas along the blade span. In addition, different hot streak shapes
exhibited variation in temperature magnitude and thus, temperature levels appeared
elevated at the turbine exit when a concentrated hot streak was applied against an

elliptical one.

The presented results in this chapter have shown the influence of specific design para-
meters on the hot streaks kinematics and the sensitivity of the analysis on the inlet
boundary conditions. That is of great importance as most of the relevant studies are
based on ideal hot streak shapes to simulate the propagation of the hot fluid through a
turbine stage neglecting also the combined effects taking place. Hence, appreciation
of the contribution of different sources of interaction to the hot flow path is recommen-
ded, with respect to the aerodynamic losses and the design of efficient turbine coolant
schemes. The knowledge gained from the current analysis is applied into the follow-
ing cases where a generic turbine geometry is investigated with regard to the H2-IGCC

project.
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Chapter 5

H2-IGCC Project - Gas Turbine
Modification Options for Syngas

Operation

5.1 Introduction

The main objective of the H2-IGCC project is to apply existing gas turbine techno-
logy, burning natural gas for power and heat generation, in order to get towards more
advanced IGCC power plants burning undiluted hydrogen-rich syngas [21]. Within
the frames of the project it is required to demonstrate technical solutions in order
to get high-efficiency gas turbine engines under the new operating conditions. The
solutions discussed in this thesis are only related to the turbomachinery challenges;
however, it should be noted that solutions related to other parts of the power system
were also researched by academic and industry partners, including the development
of safe and low-emission combustion technology, improved materials, as well as a

thermo-economic system analysis.

There are many issues arising from burning syngas fuels compared to conventional
natural gas in gas turbines regarding the turbomachinery challenges, some of them
have been addressed in Chapter 2 of the thesis. In the last three chapters of the thesis
the effects related to the turbine will be discussed further in terms of the aerodynamic

and aeromechanical behaviour. Starting with an overview of the baseline geometry and
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following with the design modifications, this chapter aims to set the complete picture

of the problem, part of which is the scope of the thesis.

5.1.1 Baseline Gas Turbine - Overview

For the purposes of comparison between an existing gas turbine engine and an adjusted
syngas fired engine, the characteristics of a baseline, natural gas fired turbomachine
needed to be established. The suggested design modifications should be based on
proven and pre-tested technology; the heavy duty SGT5-4000F was selected (Figure

5.1), the characteristics of which are shown in Table 5.1.

Figure 5.1: SGT5-4000F gas turbine, Siemens Power Generation in Berlin

The SGT5-4000F gas turbine has been in the market since the 1990’s and remains a
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highly reliable and competitive F-class gas turbine [103]. With regard to the turbine,
recent improvements deal with the first and second turbine stages in terms of thermal
stresses, applying internal cooling system through a complex array of air channels and
external film cooling [104]. Due to the lack of detailed geometric information in open
literature though, the baseline, natural gas fired gas turbine engine needed to be re-
designed; thus, a generic gas turbine was firstly modelled based on the characteristics
of SGT5-4000F, followed by compressor and turbine adjustments to allow for syngas
operation. Details on the methodology, based on which the generic machine was de-
signed, have been published by project partners for the cycle and 1D analysis [22],
CFD analysis for the compressor [105] and turbine design [23].

Electric power [MW] 292
Grid frequency [Hz] 50
Efficiency 0.398
Exhaust mass flow rate [kg/s] 692
Exhaust temperature [K] 850
Pressure ratio 18.2
Length x width x height [m] 13x6x8

Table 5.1: SGT5-4000F characteristics

5.1.2 Gas Turbine Modifications - Syngas fuel

A main barrier towards the usage of syngas is the difference in composition and the
corresponding heating value. Depending on the composition and dilution process, syn-
gas fuels may have medium or significantly lower LHV than natural gas. In agreement
with the project partners, a particular undiluted syngas fuel has been chosen, with in-
creased hydrogen content. Details regarding the composition of the two fuels (natural

gas and syngas) and the basic thermodynamic characteristics are shown in Table 5.2.

Burning syngas has an impact on the total engine affecting the original compressor/turbine
matching. For a single-shaft compressor/turbine arrangement operating at constant ro-
tational speed the dependency of the pressure ratio on the flow capacity is shown in

Figure 5.2 where two typical operational characteristics are drawn.
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Parameter Compound Value

Natural Syngas
Gas
Composition [Volume fraction %] H, 0.00 85.82
Cco 0.00 1.17
CO, 0.00 4.03
N, 3.50 8.98
CH, 92.00 0.00
C3Hjg 4.50 0.00
Lower Heating Value [MJ/kg] 50.06 334
Cp[Jkg 'K 1] 1156.7 1406.6
Gamma [ 7] 1.33 1.28
R [Jkg 'K 1] 287 303

Table 5.2: Compositions and properties of selected fuels
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Figure 5.2: Compressor and turbine flow characteristics

At a given pressure ratio (P,3/P,4 for the turbine and P, /P, for the compressor) the
mass flow function ( or flow capacity) of a chocked turbine is described by Equation

5.1

|
———— = const 5.1
KAinPo,in

where the subscript ”in” refers to the turbine inlet conditions, M represents the molar

mass, rz the compressor air and fuel mass flow rate, A the turbine inlet cross-sectional
7+l
area, P, is the stagnation pressure and K = }—;% =1 The flow capacity is controlled
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by chocking the turbine stator passages which is usually the case for heavy duty gas
turbine engines. The flow capacity is then fixed and the mass flow is only dependent
on TIT, the turbine inlet pressure, the fuel composition that determines Y and the stator

blades stagger angle that controls the flow cross-sectional area.

As the variation of y between different fuels is less significant compared to the impact
of the rest of the parameters in Equation 5.1 [106], a simplified expression of the flow
compatibility results (Equation 5.2). In this regard the compressor/turbine matching is
associated only with the variations of pressure ratio, the flow area and the volume flow

rate for a given TIT.

tiv | LI
VM const (5.2)

AinP07in

In the case of syngas, the decreased molar mass, that is 27.03 g/mol compared to 28.26
g/mol for natural gas, leads to reduced mass flow and increased turbine inlet pressure
in order to satisfy the flow compatibility (Equation 5.2). The problem is described in
Figure 5.2 where the two points A and A’ have been used to represent the design points
of the natural gas fired turbomachine. For the increased pressure ratio the new turbine
running point moves from A’ to B’ and the corresponding compressor point to B. This
means that in order to maintain the matching between the two parts, the compressor
back-pressure should increase resulting in a reduction of compressor stall margin and
consequently, leading to compressor instability [107]. Thus, different running points
need to be set in order to maintain the original matching between the compressor and

the turbine when switching to syngas fuel.

Potential adjustments can be applied either separately on the compressor and the tur-
bine design or in a combined way. For the purposes of the current project the effects
were distinguished between the two parts of the turbomachine and technical solutions
were investigated firstly for the compressor and then for the turbine, keeping the other
part unaffected. The aspects related to each one of them are presented separately in

the following sections.
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Compressor Modifications

Investigating the solution strategies with regard to the compressor design, an adjust-
ment through which the compressor operation can be unaffected could be made by
closing the Variable Guide Vanes (VGV) and hence reducing the mass flow coeffi-
cient. In that case, the turbine is running unaffected, at the original inlet temperature

and the design modification applied is only related to the compressor.

Focusing on the solutions to the potential compressor stability, much work has been
done investigating the potential geometric modifications of the compressor [105]. Dur-
ing that process a new mean-line compressor design was developed followed by CFD
analysis. Restaggering of the compressor front four stator guide vanes was considered
in order to adjust the compressor air flow and the compressor surge margin was re-
established. Keeping the turbine design point fixed (TIT and volume flow rate), a re-
duction of about 2.5% of the original compressor inlet mass flow was predicted during
that step, without any modifications of the cooling system taken into account. Accord-
ing to the new compressor/turbine matching, the pressure ratio is slightly higher than
the original value, which in combination with the syngas higher specific heat leads
to greater turbine enthalpy drop. The impact on the original turbine net power out-
put was calculated to be about 7% and was considered as small variation compared to

those found in the literature.

