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SUMMARY

Due to a relative high thermal efficiency, the gas turbine engine has wide
ranging applications in various industries today. The aerospace and power
generation sectors are probably the best known. One method of increasing
the thermal efficiency of a gas turbine engine is to increase the turbine inlet
temperature. This increase in temperature will result in an additional thermal
load being placed on the turbine blades and in particular the nozzle guide
vanes. The higher temperature gradients will increase the thermal stresses. In
order to prevent failure of blades due to thermal stresses, it is important to
accurately determine the magnitude of the stresses during the design phase

of an engine.

The accuracy of the thermal stresses mainly depends on two issues. The first
is the determination of the heat transfer from the fluid to the blade and then
secondly the prediction of the thermal stresses in the blade as a result of the
thermal loading. In this study the flow and heat transfer problem is
approached through the use of computational fluid dynamics (CFD). The
principal focus is to predict the heat transfer and thermal stresses for steady
state cases for both cocled and uncooled nozzle guide vanes through
numerical modelling techniques. From the literature, two studies have been
identified for which experimental data was available. These case studies can
therefore be used to evaluate the accuracy of using CFD to simulate the

thermal loading on the blades. One study focused only on solving heat



transfer whilst the other included thermal stress modelling. The same
methodology is then applied to a three-dimensional application in which flow
and heat transfer was solved for a nozzle guide vane of a commercial gas
turbine engine. The accuracy of results varied with the choice of turbulence
model but was, generally within ten percent of experimental data. It was
shown that the accurate determination of the heat transfer to the blade is the

key element to accurately determine the thermal stresses.
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Chapter One

Introduction

This chapter presents an introduction and describes the specific problem. The
various relevant literature studied has been summarised. A motivation for the
study is given and the chapter concludes with an outline of the subsequent

chapters.



Chapter 1. Introduction

1.1 The problem considered

The gas turbine engine has wide ranging applications in various industries
today. The aerospace and power generation sectors are probably the best
known. The efficiency of the gas turbine engine is one of its biggest
advantages, but the high capital and maintenance costs when exposed to
cyclic operating conditions, have been a limiting factor. Therefore, the gas
turbine designer needs to carefully balance efficiency, capital and
maintenance costs when designing a new engine. An increase in combustor
exit temperatures is one method of improving the overall efficiency of the gas
turbine engine whilst keeping operational costs low. However, raising the
operating temperature increases the thermal load on several hot end

components that may result in increased maintenance costs.

The maintenance costs can often be reduced through minor operating
adjustments. These adjustments require the ability to predict the influence of
any change on the expected usable life of the different components. A typical
example is the nozzie guide vanes. The nozzle guide vanes are directly
exposed to the combustor exit temperatures. To protect the material, the
guide vanes are usually cocled by cold air bled from the compressor and
passed through intricate passages inside the blade. This result in complex
flow phenomena and heat transfer occurring that subjects the blade to large
thermal loads due to the temperature gradients present. This is of particular
importance during start-up and shut-down procedures. The thermal loading
will induce thermal stresses in the blade. The rotor blades are also subjected
to centrifugal loads. The magnitude of the loads and the number of cycles to
faillure are critical information required to prevent failure during operation but

still maximising the usable component life.

The determination of thermal stresses is cne of the most important aspects in
the operation of gas turbine engines. The harsh operating conditions of gas
turbines make it aimost impossible to accurately measure thermal stresses in

the blades. Therefore, calculations and experiments are needed to estimate
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blade life. Most experimental work is done in test rigs and cascade facilities.
These experimental results thus represent only an isolated part of the total
problem faced by the operators. When done properly, the results are valuable
and can solve several existing problems. An atfractive alternative is to use
numerical modelling techniques. In the case of turbine blades, the first step is
to model the flow of the hot combustion gas over the blade accurately. The
determination of the correct heat transfer from the hot gas to the blade will
give the correct temperature distribution over the blade surface. This can then

be used to obtain the thermal stress magnitude and distribution on the blade.

The combination of the consistent increase in computational power, more
accurate simulation technigues and mathematical sub-models has made
numericai solutions the dominant way of predicting thermal stresses in gas
turbine blades. Large-scale validation of numerical models also played a key
rofe in the acceptance of numerical simulation technigues by the industry. The

accuracy of using some of these models will be evaluated in this study.

1.2 Review of related literature

The drive to improve gas turbine efficiency and reliability has, over a number
of years, launched several investigations to obtain the thermal loading on gas
turbine blades. The ultimate aim with predicting thermal stresses is to predict
fatigue and expected usable life of the turbine blades. The thermal stresses
can be basically obtained in one of two ways. The first is using experimental

methods while the second is using Finite Element Modelling techniques.

Experiments to obtain accurate thermal stresses in a component with complex
geometry and exposed to highly fluctuating thermal conditions is an almost
impossible task. This is mainly because the physical process of testing real
blades under service conditions is both difficult and uneconomic [1]. Tests,
however, provide a realistic simulation of the thermal cycle experienced by

real components. A common method to capture the high level of detaited
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temperature and stress distribution is through the use high-temperature thin

film thermocouples [2].

The majority of projects make use of commercial Finite Element Modelling
software packages to solve the stress problem [3}-[6]. Numerical modelling
requires proper understanding of the physical process that leads to the
formation of thermal stresses. Thermal stresses in gas turbine blades occur in
two distinct phases. These are during steady state and transient conditions. It
is important to analyse both these thermal stress conditions in order to design

the blade correctly [1], [3]-[11]. This is due to the fact that the gas turbine is

largely designed for steady state long-term operation.

Steady state thermal stresses are particularly linked to the cooling
configuration in gas turbine blades. Cooling hole arrangement, amongst other
factors, are responsible for inducing thermal stresses in blades due to the
direct role they play in uneven temperature distribution [3], [5], [12]. High
thermal stresses can often occur in the vicinity of the cooling holes. One study
concluded that optimising the cooling configuration could have a major impact
in reducing the levels of thermal stress in the blade [3]. Minimising the
temperature gradients was possible through re-configuring the cooling
channel layout. In a similar way, it was found that high stresses could occur in
the vicinity of impingement holes due to the high thermal gradients present
[12]. The shape and location of the cocling configuration had a major

influence on the thermal stress distribution.

Transient thermal stresses are calculated to capture the entire operating
range of gas turbine engines. Typical transient operations occur during the
start-up and shut-down operation of the engine. Since the investigations of
these transient operations are difficult to conduct in a real engine, the problem
is often broken down into a study where there are a limited number of
variables. The development of a computationally efficient procedure for
calculating transient thermal stresses from flight-recorded is the eventual goal
[13]. The numericai analysis of temperature and stress for a typical gas

turbine engine can be divided into the following steps:
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» Compute gas stream temperatures, pressures and velocities from the
known performance characteristics of the engine

» Compute the secondary air flows, such as cooling bleeds

» Compute the gas/metal heat transfer coefficients from the above

» Apply the temperatures and heat transfer coefficients to a transient heat
conduction model of the structure to predict the metal temperatures
through the flight

» Transfer the temperature distribution to a structural analysis model and

predict the stresses through the flight

Several studies conducted have shown that stresses are often the most
severe during transient operating conditions [4], [5], [7], [8]. This is due to the
contributing factors such as mechanical loading that includes vibratory effects
[14]. Rapid acceleration and deceleration during start-up and shut-down
operations place additional stresses that need to be accounted for in the
correct design of rotor bilades. Uncooled blades can be the most severely
affected by transients. The first stage rotor blades are usually the most critical
in transient operation as they are exposed to high thermal stresses together

with high centrifugal load [4].

It is thus far seen that both steady state and transient thermal stresses need
to be accounted for in the design of turbine blades. However, there are
several factors that contribute to determining these stresses accurately. By
and large they are problem specific, meaning that one needs to closely
scrutinize the specific application, then decide what factors contribute to the
accurate prediction of thermal stresses by mathematical modelling

techniques.