Turbine Modifications

Allowing the compressor to operate at the original design point and the TIT being the
same as on the natural gas fired machine, matching between the compressor and the
turbine may be preserved by the opening of the first turbine bladerow. By restaggering
the first stator and increasing the vane cross-sectional area a higher amount of mass
flow rate is permitted to pass and turbine will operate at point C’ in Figure 5.2. The
compressor operating conditions will be then far from the surge line without any sta-
bility problems. For the chosen syngas fuel and turbine design, the optimum point for
restaggering the first stator was opened by 0.22 °. Regarding the turbine efficiency,
a small reduction of about 0.2% was found compared to the original design that is

related to the higher velocity losses as a result of the higher volume flow rate. That
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reduction is consequently reflected to the gas turbine efficiency that was found to be

about 0.4% lower than the corresponding natural gas fired turbine.

The new turbine operating conditions may introduce additional aerothermal and aer-
oelasticity issues. The increased volume flow rate could lead to turbine vibration prob-
lems, while the higher specific heat of the combustor gases should affect the turbine
hot flow path. The issues related to the turbine aerothermal effects and forced re-
sponse vibration, are the main objectives of the thesis and are discussed in detail in the

following two chapters.

5.2 Summary

The use of undiluted, hydrogen-rich syngas in an existing gas turbine brings about
issues related to the compressor/turbine matching. For the purposes of the H2-IGCC
project technical solutions were investigated with regard to the compressor and the
turbine design. Among the design modifications presented in this chapter the restag-
gering of the first turbine vanes was chosen for the syngas fired gas turbine maintaining

the TIT.
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Chapter 6

Hot Streaks Aerodynamics in 4-Stage
Generic Turbine - comparison of fuel

conditions

6.1 Introduction

The hot streaks aerodynamics are presented in this chapter for the heavy duty natural
gas and syngas fired H2-IGCC four-stage gas turbine. As syngas is expected to af-
fect turbine aerodynamics and heat transfer characteristics, the migration behaviour of
hot flow path through the stages needs to be investigated. Hot streaks, may exhibit
differences of propagation and therefore affect the distribution of cooling and thermal
stresses on turbine blades, thus the objective of this chapter is to provide a better un-
derstanding of the hot streaks migration pattern with respect to the fuel composition.
As it was not possible to obtain a complete hot streak profile for the syngas fuelled
machine during this project (no such tests were done by the end of the project), the
baseline hot streak profile introduced in Chapter 4 is applied for the CFD analysis
presented here which has been scaled in order to achieve the average stagnation tem-
perature corresponding to the TIT. Hence, that study is confined to a known pattern of
hot streaks from natural gas combustion that was used in analysis for both natural gas
and syngas gas turbines. A boundary condition that consists of 24 non-identical hot

streaks is applied at the turbine inlet to simulate the hot flow pattern up to the turbine
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exit, with particular focus on the basic mechanisms that affect the turbine aerodynam-
ics including the principal effects of segregation and radial migration. It is expected
that a simulation of the hot gases flow pattern in a film cooled turbine will provide a
better understanding of the complex nature of the hot gasses migration in a turbine. In
addition, the results intent to contribute to a better understanding of the interaction of
hot streaks with the coolant scheme as film coolant has not been commonly studied in

that respect.

6.2 Hot Streaks Case Setup

6.2.1 H2-IGCC Turbine Overview

The baseline engine used for this study is a generic gas turbine based on the SGT5-
4000F that was modified by opening the first stator blades by 0.22° in order to operate
with syngas and maintain the compressor-turbine matching at the same design point
(Figure 6.1). The blade configuration is shown in Figure 6.2 and the blade numbers

for each stage are given in Table 6.1.

NG — NG —
SG — SG —

(a) Natural gas and syngas modified first stator (b) Closer view on stator TE for natural gas and
blade syngas modification

Figure 6.1: H2-IGCC syngas turbine modification - 1*' stator blade opening by 0.22°
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Figure 6.2: H2-IGCC four-stage generic turbine geometry based on SGT5-4000F

Turbine stage Number of blades (stator/rotor)

1 69/79
2 66/77
3 51/61
4 35/41

Table 6.1: Geometric parameters for H2-IGCC turbine

As previously mentioned a full annulus multi-bladerow CFD analysis is conducted,
due to the lack of common factor between the blade numbers and burners, in order to
study the propagation of the hot streaks up to the exit of the turbine. Following the

same approach as described in Chapter 4, 80 physical time steps were needed, which
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based on multiples of the first stator bladerow means that 5520 steps were required to
cover one revolution of the rotor for a rotational speed of 3000 rpm. The computational
mesh for the whole turbine, shown in Figure 6.2, corresponds to 40 million points and
the total wall clock time for one full revolution was about 6 days for a simulation

performed in a parallel environment using 72 Intel Xeon cores of 2.5 GHz.

6.2.2 Boundary Conditions

For the current project, due to the lack of experimental data, the hot streak profile was
calculated based on the data provided by industrial partners and introduced in Chapter
4 (Figure 6.3 (a)). The hot streak profile was randomly adjusted for each of the 24
hot streaks in order to impose variability of the peak temperature in both radial and

circumferential directions as shown in Figure 6.3 (b).

The radial location of the inlet peak temperature is between 20-30% span as shown
in Figure 6.4 (a) against the average uniform inlet stagnation temperature. The cor-
responding Fourier transform of inlet stagnation temperature at 30% span is shown
in Figure 6.4 (b) for both fuel conditions (natural gas and syngas). The higher har-
monics of 24, 48 and 72 EOs are due to the number of hot streaks, with 24 being the

fundamental harmonic and 48, 72 the integer multiples of that.

Fuel T07in [K] To,out [K] Po.,in [Pa] Po,out [Pa] m, [kg/s]  meu [kg/s]

NG 1713 810 1741039 109149 524.3 653.4

SG 1713 877 1743149 112617 516.8 647.3

Table 6.2: H2-IGCC turbine inlet-outlet average values - unsteady CFD results

-

BT [ o
Hot Gas Temperature [K]

(a) SGT-300 hot gas temperature profile [108]
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(b) H2-IGCC inlet hot streak profile simulated based on Figure 6.3 (a)

Figure 6.3: Stagnation temperature contours at the turbine inlet plane

For the comparison between the two fuels the temperature levels were kept the same
between natural gas and syngas due to the lack of information for the case of syngas.
In order to maintain same inlet stagnation temperature levels between the two fuels,
density variations were adjusted for syngas using constant values of y and R, equal to
1.28 and 307.7 J/kg K, respectively. The values of y and R were defined for the av-
erage turbine inlet conditions based on NASA-polynomials [109] for the temperature
dependence of the specific heat capacity. At the turbine inlet it was assumed that the
stagnation pressure of the hot fluid is the same as in the main flow, as discussed in
Chapter 4. Averaged values of inlet and outlet are presented in Table 6.2. The inlet
stagnation temperature shown in that table is the average temperature after applying
the hot streak profile. When uniform temperature conditions are applied, the average

value of stagnation temperature at the turbine inlet is kept at the same value (1713 K).
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Figure 6.4: H2-IGCC turbine inlet boundary conditions for CFD simulations
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6.2.3 Film Cooling

For the fuel related comparative study a combustor exit temperature of 1713 K was
used regardless the fuel (natural gas or syngas) being considered, as mentioned above.
In the case of syngas the higher H,O content is expected to change the heat transfer rate
and result in increased turbine metal temperature. A solution that has been suggested
in order to avoid turbine blade overheating and maintain the same firing temperature
is the increase of turbine coolant [19]. For the current study the same percentage of
coolant injection is applied in both fuel cases avoiding cross dependences between
different parameters when investigating the effects of the fuel composition on the hot

streaks aerodynamics.

Coolant Coolant
Bladerow Mass Flow [kg/s] Temperature [K]
NG SG
S1 33.76 33.88 700
R1 32.57 32.22 700
S2 22.99 23.33 698
R2 18.57 18.96 698
S3 9.17 9.52 579
R3 12.07 12.61 579

Table 6.3: H2-IGCC turbine coolant properties per bladerow for natural gas and syngas

For the purposes of the project, different coolant configurations were investigated con-
sidering three values of coolant amount, 32.25 %, 25% and 20% of the compressor’s
inlet mass flow rate. A coolant mass flow rate of 25% of the compressor’s inlet mass
flow rate was finally chosen, that corresponds to approximately 130 kg/s [22] to cool
the first three of the four turbine stages. Out of that amount 70% was injected to the
turbine blades and 30% to end walls. Table 6.3 shows the coolant properties as have
been concluded for the investigation of the hot flow path into the turbine for each fuel
case. For the current simulation all the airfoils of the first three turbine stages are

cooled using a local source term model presented by Romocea et al. [94].
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6.3 Unsteady CFD Analysis - Results and Discussion

6.3.1 Hot Streaks Migration - Varying Circumferential Inlet Hot

Streak Location

The discussion about unsteady CFD analysis in this chapter is focused on the effects
of the fuel composition on the turbine temperature redistribution and hence, the results
are mainly presented in comparative basis. Before going into the comparison though,
the effect of the circumferential inlet location of the hot streak injection is discussed as
a result of the hot streak/stator configuration for the current turbine. The preferential
heating of the blades PS downstream the first stator row, as a result of the segregation
effect that has been discussed in Chapter 4, is one of the dominant mechanisms of the
hot streak redistribution into the turbine. However, the effect is strongly dependent
on the alignment of the hot streak to the first stator passage. When there is a com-
mon factor between the hot streaks and first stator blades the segregation effect can
be controlled by clocking” the hot streak with respect to the stator blades position.
Depending on the exact clocking position and the temperature difference between hot
and cold fluid, the segregation phenomenon can be weakened or even reversed, with

the hot fluid convecting towards the SS of the first rotor blade.

For both turbines, the generic and the syngas fired, the random differences that have
been created between the 24 hot streaks combined with the non-integer ratio between
hot streaks and stator blades, result a non-repeating inlet temperature profile. The
instantaneous stagnation temperature contour plots at 30% span in Figure 6.5 show
the propagation of hot fluid through the first turbine stage for natural gas, while similar
observations are made also for syngas (not included here). Assuming the case of hot
streak aligned to the first stator passage as the baseline, cases in which the hot streak is
shifted towards stator blades or is aligned to the stator LE, are considered as clocking
positions. In the baseline case the kinematics of the hot streaks follow the preferential
heating effect; Figure 6.5 (a) shows the strongest preferential heating effect. At the exit
of first stator row, the cold streak convects towards rotor SS and the hot streak convects
towards rotor PS without strongly interacting with each other. In the case where the

hot streak is positioned towards the stator blade there is some interaction between the
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hot and cold streak.

HS "clocked"

stator LE

HS baseline aligned

stator passage
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(a) Hot streak aligned to stator passage (b) Hot streak aligned to stator LE

Figure 6.5: Zoom on different hot streak clocking positions at 30% span- NG

When the hot streak is aligned to the stator LE, the hot fluid is in phase with the stator
wakes and the interaction between them may affect the preferential heating of rotor
PS. In Figure 6.5 (b), where the hot streak is aligned to the stator LE, a weakened
segregation effect is shown with the hot streak hitting the area around the LE and rotor
SS, then forming a V-shape hot fluid as it moves towards the passage. The V-shape
results from the effect of coolant injection that leads to slower convection of the hot
fluid to the rotor surface boundary layer and is discussed in more detail in the following

section.

The effect of the hot streak location with respect to the first stator blades on the down-
stream bladerows is shown in Figure 6.6. The instantaneous stagnation temperature
contours along a half-annulus describe the propagation of hot streaks under different
inlet hot streak positions and shapes at 30% span up to the turbine exit. It is clear
that the magnitude of the effect on the third and fourth bladerow varies according to
the inlet conditions. Two pathlines illustrated in this figure, correspond to the clocked
and baseline hot streak positions. The clocked hot streak results a beneficial effect on
the downstream blades in terms of hot spots creation, while the neighbour one, that
is positioned aligned to the stator mid-passage, gives a stronger effect on the down-

stream blades with distinct hot spots being formed close to the stator blade of the third
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bladerow. One may also observe that same inlet hot streak positions result differences
in hot streak propagation and the magnitude of the effect on the last bladerows. This
can be attributed to the varied hot streak shapes and sizes, since each one of the hot
streaks was simulated independently resulting variations on the hot streak area in both

circumferential and radial direction.

Hot streak
LE aligned

Hot streak
mid-passage
aligned

Figure 6.6: Stagnation temperature contours along the four stages at 30% span - NG

6.3.2 Hot Streaks Interaction with Blades Film Coolant

There are not many studies investigating the interaction of film coolant with the hot
streaks propagation. The effect of the vane film coolant on the attenuation of the
hot streak has been reported by Jenkins et. al [55] where independent regions of
coolant injection were investigated, concluded that the vane SS film coolant exhib-
its the strongest effect on the weakness of the hot streaks. For the current turbine, film

coolant is not limited to the first stator bladerow but is injected on the first three stages
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and shows greater effectiveness on the first rotor PS, even in the absence of hot streak

injection when uniform inlet stagnation temperature conditions are applied.

(a) Stagnation temperature contours for uniform (b) Stagnation temperature contours for HS inlet
inlet temperature profile - NG profile - NG

(c) Stagnation temperature contours for HS inlet
profile - SG

Figure 6.7: Stagnation temperature contours along R1 blade PS for different inlet temperat-
ure conditions and fuels

The effect of film coolant on the rotor PS is shown in Figure 6.7 where stagnation
temperature contours are shown for different turbine inlet temperature and fuel condi-
tions. The rotor PS remains at low temperature regardless the fuel composition and the
inlet temperature profile being applied. The LE is exposed to higher heat loads with
syngas exhibiting the greatest effect on that at the span location where the hot streak

was injected as shown in Figure 6.7 (c).
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Figure 6.8: Static temperature profile along hot blades of 1* turbine stage at 30% span for
natural gas and syngas

The increased heat load on the rotor LE can be observed also from the static temperat-
ure distribution along rotor hot blades at 30% span shown in Figure 6.8. Downstream
the rotor LE area, at about 10% of the blade length, the temperature along the rotor
PS exhibits a significant decrease compared to the rotor SS, that is not in agreement to
the preferential heating effect of the hot streaks as discussed in Chapter 4. A combin-
ation of the circumferential location of the hot streaks injection with the rotor blade
film coolant should be the reasons for the reversed effect of hot streaks on the rotor

blade surfaces. In terms of fuel composition, syngas exhibits higher temperature val-
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ues along the blades compared to natural gas; however, coolant injection is considered
effective for both fuel types with the blade surface temperature meeting the safety

margin targets set for each blade row [94].

6.3.3 Hot Streaks Propagation - Varying Fuel Composition

The effect of hot streaks on the shape of velocity triangles has already been discussed
in Chapter 4. The hydrogen-rich syngas fuel combustion also influences the velocity
triangles at the exit of each bladerow when compared to the natural gas fired gas tur-
bine. The axial component of flow velocity (Cy = /YRTMa) is affected by the fuel
composition and the flow temperature, the latter being influenced by the decrease of y
and the geometric modification of the turbine, as the pressure drop is decreased due to
the change of the throat area of the first bladerow, consequently increasing the turbine
exit temperature. The counteracting effects may result in small or significant changes
of the flow velocity depending on the flow conditions such as the syngas composition

[18, 82].
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Figure 6.9: Spanwise axial absolute velocity distribution at bladerows exit plane for natural

gas and syngas

Figure 6.9 shows the spanwise distribution of the axial flow velocity at the exit of each

bladerow for the reference natural gas fuel and the hydrogen-rich syngas. As discussed

in Chapter 4, the spanwise circumferentially averaged velocity profiles were extracted

at the exit plane of the absolute frame of reference. The velocity increase of syngas can

be observed between 5-95% span along each bladerow exit plane indicating the effect

of the increased flow temperature under the same blade coolant conditions. The syngas

displays a more intense flow turning that is also slightly moved along span compared

to natural gas profile.
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(a) Streamlines through R1 passage and stagnation
temperature contours - NG