The thermal design of contemporary high-pressure turbine nozzle guide vanes
represents one of the most difficult engineering tasks in the design of any
modern gas turbine. The most important issue affecting the magnitude and
distribution of thermal stresses is thermal loading or temperature distribution.
Thus, several studies focus on the investigation of stresses due to
temperature and/or foad variation [3]-[5], [7], [8], [13], [14]. This has led to
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combine aero-thermal performance determination of gas turbine blades, in
which there is a fluid-solid coupling at the wall in the numerical procedure to
calculate temperature distribution within the blade [3]. This problem can be
extended further to a fluid-structure interaction, where thermal stress is also
calculated. This could lead to quicker and possibly more accurate solution for
a combined temperature/stress problem than the more traditional method of
exporting temperature distribution to commercial FEM software to determine
the thermal stresses. Thus a program known as BLADE-CT was developed
and is a coupling of NASA’s PCPANEL, STANS and CPT programs [7]. The
program analyses gas turbine thermal-mechanical stress and natural
frequencies under the boundary conditions, which result from the gas flow and
the cooling/barrier, flow within a given turbine. The more traditional method of
transferring temperature distribution can lead to interpolation errors when
temperatures are exported to a FEM package, particularly when the numerical
models used in the flow/thermal problem differ from the structural model.
Hence a code, TRANCITIS, was developed to transfer three-dimensional
transient thermal information accurately, efficiently and automatically from a
heat transfer code to a structural analysis code [8]. The code has the ability to
handle different mesh densities for the heat transfer analysis and the
structural analysis. Finite difference and finite element heat transfer analysis
codes can be coupled to both linear and non-linear finite element structural

analysis codes.

The problem of determining temperature distributions on gas turbine blades is
directly linked in calcuiating the heat transfer coefficients. This brings to light
one of the most challenging tasks facing gas turbine designers. Therefore,
much research and effort has been applied to determine the heat transfer
coefficients. This includes both experimental and numerical procedures to
determine the heat transfer. Several commercial CFD packages are available
to aid the numerical modelling of heat transfer. Since the three modes of heat
transfer: conduction, convection and radiation are present in gas turbine
engines, the task is made even more complex. Finite Volume methods are
used in the CFD packages. Numerous studies have been conducted on heat

transfer and temperature distributions in gas turbine blades [10], [11], [15],
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{16]. In one study [15] a method for calculating the transient temperature fields
in cooled turbine blades was demonstrated. The procedure can be used for
calculating dangerous (with respect to thermal stresses) temperatures in
blades of any configuration. Extensive experiments to determine the heat
transfer coefficients on the surface of a cooled nozzle guide vane (NGV) were
also conducted [10]. The rate of heat transfer to a gas turbine rotor; along with
the effect of Mach number, Reynolds number, inlet flow angle and free stream
turbulence on heat transfer rate; was investigated [11]. The study concluded
that these factors play a major role in determining heat transfer rates. A
similar study [16] investigated the transient heat transfer of a first stage rotor
blade during start-up and shut down conditions. The numerical simulation
agreed within ten percent with experimental data. Many other similar studies
have been conducted on turbine nozzle guide vanes as well as rotor biades.
The eventual aim of these studies has been to ascertain the effect of

increased turbine inlet temperature.

A major influencing factor on the accuracy of predicting thermal stresses in
gas turbine blades is the formulation of the material properties. The modelling
of physical properties has to be in tandem with the specific problem as well as
the resources availabie to tackle the problem. The material used may also
exhibit low variation of physical properties with temperature and hence a
constant value may suffice. In such cases, it may be acceptable to model the
properties as temperature independent [5]. The elastic modulus and thermal
conductivity of the blade metal can be assumed constant regardless of
temperature to reduce computational effort. This is acceptable if the material

properties exhibit no large temperature dependence.

Since the blades are subjected to large variations in the temperatures, it is
important to account for the temperature dependence of the physical
properties of the material [17]. This is often the case in transient operation.
The Modulus of Elasticity (Young's Modulus), thermal coefficient of expansion
and thermal conductivity are the most temperature sensitive. Previous studies
have shown that by modelling the properties of Young's Modulus and

coefficient of thermal expansion as temperature dependent can result in
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thermal stresses that are up to forty percent higher in magnitude than when
modelling these properties as temperature independent [17]. This was despite
the material properties exhibiting only a three percent variation over the
operating temperature range. During transient solutions, it was assumed that
at each time instant the material properties stay constant. Most commercial
FEM packages allow for the temperature dependence of the material to be
defined. Various constitutive equations are available for describing the
mechanical behaviour of alloys, the material often used in fabrication of gas
turbine blades [1]. They can involve elastic, elasto-plastic or elasto-visco
plastic deformation models. The important conclusion is that faiture to account
the temperature dependence of material properties, can lead to substantial

errors in the predicted thermal stresses.

If temperatures are too high, thermal barrier coatings (TBCs) are often used in
the hottest parts of gas turbines to protect the materials. Thermal barrier
coating systems are multi-layer material systems that provide thermal
protection to metallic components. Whilst TBCs have seen to have a positive
effect on gas turbine blades, the temperature profiles have become harder to
predict [18], [19]. Alternate materials for gas turbine blades are also
increasingly being investigated. Some studies have analysed the possibility of
using other materials for turbine blades and in particular the use of ceramics
as alternative material has gained popularity [20], [21]. A low cooled ceramic
nozzle vane was tested under transient conditions to determine the thermal
shock behaviour of an optimised ceramic nozzle vane [20]. It was found that
the mechanical lcads were negligible compared to the thermally induced
stresses due to different thermal expansions. The experimental
measurements agreed within ten percent of the finite element model.
Manufacturing processes can also play a role in keeping thermal stresses to a
minimum. Directional solidification of turbine blades allows an increase of up
to 25 K in operating temperatures [22], with single crystal blades being able to

withstand even higher temperatures.

All the factors that contribute to thermal stress ultimately lead to thermal

fatigue. This is the most important aspect when it comes to lifing prediction of
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gas turbine components. The way in which a turbine is operated directly
influences the component life. The temperatures, pressure, velocity and
turbulence intensity level all influence the blade life. For instance, a study on
impingement cooled turbine blades showed that a rise in turbulence level from
four to twelve percent decreased the blade life by ten percent [23]. The
structural analysis also showed that fatigue and creep modes of failure must
be considered to achieve realistic estimates of safe blade operational life. The
predicted failure mode and critical region compared favourably to actual
blades in service. A study on advanced anisotropic turbine alloys focused on
the out-of-phase strain and temperature waveforms [24]. It showed that the
worst-case scenario was the completely out-of-phase cycle due to the high
mean stresses developed as a result of stress relaxation at the maximum
cyclic temperature. This led to thermal fatigue. It has aiso been shown that
thermo mechanical fatigue may be successfully simulated on turbine blades
[25].

It is clear thus far that the importance of heat fransfer and thermal stresses is
of great importance for life prediction of the hot section of gas turbine blades.
Hence, it is of paramount importance that the correct heat transfer from the
blades is obtained and hence the temperature distribution. This can then be

used for obtaining thermal stresses and eventually the component life.

1.3 Motivation

From the literature study it can be concluded that the prediction of thermal
stresses in gas turbine blades remains a difficult task to the design engineer.
The difficuity encountered in measuring thermal stresses on gas turbine
blades poses a challenging problem to the designer. Hence, resources such
as CFD and FEM have become attractive alternatives. Similarly turbine blade
cascade experiments for flow and temperature distributions on blade surfaces
are difficult to set-up and require expensive experimental equipment. A good
example is the design of radial temperature profile entering the turbine iniet,

with maximum temperature typically occurring at the fifty to seventy percent
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radial position. The maximum spatial temperature is difficult to control.
Reducing it can resuit in significant improvement of turbine nozzle guide vane
life and/or engine efficiency [26]. Hence, understanding the temperature

distributions to see its effects on blade life is important for correct design.

The use of numerical modelling as an aid to the design of the turbine is
common practice today. The important question to the design engineer is the
accuracy that can be expected from numerical modelling if the results are to
be used to determine the expected usable life of turbine blades. This is by no
means a trivial question, even if the numerical model accounts for all the
known critical issues as discussed in the literature. No wonder, that no studies
with thermal stress results for real commercial gas turbine blades could be

found in the iiterature,

The accuracy of the thermal stresses mainly depends on two issues. The first
is the modelling of the heat transfer from the fluid to the blade and then
secondly the prediction of the thermal stresses in the blade as a result of the
thermal loading. The development of software that has fluid-solid interaction
has grown over the past few years, but it is still common practice to solve the
flow and structural problems separately. The first part is therefore to calculate
the heat transfer coefficients and thermal profile around the blade using a
commercial CFD code. The next step is to apply these boundary conditions to

a FEM model to obtain the thermal stresses.

Although both parts are critically important, the general opinion is that the key
to accurate thermal stress results lies in the accuracy in which the heat
transfer to the blade can he predicted and the boundary conditions imposed to
the FEM model. The objective of this study is therefore firstly, to evaluate the
accuracy of the heat transfer coefficients to the blade when using a
commercial CFD package. For this purpose the numerical resuits will be
compared to experimental data obtained from the literature for simplified blade

configurations.