(b) Streamlines through R1 passage and stagnation
temperature contours - SG
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Figure 6.10: Horseshoe vortex system on R1 passage for natural gas and syngas cases

The observation can be better explained in combination with Figure 6.10 (a), (b) where
the volume streamlines through one rotor passage show the secondary vortices near
the hub endwall and Figure 6.10 (c),(d) where the surface streamlines on the rotor hub
endwall identify the saddle point and the horseshoe vortex for natural gas and syngas,
respectively. It is well known that upstream variations of axial flow velocity and con-
sequent direction of the approaching flow on the LE of the downstream bladerow has
an impact on the saddle point position and the development of the horseshoe vortex.
The turning of the streamlines near the rotor LE is higher as well as the distance of
the saddle point from the blade LE in case of syngas (Figure 6.10 (d)) compared to
natural gas (Figure 6.10 (c)) indicating a smaller horseshoe vortex for the natural gas
case. In effect, there is stronger deflection of the streamlines along the SS of the first
rotor blade for syngas case compared to natural gas (Figure 6.10 (a), (b)). In addition,
the differences in the wake shape which can be observed between Figure 6.10 (c), (d)
show a more concentrated wake shape for syngas and will be discussed in more detail

in the following section.

The higher flow turning of the horseshoe vortex in syngas case will in turn affect
the secondary losses. Previous studies [3] have shown the effect of the horseshoe
vortex on the evolution of secondary flow into the blade passage. An illustration of the

development of secondary vortices is shown in Figure 6.11 describing the direction and
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magnitude of each contributor. The pair of horseshoe vortex legs remains small as it
propagates through the blade passage and its sense of rotation is opposite to the rotation
of the main hub passage vortex. Although the intensity and length of the horseshoe
vortex are relatively small, the vortex pair still affects the evolution of secondary losses
and hence, the radial migration of the hot streak centre as it passes through the rotor

blade passage.

: Suction side leg of horseshoe vortex system
Vph : Pressure side leg of horseshoe vortex system
vV ; Passage vortex
V, : Wall vortex induced by the passage vortex
Ve : Suction side leading edge comner vortex
VPL‘ : Pressure side leading edge comer vortex

: Suction side comer vortex
V, : Pressure side corner vortex

Figure 6.11: Secondary flow development through blade passage [3]

The impact on the secondary losses and the hot streak migration at the exit of the first
rotor bladerow for one hot streak position is described in Figures 6.12 - 6.13. The stag-
nation pressure contours are shown in Figure 6.12 for three axial positions throughout
the rotor passage, inlet, mid-chord and outlet, for the two fuel cases. In Figures 6.12
(e), (f) the contour plots indicate the pressure drop and hence, the secondary losses
near the hub to be less significant in case of syngas compared to natural gas. As the
horseshoe vortex leg propagates through the passage weakens the over turning near
the hub because of its opposite direction to the passage vortex. In addition, the centre
of the secondary vortex appears in different spanwise location between the two fuel
cases, with the minimum stagnation pressure flow region being located closer to the
hub endwall for the natural gas case compared to syngas. The interaction with the hot

streak and the effect on the hot streak shape is shown in Figure 6.13
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(a) Stagnation pressure contours at R1 inlet,
x=0.14 m - NG

Po [Pa]: 1140000 1244000 1348000

(b) Stagnation pressure contours at R1 inlet,
x=0.14 m - SG

Po [Pa]: 1140000 1244000 1348000

(c) Stagnation pressure contours at R1 mid-chord,
x=0.20 m - NG

Po [Pa]: 1140000 1244000 1348000

(d) Stagnation pressure contours at R1 mid-chord,
x=0.20 m - SG

Po [Pa]: 1140000 1244000 1348000

(e) Stagnation pressure contours at R1 outlet,
x=0.27 m - NG

Po [Pa]: 1140000 1244000 1348000

(f) Stagnation pressure contours at R1 outlet,
x=0.27 m - SG

Figure 6.12: Stagnation pressure contou{ 6)7lots at R1 exit for natural gas and syngas



The stagnation temperature contours in Figure 6.13 show the propagation of one hot
streak through the rotor passage and the alteration of hot streak shape under the in-
fluence of secondary flows for the corresponding to Figure 6.12 locations. The radial
migration of the hot streak for the case of syngas is higher with the hot fluid moving
radially towards both the hub and tip as it propagated towards the exit of the rotor
passage resulting in more stretched shape. In effect, the hub and tip areas should ex-
perience higher heat load in syngas case considering also the increased temperature
values of syngas compared to natural gas. A similar tendency of the hot streak migra-
tion along the span can be observed also for the neighbour bladerow shown in Figure

6.14 where a hot streak propagates throughout a passage of the second stator row.
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(a) Stagnation temperature contours at R1 inlet, (b) Stagnation temperature contours at R1 inlet,
x=0.14 m - NG x=0.14 m - SG
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(c) Stagnation temperature contours at R1 mid- (d) Stagnation temperature contours at R1 mid-
chord, x=0.20 m - NG chord, x=0.20 m - SG
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(e) Stagnation temperature contours at R1 outlet, (f) Stagnation temperature contours at R1 outlet,
x=0.27 m - NG x=0.27 m - SG

Figure 6.13: Hot streak propagation through R1 passage for natural gas and syngas
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(a) Stagnation temperature contours at S2 inlet, (b) Stagnation temperature contours at S2 inlet,
x=0.3 m - NG x=0.3m - SG
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(c) Stagnation temperature contours at S2 mid- (d) Stagnation temperature contours at S2 mid-
chord, x=0.35 m - NG chord, x=0.35 m - SG
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(e) Stagnation temperature contours at S2 outlet, (f) Stagnation temperature contours at S2 outlet,
x=0.42 m - NG x=0.42 m - SG

Figure 6.14: Hot streak propagation through S2 passage for natural gas and syngas

The spanwise distribution of circumferentially averaged stagnation temperature is shown
at the corresponding exit planes of each bladerow in Figure 6.15. The syngas hot
streak centre moves slightly towards the hub and exhibits a higher spanwise diffusion
of the temperature profile compared to natural gas confirming the observations made
above for the first rotor and second stator bladerows. The hot streak radial migration
is strongly related to the passage secondary flows, as the steeper velocity gradients
in syngas case compared to natural gas case, result into increased stretching of the
streamwise vorticity structure. In addition, the radial gradient of the stator exit flow
angle is affected by the modification of the stator blades and the opening the throat in
order to adjust the turbine to the syngas flow conditions, which in turn, alters the radial

distribution of circulation into the first rotor passage.
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Figure 6.15: Spanwise stagnation temperatrure distribution at bladerows exit plane for nat-
ural gas and syngas

At the outlet of the turbine, the peak temperature has been moved radially between 50-
60% span with syngas resulting to higher peak temperature compared to natural gas
as shown in Figure 6.15 (d) by approximately 8% difference in average temperature
levels. Figure 6.16 shows the normalised stagnation temperature contours where cir-
cumferentially distinct hot areas are apparent for both fuel types. Hot streaks propagate
through the four stages and are still obvious up to the turbine exit with the magnitude of
the effect being higher in Figure 6.16 (b) due to the higher temperature levels for syn-
gas compared to natural gas. The values of temperature have been normalised based

on the TIT which is the same for both fuels.
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(a) Normalised stagnation temperature at (b) Normalised stagnation temperature at
R4ex domain - NG R4ex domain - SG

Figure 6.16: Instantaneous stagnation temperature contours at turbine exit
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6.3.4 Hot Streaks Effects on Stator Thermal Wakes

Figure 6.17 shows the circumferential stagnation temperature at the exit of first stator
at 30% span with a zoom of one hot streak wake, that corresponds to approximately
3 vane wakes. The Fourier transform of the temperature signal at the same spanwise

location reveals the main harmonics due to the temperature distribution.

Circumferential Ty distribution at S1., - 30% span
2000 T T T T T T T

1900
. 1800
= 1700 :
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1400 1 1 1 1 1
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Figure 6.17: Circumferential stagnation temperature profile and FFT at S1,, plane at 30%
section with closer view of one hot streak vane wake and the 19 EO amplitude
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A closer view of the lower harmonics in Figure 6.17 reveals a different pattern with
slightly higher temperature amplitude for the case of natural gas compared to syngas.
That can be explained by the shape of the thermal wake as shown in the same figure
(second plot). The wakes that correspond to one hot streak in case of syngas seem to
be more concentrated resulting in lower minima and higher maxima which is further

explained below.
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Pitch Distance [m]

Figure 6.18: Circumferential stagnation temperature profile at S1,, section at 30% with the-
oretically predicted circumferential profile

The 24 EO is related to the 24 combustor cans, the 69 EO is related to the number
of stator blades, while additional lower amplitude harmonics are multiples of those
two fundamental frequencies. Based on the FFT signal, the syngas case gives slightly
higher stagnation temperature amplitudes. Figure 6.18 shows a schematic of the first
stator airfoils combined with the stagnation temperature profile at 30% span, as in Fig-
ure 6.17. Based on the theory of the thermal wakes transportation as has been described

by Kerrebrock and Mikolajczak [38] the theoretically predicted circumferential tem-
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perature profile was drawn (dashed line) on top of the CFD results. The main feature
of the theoretical profile is a peak temperature near the stator PS, followed by a plat-
eau and a decrease near the SS. The magnitude of the temperature peak (hatched area)
increases with tangential Mach number and relative flow angle, with syngas resulting
in higher stagnation temperature excess in stator wake. The temperature excess in the
wake near the PS times the thickness of the wake gives the energy flux impinging on
the stator PS. This means that for syngas there is a higher concentration of high energy
fluid near the PS and lower near the SS. The result is of great importance and will be

the basis for the analysis of the LEO excitation results presented in the next chapter.

6.4 Summary

In this chapter the aerodynamic effects of hot streaks propagation into a heavy duty
four-stage HP turbine are discussed with particular attention to the fuel composition. A
natural gas fired generic turbine has been compared to a modified syngas fired turbine
for the unsteady multi-blade row CFD analysis. Both turbines have been set up under

the same inlet boundary conditions and coolant flow scheme.

The effects of the circumferential location of the hot streaks injection is discussed first
as the non-integer factor between the hot streaks and stator blades results in different
hot streaks alignment configuration. The strength of the segregation effect on the first
rotor bladerow is affected by the misalignment of the hot streak with the inlet stator

passage that is termed as hot streak “clocking”.

The effects of syngas on the propagation of the hot fluid were studied. The hydrogen-
rich syngas chosen for this work in combination with the applied turbine modification
- opening the first stator bladerow - leads to a lower pressure drop and increased tem-
perature at the exit of the turbine. As an effect of the fuel composition, the hot gas
flow path exhibits differences compared to the reference natural gas fuel. The signi-
ficant changes of the velocity deficit and consequently enhanced secondary flow has
been shown with regard to the effects on the hot streak centre migration along the first
rotor blade span. In addition, the effects of film coolant on the hot streaks migration
are shown with reverse results on the preferential heating effect of the first rotor PS.

Observation of the temperature contour plots shows effective prevention of hot fluid
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convection to the rotor boundary layer due to the film coolant for both fuels. How-
ever, compared to natural gas, syngas blade temperature profiles show higher values

by approximately 8% difference in average temperature levels.

Finally, the effects of fuel composition on the thermal wakes exiting the first stationary
frame are discussed. Fourier transform of circumferential temperature distribution was
applied to describe the difference in amplitude at the exit of first stator row between
the two fuels. Syngas results in higher temperature amplitudes for BPFs but not for
LEOs. Interpretation of the wake profile at stator exit reveals a different wake shape for
syngas that comes more concentrated compared to natural gas as a result of differences
in composition and hence in vane exit velocities. That is of great importance as a
different flow pattern is created and propagates through the turbine with consequent
effects on the structural part of the turbine as well as those will be discussed in the
next chapter. However, it is necessary to point out the dependency of the results on the

hot flow pattern applied for this study.
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Chapter 7

Investigation of Low Engine Order
Excitation of 1* Rotor due to

Temperature Distortion

7.1 Introduction

The unsteady harmonic forcing distribution acting on the rotor blade due to incoming
temperature disturbances is related to the LEO forced response excitation. Addressing
fuel variability, for the current study of hydrogen-rich syngas, the fuel composition
adds an extra parameter related to the turbine hot flow pattern which in turn, will
affect the rotor blades vibration due to the inlet temperature non-uniformities. The
results presented in Chapter 6 focused on the aerodynamic effects of hot streaks into
the H2-IGCC generic and syngas turbine. Following the aerodynamic analysis and
referring to the same geometric, coolant and boundary conditions, this chapter deals
with the effects of hot streaks on the LEO excitation of the downstream rotor blade.
The forced response computations were conducted using the unsteady aeroelasticity
model described in Chapter 3. The analysis is limited to the first rotor row and is

presented in a comparative basis between the syngas and natural gas fired gas turbine.
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7.2 Overview of the Forced Response Model

The forced response analysis consists of the modal analysis of first rotor blade as-
sembly and the 3D unsteady CFD simulation of the first stages as has been described
in Chapter 3. Standard FE analysis techniques are applied to obtain the natural fre-
quencies and mode shapes. In order to predict the frequency-speed Campbell diagram
and obtain the associated mode shapes. The prestressed modal analysis is performed
taking into account the centrifugal forces. The undamped free vibration modal model
is solved to calculate the modal properties of the system at different rotational speeds
between 0-3000 rpm. The predicted frequencies are plotted on a Campbell diagram
for each ND. Intersections of EO lines with the blades natural frequencies at the speed
of interest indicate a potential excitation during the operation of the gas turbine. Based
on Campbell diagram the forced response analysis is conducted for the potential res-
onance conditions (corresponding EO and mode shape) to calculate the amplitude of
the aerodynamic forcing under those conditions. Once a crossing between a natural
frequency and an EO is identified, close to the design speed (3000 rpm), the corres-
ponding mode shape is mapped into the flow model by interpolation to the CFD mesh.
After the mode shapes interpolation into the CFD mesh the modal force is calculated
for each iteration from the CFD code. For each one of the interpolated mode shapes the
blade excitation is provided by the inlet hot streak profile that is presented in Chapter
6, consisting of 24 NDs. The aim is to provide forced response calculations for dif-
ferent resonant conditions arising from both BPF and LEO excitation sources at the
design speed and identify the effects of the fuel composition on the phenomenon. To
predict the excitation levels in a forced response analysis a whole annulus, multi-stage
unsteady CFD calculation is necessary to deal with the losses of symmetry that give

rise especially to LEO excitation.

7.2.1 Modal Analysis Setup

Boundary Conditions

For the modal cyclic symmetry analysis, one sector of the first rotor disk was modelled

to calculate the modal properties. The difference between the stiffness of the simulated
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solid rotor blade and the actual one should be mentioned; the actual rotor blade is
lighter as there is a number of cooling holes, shown in Figure 7.1. Since the purpose
of the study is to provide comparison of the results between the two fuel cases, it was
not necessary to add this complication and hence, a solid blade was assumed. The
blade geometry was provided by the project partners at RWTH Aachen. The first rotor
disk was drawn based on Figure 7.2. where the cross section of the gas turbine is
shown. A sketch of the bladed disk FE model is shown in Figure 7.3, including the FE

mesh and the boundary conditions.

-

<

Lz

Figure 7.1: H2-IGCC 3-stage cooling geometry overview [4]

In ANSYS the boundary conditions consist of the structural loads and constraints. In
order to solve the free response vibration problem the only loads applied for the modal
analysis are the inertia loads caused by the rotation of the structure. Boundary con-
ditions include all Degrees Of Freedom (DOF) constraints (displacement constraint
in x,y,z direction) at the inner disk diameter plus zero DOF at z direction at the con-
nection between the rotor disk and the neighbouring stator disks. Since the model
is symmetric with respect to the rotation axis, cyclic symmetry boundary conditions
were applied. By using cyclic symmetry in ANSYS constraint relationships between
the high and low edges of the sector are defined for a single sector which is repeated at
4.557 © around the axis. The rotor disk sector contains approximately 27,500 20-node

solid elements and 43,000 nodes. Taking into account the centrifugal forces, the modal
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analysis is conducted for different speeds (0, 1000, 2000, 3000 rpm) in order to draw
the Campbell diagram. The material properties, Young’s Modulus and Poisson’s ratio,
for the bladed disk are shown in Table 7.1, while a uniform material density was set,

equal to 8110.21 kg /m?.