10
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The real chalienge wili be to use CFD to calculate the heat transfer
coefficients for a cooled nozzle guide vane of a commercial engine. This
model has to account for the thermal profile at the exit of the combustor and
for real operating conditions. Evaluating the accuracy of the thermal stresses
remains a difficult issue. in this case, the only data available are temperature
results obtained for the same blade, using a different numerical approach. The
results will therefore only be compared to other numerical results for the same

nozzle guide vane.

1.4 Outline of this study

Chapter two focuses on the principles of flow, heat transfer and thermal stress
modelling. The equations for the conservation of momentum, mass and
energy are given, as well as a description of the turbulence models used in

this study. The basic theory of thermal stresses is explained.

Chapter three is a heat transfer analysis of a two-dimensional turbine blade
cascade using a simple one-equation turbulence model. The computational
grid, assumptions and boundary conditions for the model are given. The heat

transfer results from the simulation were compared to experimental data.

Chapter four focuses on the determination of heat transfer and thermal stress
of a cooled two-dimensional turbine nozzle guide vane. The computational
grid and boundary conditions for implementation of the solution are given.
Two different turbulence models are evaluated and the results compared to

literature.

Chapter five extends the heat transfer analysis to three-dimensions. A
commercial cooled NGV is used as a test case. Various boundary conditions
are calculated based on certain assumptions. One turbulence model is used

and the results are compared to data from different studies.

11
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Chapter six concludes the work done in this study. The most important
conclusions are given as well as recommendations for further work. The
drawbacks and limitations of numerical modelling experienced during this

study are also stated.

12



Chapter Two

Principles of Heat Transfer and Thermal Stress

Modelling

This chapter presents basic fluid fiow, heat transfer and thermal stress theory.
The basic equations of fluid flow, heat transfer and thermal stresses are

given. Turbulence models and near wall treatments are also discussed.

13



Chapter 2: Principles of Heat Transfer and Thermal Stress Modelling

2.1 Preamble

The use of numerical simulations to solve a flow and heat transfer problem
depends upon the simultaneous solution of momentum, continuity and energy
equations. The focus of achieving the goals of this study is through the use of
CFD. Therefore, it is important to examine the basic mathematics involved.
The basic theory of thermal stresses and how heat transfer influences it, is

also important to get an understanding of the problem.

2.2 Flow and Heat Transfer Modelling

2.21 Conservation of Mass and Momentum

The use of CFD to analyse the flow is achieved by solving the partial

differential equations for the conservation of momentum, mass and energy.

The flow equations are as follows [39]:

Continuity:
DL oiNel py)=0 2.1)
ot

Momentum:
DV
e 72 +V.r, -V 2.2
P =P8 y VD (2.2)

The equations are solved numerically through the use of the commercial code

FLUENT. Fluent uses the finite volume technique to solve these equations.

14
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2.2.2 Turbulence Models

The stress tensor term, 7., shown in equation (2.2) can be written as:

ax i aXf furbulent

i

ou, 81{}. —
Ty =Myt PUl (2.3)

laminar

It explicitly shows the laminar and turbulent components. Depending on the

turbulence model used, the Reynolds stresses puu, are modelled

appropriately. A common method employs the Boussinesq hypothesis to

relate the Reynolds stresses to the mean velocity gradients [36]:

- Ou au]- 2 ou,
uu, = p | -t —t |- okt — |5, 24
puL, ﬂ;[axj axJ 3(;0 H J : (2.4)

i

All turbulence models used in this study use the Boussinesg approach. The
disadvantage of the Boussinesq hypothesis is that it assumes the turbulent
viscosity to be an isotropic scalar quantity, which is not necessarily the case
[36]. Therefore, such a model is unsuitable for high swirl dominated flows and
stress-driven secondary flows. Closure of the momentum equations is
achieved by the relevant turbulence model used to solve the Reynolds

stresses, provided the flow considered is turbulent as is in this study.

The Spalart-Allmaras turbulence model is a relatively simple one-equation
model that solves a modelled transport equation for the kinematic eddy
(turbulent) viscosity [36]. The Spalart-Allmaras model was designed
specifically for aerospace applications involving wall-bounded flows. it has
been proven to predict accurate results for boundary layers subjected to

adverse-pressure gradients and is populiar for turbo machinery applications.