Figure 7.2: Cross section of the SGT5-4000F gas turbine [5]

Fixed BCs
at Z direction

/

Fixed
ALL DOFs
0.000 0250 0.500 (rrm)
e e e

Figure 7.3: 1 rotor FE sector model
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Temperature [K] Young’s Modulus Poisson’s ratio

[GPa]
297.0 200.7 0.28
366.5 195.1 0.27
477.6 190.3 0.27
588.7 184.8 0.28
699.8 179.3 0.28
810.9 175.1 0.30
922.0 167.5 0.30
1033.1 160.0 0.30
1144.3 151.0 0.29
1255.4 140.0 0.30

Table 7.1: Alloy IN-738 properties

7.2.2 Modal Analysis Results

In order to solve the free vibration problem firstly the static analysis was performed
including the prestressing effect at the design speed that results from the centrifugal
forces which are caused by the rotation of the structure. The most significant effect of
centrifugal forces has been found to be on the first bending natural frequencies. An
increase of the natural frequency of first bending mode is expected with the increase of
the rotational speed, while the effect on the torsional mode is negligible. However, due
to the effect of temperature in turbines, natural frequency may reduce with the increase
of rotational speed and thermal stiffening effects may overtake the stress stiffening ef-
fects caused by the inertia. This could be caused by the reduction in Young’s modulus
values (Table 7.1) with temperature increase. The modal analysis is then solved in the
rotating frame, including the prestress effects for 1-24 index numbers calculating the

first three modes.

In Figure 7.4, each data series represent the natural frequencies of a mode family
depending on the ND. As the number of ND increases, the stiffness matrix of the
bladed disk assembly is affected and the system is considered to be disk-dominated.
The natural frequency of the corresponding mode family converges to a value after the
6" ND when the 1* and 2"¢ modes are dominated by the rotor blade motion. All the

analyses in this section focuses on the first three modes.
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Figure 7.4: Natural frequencies vs. nodal diameters

The Campbell diagrams were drawn for each ND in order to assess the potential excit-
ation of the first rotor blade due to the inlet temperature distortion. Campbell diagram
has traditionally been used to visualise potential resonance problems. The graph de-
picts speed of rotation [rpm] on the abscissa versus frequency [Hz] on the ordinate.
The excitation frequencies or EO frequencies are multiples of the excitation frequency

and correspond to the number of disturbances per revolution.

Six Campbell diagrams are chosen as representative and are shown in Figure 7.5, each
one corresponding to a ND . The 24 EO corresponds to the lowest BPF that is related
to the number of hot streaks at the combustor exit. Focusing on the LEOs it can be
seen that the 19 EO intersects the first mode for the rotational speed (3000 rpm) thus
the system’s maximum amplitude is expected to occur at that intersection point of first
mode and 19 EO excitation. Although the 20 LEO excitation is not an exact inter-
section it was also considered for the forced response analysis to guarantee a safety
margin. The 24 EO has also been considered for the forced response analysis as a BPF
excitation compared against the LEO excitation, though there is no intersection shown

in Figure 7.5 (e).

'The complete number of Campbell diagrams is provided in Appendix A
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(d) Campbell diagram for 23 ND
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Figure 7.5: Campbell diagrams for various NDs

Included in Figure 7.5 are also diagrams that show intersections at lower rotational
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speeds. Those intersections have been included in the plots as they should be passed
through quickly if possible during the startup or shutdown of the engine in order to
ensure that repeat failures will not occur. Based on the Campbell diagrams the 19,
20 and 24 EOs indicate the possible shapes and frequencies of excitation at the en-
gine speed and thus, were chosen for further investigation through a forced response
analysis. Table 7.2 presents the natural frequencies of the first rotor disk at 3000 rpm

referring to the chosen for further investigation EOs.

Natural Frequencies [Hz]
Mode 19ND 20 ND 24 ND
1% 948.72 948.89 949.36
2" 1283.63 1283.67 1283.84
34 2162.12 2162.23 2162.85

Table 7.2: Natural Frequencies for the first 3 modes of the selected NDs

Figure 7.6 shows the mode shapes contours corresponding to the 19,20 and 24 NDs,
while in Figure 7.7 the expanded solution shows the modal response of each rotor blade
with an interblade phase angle between adjoin blades for the first mode being excited
by the 19 EO. The differences between the frequencies and mode shape contours are
quite small for the three chosen NDs; the mode shapes tend to be blade-dominated

as discussed previously and thus, the natural frequency remains almost constant and

independent of the ND increase.

(a) 1% mode/19 ND/948.72  (b) 2" mode/19 ND/1283.63  (c) 3" mode/19 ND/2162.12

Hz

Hz Hz
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(d) 1* mode/20 ND/948.89 (e) 2 mode/20 ND/1283.63 ) 3" mode/20 ND/2162.23
Hz Hz Hz

(2) 1* mode/24 ND/949.365  (h) 2" mode/24 ND/1283.84 @) 3@ mode/24 ND/2162.50
Hz Hz Hz

Figure 7.6: Mode shapes contours corresponding to the values presented in Table 7.2

Figure 7.7: Full annulus mode shape for 19 ND and displacement
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7.2.3 First Stage Forced Response Analysis Setup

In order to compute the excitation due to the turbine inlet temperature distortion, the
modal analysis results are used for the uncoupled forced response unsteady analysis
as described at Chapter 3. The modal analysis is followed by the FE - CFD interpol-
ation in order to assess the amplitude of the modal force for the resonant modes of
interest as those were indicated by the construction of the Campbell diagrams. The
two computational grids for the first rotor blade are shown in Figure 7.8. The input
to the interpolation process is the real and the imaginary part of the deformation for
each grid point as that has been resulted by the modal analysis for the 1**mode/19
ND, 1¥*mode/20 ND and 2"?mode/24 ND. The FE mesh of the bladed disk consists of
222,012 nodes and the single blade CFD of 109,235 points, while the CFD mesh of

the first stage corresponds to 15 million grid points.
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Figure 7.8: FE to CFD mesh interpolation

In Figure 7.9 the contour plots of the first mode shape for the 19 ND are shown, as
resulted from the structural analysis and the interpolated to CFD mesh values, respect-
ively. The comparison is made in order to ensure interpolation accuracy which shows
fair capture of the deformation especially near the blade tip where the maximum dis-

placement occurs.
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Figure 7.9: Comparison of contour mode shape between the FE modal analysis and the
interpolated CFD values for the 19 ND

The CFD boundary conditions of the first turbine stage correspond to those presented
in Chapter 6 and the excitation force results from the temperature distortion that is
introduced into the flow by the inlet hot streak profile. The forced response analysis is
conducted for the full annulus of the first turbine stage. For a fixed rotation speed (50
Hz) on turbine working condition the BPFs related to the first stage can be calculated
based on the number of stator blades as well as the number of burners. The BFF
corresponding to the first stator bladerow is equal to 3450 Hz (69 stator blades x 50
Hz), while the corresponding to the burners is equal to 1200 Hz (24 hot streaks x 50
Hz).

7.2.4 Forced Response Results

Figure 7.10 shows the modal force signal and the corresponding Fourier transform of
the NDs chosen to provide resonant forcing (19 and 24 NDs), for the first mode (19
ND) and second mode (24 ND). The 19 and 20 NDs have been chosen as typical for
LEO excitation while the 24 ND as BPF excitation; however, results for the 20 EO are
not shown here as the forced response analysis resulted negligible amplitude corres-
ponding to that frequency. For the 19 EO excitation in Figure 7.10 (a) the comparative
study between the two fuels reveals a higher amplitude for the case of natural gas, that
is in contrast with the BPFs, 24 and 69 EOs, as expected based on the interpretation of

the temperature profile in Chapter 6 (Figure 6.17). In case of syngas, the more concen-

126



trated wake shape at the exit plane of first stator bladerow results higher temperature

peaks, giving rise to the excitation of the 24 and 69 EOs while reducing the LEOs.

Regarding the amplitude of modal force in Figure 7.10 (a) it may be also concluded
that the LEO and BP forced response amplitudes are comparable. Comparing the 19
LEO to the BPF, the LEO response for the syngas case was found to be about 55%
of the S1 BPF and almost equal to the 24 cans BPF, while for the natural gas the
difference between the 19 LEO and 60 EO decreases to about 35%. For the 24 EO
the impact of syngas on the amplitude of excitation force is higher as shown in both

Figures 7.10 (a) and 7.10 (b).

Predicted
Fuel parameter = Mode  Excitation Displacement [mm]
Natural Gas  1%"/I9ND 19EO 1.135
Syngas 1¥/19ND 19EO 0.88

Table 7.3: Syngas and Natural Gas predicted LEO response for R1
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(a) Fourier transform of the 1% mode/19 ND excitation force

The amplitude of the unsteady aerodynamic forcing can be then used to compute the
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maximum resonant displacement for the LEO excitation using Equation 3.12. A typ-
ical value of 80 was chosen as representative proportional damping, based on the liter-
ature [37] and the value of the largest mode shape element was based on the modal ana-
lysis. The results of the computed maximum displacement for both fuels are presented
in Table 7.3. Considering that the predicted displacement corresponds to the worst
scenario, assuming an exact match between the natural frequency of the blade and
the excitation forcing, the results indicate a significant vibration amplitude for the tur-
bine rotor blade, where the blade vibrates with 1.135 mm displacement for the case of

natural gas and a lower value of 0.88 mm displacement for the case of syngas fuel.

Modal force signal, 24EQ excitation force/2nd Mode
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Figure 7.10: Modal force amplitude for compared cases of natural gas and syngas

However, the LEO behaviour is dependent on specific controlling parameters which
are likely to be different in actual engine due to the assumptions made for the inlet
hot streak profile and thus the excitation forcing. A different hot flow pattern may
lead to different excitation levels. What is important from this comparison is the fact
that syngas exhibits lower amplitude of the 19" low harmonic compared to natural

gas and LEO excitation problems related to temperature distortion are not likely to
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occur. The findings of the forced response analysis are quite significant as there are no
relevant studies on the effects of syngas on the stator wake and the consequent impact
on the excitation levels of the downstream bladerows. Before the current analysis
the expected enhanced temperature levels of syngas and the affected hot flow path
was believed to enhance both the BPF and the LEO excitation levels related to the
combustor burners. Moreover, the significant levels of the LEO excitation compared
to the burners and stator related BPF indicate the need to consider any potential inlet
flow non-uniformities in the design process and obtain forced response predictions

with respect to high cycle fatigue limits.

7.3 Summary

In this chapter the full annulus forced response analysis was conducted for the first
turbine stage for three LEOs (19, 20, 24) in order to calculate the unsteady aerody-
namic force. The FFT analysis of the modal force for comparative fuel compositions
(natural gas and hydrogen-rich syngas) shows a slightly lower impact of syngas on
the LEO modal force amplitude for the chosen hot streak pattern, that is related to the
differences of the wake shape between the two fuels. The modal displacement was
also calculated for the LEO excitation, resulting in 1.135 mm for natural gas and 0.88
mm for syngas case. Based on those findings the 19 LEO forced response suggests
lower vibration amplitudes for a syngas turbine blade, considering that the predicted
displacement corresponds to the worst scenario, assuming an exact match between the
natural frequency of the blade and the excitation force. The findings are of great im-
portance, as there are no published studies investigating the effects of the syngas hot
flow path on the excitation of the downstream turbine bladerows, this study contrib-
utes towards a better understanding of the effects of fuel composition on the forced

response problem.

However, the LEO behaviour is dependent on the forcing function; a different hot
flow pattern may lead to different excitation levels. Since the original turbine that has
been designed for natural gas operates without any aeroelasticity related problems, it
is concluded that syngas operation should not raise any combustor cans related LEO

problems in terms of blade failure at the turbine running speed. Additional information
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is provided for lower speeds, Campbell diagrams exhibit additional crossing areas that
should be passed quickly during the startup or shutdown of the machine to avoid any

potential excitation of the rotor blades.
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Chapter 8

Conclusions and Recommendations

8.1 Introduction

This chapter summarises the findings that have been presented in this thesis in relation
to the stated research objectives, highlighting the conclusions of the aerodynamic and
LEO forced response analysis. All three objectives introduced in Chapter 2 have been
achieved during the research described in this thesis with particular focus on the effects
of syngas combustion on gas turbine. A fundamental understanding of the impact
of the fuel composition along with a number of design parameters on the hot streak
propagation through a turbine has been gained and the investigation has been extended
on the effects on the LEO excitation of the first turbine rotor due to the temperature
non-uniformities. The following subsections elaborate further on the achievements of

this thesis. Finally some suggestions for improvements and future work are proposed.

8.2 Meeting the Objectives: Summary of Thesis Achieve-

ment

8.2.1 The aerodynamics of hot streaks in a two-stage HP turbine

The propagation of hot streaks is one of the complex and unsteady phenomena in

turbines that cannot be simply accounted for through uniform boundary conditions
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and steady CFD simulations. The effects of the hot streaks propagation through a two-
stage HP turbine by means of a 3D unsteady CFD code have been discussed in detail

in Chapter 4, taking into account a number of individual and combined parameters.

The kinematics of six hot streaks, circumferentially aligned to the first stator mid-
passage, follow the basic propagation mechanism as has been described in the liter-
ature, with the hot fluid migrating towards the blades PS when entering the rotating
frame and narrowing around the midspan of rotor blades SS, under the influence of
enhanced secondary flows through the rotor passage. A number of design parameters
related to different flow mechanisms was investigated, showing that combined effects
of vane coolant injection, secondary flows and potential interaction have an impact on
the alteration of the hot streak shape and the migration of the hot streak centre along
the blade span with consequent effects on the enhanced local heat transfer on specific

areas on the blades surfaces.

The vane coolant injection resulted in a circumferentially chopped hot streak profile
at the exit plane of first stator bladerow, while in the absence of vane cooling the al-
teration of the shape of hot streak has been attributed to the potential interaction of
the downstream rotor bladerow. In the rotational frame, enhanced secondary flows
due the temperature gradients, interacted with the propagating hot streak pushing the
hot fluid along the blade radial direction and migrating the peak temperature areas to-
wards the rotor hub. Moving through the stages, hot streaks resulted in two distinct
peak temperature areas along the blade span which are apparent up to the turbine exit.
Additionally, comparison between ideal elliptical hot streaks and combustor repres-
entative concentrated shapes exhibited variation in temperature magnitude and thus,
temperature levels appeared elevated at the turbine exit when a concentrated hot streak
was applied against an elliptical one indicating the effect of hot streak area on the

propagation mechanism.

Summarising the findings of the analysis carried on the SGT-300-2S gas turbine, the
influence of specific design parameters on the hot streaks kinematics and the sensitiv-
ity of the analysis on the inlet boundary conditions was shown with the results being in
agreement with previous studies providing here a complete overview following more
realistic approach. A better understanding and appreciation of the contribution of dif-

ferent sources of interaction to the hot flow path was gained, the knowledge of which
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is applied into the generic turbine geometry that was investigated for the purposes of

the H2-IGCC project.

8.2.2 The aerodynamic of hot streaks in the four-stage H2-1IGCC

turbine with respect to fuel composition

After evaluating a number of combined effects on the propagation of hot streaks and
establishing realistic hot streak shapes, the aerodynamic effects of hot streaks propaga-
tion into the heavy duty four-stage HP turbine were investigated in Chapter 6 with re-
spect to the fuel composition. A natural gas fired generic turbine has been used against
a modified syngas fired turbine for the unsteady multi-bladerow CFD analysis using
the same inlet conditions with 24 hot streaks circumferentially aligned at the turbine
inlet and randomly varied between each other, in terms of the hot area, in order to

represent realistic combustor exit conditions.

The effects of the circumferential location of the hot streaks injection were observed
due to the non-integer factor between the hot streaks and stator blades that results in
different hot streaks alignment configurations. The strength of the segregation effect
on the first rotor bladerow was observed to be affected by the misalignment of the hot
streak with the inlet stator passage that is termed as hot streak “clocking”, as well as by
the hot area of the inlet hot streak. An additional input is appended to the comparison
between elliptical and concentrated hot streak shapes discussed in Chapter 4, with the

smaller hot streaks propagating up to the exit of the four-stage turbine.

The investigation of the effects of syngas on the propagation of the hot fluid consists
one of the main contributions of the thesis due to the lack of relevant studies and is
discussed in comparison with natural gas that was used as a reference fuel case. The
hydrogen-rich syngas chosen for this work in combination with the applied turbine
modification re-staggering of the first stator blade - leads to a lower pressure drop
and increased temperature at the exit of the turbine that has been observed also in
relevant published works. As an effect of the fuel composition, the hot gas flow path
exhibits differences compared to the reference natural gas fuel, which constitutes the
motivation of the current study. The significant changes of the velocity deficit were

shown with consequent changes on the flow angles and development of secondary
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flows through the first rotor passage. The flow exiting the first stationary frame in
case of syngas exhibited a more concentrated wake shape as a result of differences
in composition and hence in vane exit velocities. That is of great importance as the
different flow pattern changes the transport mechanism with consequent effects on the

structural part of the turbine as it propagates through the turbine.

The interaction of hot streaks with the blade film coolant was also discussed where ob-
servation of the temperature contour plots showed effective prevention of hot fluid con-
vection to the rotor boundary layer for both fuels. However, compared to natural gas,
syngas temperature levels remained approximately 8% higher and exhibited stronger
propagation up to the exit of the turbine. Considering the fact that the same amount
of coolant was injected for both fuels, modifications of the blade coolant scheme may

need to be taken into account for syngas cases in relevant future work.

8.2.3 The effects of fuel composition on the LEO excitation due to

inlet temperature non-uniformities

The final objective of the thesis was completed evaluating the effects of the fuel on the
LEO excitation for the H2-IGCC turbines in Chapter 7. Following a modal analysis
and setting up the corresponding Campbell diagrams to identify any resonance con-
ditions, the full annulus forced response analysis was conducted for the first turbine
stage for two chosen LEOs (19, 20) and the cans related 24 EO. The Fourier transform
analysis of the modal force for compared fuel compositions (natural gas and syngas)
showed a slightly lower impact of syngas on the LEO modal force amplitude for the
chosen hot streak pattern. The modal displacement was also calculated for the LEO
excitation, resulting in 1.135 mm for natural gas and 0.88 mm for syngas case. Based
on those findings the 19 LEO forced response suggested lower vibration amplitudes
for a syngas turbine blade. However, comparison of the LEO and the BPF excita-
tion levels showed comparable effects indicating the impact of the LEO excitation on
the turbine blade failure and highlighting the importance of investigating any relevant

vibration sources during the design process.
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8.3 Recommendations and Future Work

The research presented in this thesis has provided information important for the aero-
dynamic and aeromechanic turbine development in order to prevent from the formation
of local hot spots on turbine blades, enhanced secondary losses and low engine order
excitation, with the effects being extended into specific applications, such as the IGCC
power plants. However, limitations were faced during the research and additional fu-
ture work could be carried out towards the evaluation of the design parameters in order
to interpret the results in a way that may be applied to turbine design regardless the

size and the application of the gas turbine.

8.3.1 Simulation of full annulus unsteady CFD analysis against ex-

perimental data

One of the limitations faced during this study was the lack of experimental data for
validation purposes. Even though the CFD results presented here were compared with
a throughflow model case showing very good agreement, as discussed in Chapter 3,
and the unsteady flow model has also been validated by other researchers as reported
in the literature, the simulation of a whole annulus CFD profile based on experimental
measurements and the comparison against the data would add great value on the cur-
rent study. Due to the high cost there are very few examples of whole-field temperature
measurement at the combustor exit that could be used to validate the unsteady CFD
results. The scarcity of experimental data is even more significant for the case of syn-
gas fuel. The work presented here is a first step towards the assessment of the effects
of syngas on the hot streak propagation. The lack of experimental data though is a
significant drawback that leads to assumptions of the hot streak shape and hence, the
simulation of syngas hot streaks based on experimental data would enhance the dis-

cussion in this thesis.

8.3.2 Varied hot flow patterns

Although considerable effort was spent on the development of a realistic hot streak

pattern at the turbine inlet that was based on traverse data of one combustor can, the
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results should be evaluated against a variation of hot streak patterns in order to draw
general conclusions that could apply to turbine design. Since the hot streak shapes
were randomly varied in size and injection location, reliable estimates could be pro-
duced applying different variations and analysing the effects on the propagation. How-
ever, this can be a time consuming research work and thus probability methods could
be applied to minimise the time of conducting the study. Evaluation of the effects on
the LEO excitation would be a significant input as the main challenge is the accurate

prediction of the inlet flow variations on the excitation of low order nodal diameters.

8.3.3 Comparison with other turbulence models

For complex turbomachinery flows, where the use of unstructured grid becomes very
popular due to the advantage of flexibility that offers, the one-equation models have
shown sufficient behaviour [110]. For the current study the one-equation Spalart-
Allmaras turbulence model is employed for the CFD simulations as discussed in Chapter
3. However, further investigations are recommended towards the implementation of
better turbulence models in order to confirm that findings are not dependent on the

turbulence model that has been used for this study.

8.3.4 LEO excitation of the downstream rotor blades

Based on the literature [31, 32] indications of LEO excitation on the downstream rotor
bladerows has been observed and linked to the temperature gradients at the turbine
inlet. Limitations due to time and the lack of accurate designs of the 2,3 or 4" rotor
disks did not allow the complete evaluation of the chosen flow pattern on the effect.
Additionally, the simulation of the real turbine blades, including the cooling holes as
shown in Chapter 6, would enhance the accuracy of the results and comparison against

the current work should reveal any drawback of the solid blade assumption.
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Appendix A

Harmonic Index and Nodal Diameter

The free response mode shapes of bladed disks can be considered as a combination
of disk-alone and blade-alone mode shapes. The nomenclature often used to refer to
different blade mode shapes is analogue to beam like modes as shown in Figure A.1
[111]. The blade modes are flapwise, edgewise and torsional with 1F and 1T being the

abbreviations of the 1*" flap mode and 1* torsion mode, respectively.

+

1F 2F 1T 1E

Figure A.1: Beam mode shapes

The disk mode shapes are named as Nodal Diameters (ND) due to the radial lines
which cross the disk entire disk and form the zero out-of-plane displacement. The
vibration can take place in axial, radial or tangential directions as shown in Figure A.2

[112].
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axial radial tangential

Figure A.2: Disk mode shapes

The maximum number of NDs that a bladed disk can have is related to the number of

blades as described by Equations A.1-A.2:
N
NDy, . = E’N T even (A.1)

N-1
NDyux = T’N todd (A.2)
The deflection shapes of a turbine bladed disk are usually described by the same no-
menclature that is used to refer to the disk and blade mode shapes. In the thesis the
beam nomenclature was not mentioned and only the ND that was associated to the

excitation pattern was used to investigate the LEO excitation problem.

In order to solve a modal cyclic symmetry analysis in ANSYS the harmonic index
needs to be specified as a representative of the ND. The relationship between the har-
monic index k£ and ND for a model consisting of n sectors, is given by the following

equation:

ND=mxn=+tk (A.3)

where m =0,1,2,3,...,00

For the modal analysis presented in Chapter 7, the rotor model consists of 79 blades
(n=79) then for the specified harmonic index k = 19 ANSYS solves for nodal diamet-
ers 19, 60, 98, 139, 177 and so on. The harmonic index range can be from 0 to ND/2,

hence the modal analysis was conducted for a range of k = [0,39] and the correspond-
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ing to the excitation source of the 24 combustor cans Campbell diagrams were drawn

for each ND up to the 24" as shown in Figure A.3.
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