The model solves a quantity that is a modified form of the turbulent kinematic

viscosity. The transported variable, o, is identical to the turbulent kinematic

15
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viscosity except in the near-wall (viscous affected) region. The transport

equation is given by equation (2.5) [36]:

-

-~ ~ ~ N2 ~
Dv ~~ 1} 0 ~. 0U ov v
p—= pCySO+—| ——{(p+ p0) 3+ Cpop, —— | |=pCpf,—5 (2.5)
Dt o | ok, x; dx; d
The first and last terms of the right hand side of equation (2.5) are the
production of turbulent viscosity and the destruction of turbulent viscosity that
occurs in the near-wall region due to wall blocking and viscous damping

respectively. The turbulent viscosity, i, is computed from

H = pof, (2.6)

The term f,, is the viscous damping function. The model constants used in

the Spalart-Allmaras turbulence model are as follows:

Cp1=0. 1335 Cb2=0.622 Cv1=7.1 Cu2=0.3

0(03:2 Cpr0d=2 k=0.4187 . =0.667

The main advantage of the Spalart-Alimaras turbulence model is that it is
considered to be economical. It also has a good track record for mildly
complex boundary layer flows. The disadvantages of this turbulence model
include lack of sub models (for example, combustion and buoyancy) and as

yet it has not been widely tested.

This study also made use of the k-g turbulence model. There are two forms:
the standard k- turbulence model and the realizable k-¢ turbulence model.
The model involves solving two additional transport equations: one is for the
turbulent kinetic energy and the other for turbulence dissipation rate. The
turbulent viscosity is then computed as a function of these. The standard k-¢
turbutlence model is a semi-empirical model based on mode! transport

equations for the turbulent kinetic energy (k) and its dissipation (&). The model

16
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transport equation for k is derived from the exact equation, while the model

transport equation for £ was obtained using physical reasoning.

The realizable k-¢ turbulence model differs from the standard k-¢ turbulence
model in two ways:
» The realizable k-e model contains a new formulation for the turbulent
viscosity.
+ A new transport equation for the dissipation rate, &, has been derived
from an exact equation for the transport of the mean-square vorticity

fluctuation.

The term realizable means that the model satisfies certain mathematical
constraints on the Reynoids stresses, consistent with the physics of turbulent
flows. The modelled transport equation for k is the same for both the standard
and realizable models as shown in equation (2.7):

Dk @ Mo Ok
—_— +L i+ G+ G - pe Y, 2.7
P D o !:(,U o, J ij:! ity = pE Ly (2.7)

i

In this equation Gy represents the generation of turbulent kinetic energy due to
the mean velocity gradients, G, represents the generation of turbulent kinetic
energy due to buoyancy and Yy represents the contribution of the fluctuating

dilatation in compressible turbulence to overall dissipation rate.

Equation (2.8) shows the equation for the rate of dissipation for the realizable

k-e model as used in this study.

De © M, | Oe
= LA +pCSe~pC, ———+(,, C .G, 2.8
P ‘J‘Hﬂ a}axi} P P T doe (2.8)

&

The model constants for the realizable model are:

Ci=1.44 C.=1.9 o=1 o.~1.2

17
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Thus the main difference between the sfandard and realizable models is that
the term C,, is not a constant in the realizable model but rather computed from

equation (2.9):

“ - yrn
gaa UF (2.9)

&

£

where Ay and Ag are model constants.

This in turn has a bearing on the eddy viscosity, which is computed from
equation (2.10):

]2
s, = pC, =~ (2.10)

H &
Coupled with the use of a turbulence model, is the near wall treatment. The

choice of the particular turbulence model and the near wall treatment

culminated from the consideration of the specific problem.

There are three options available for near wall treatments in FLUENT. These
are the standard wall functions, non-equifibrium wall functions and the
enhanced wall treatment [36]. The standard wall functions are based on the
log-law of the wall. This method is considered to be robust, economical and
reasonably accurate. It is, however, poor in predicting separation and shock
waves accurately. The non-equilibrium wall function approach can be
employed when separation and/or shock waves are expected in the flow. This
method sensitises the log-law for mean velocities to pressure gradients.

Therefore it has better accuracy in predicting complex flows.

The enhanced wall treatment is a near-wall modelling method that combines a
two-layer model with enhanced wali functions [36]. The requirement for this
method is that a fine mesh near the wall that is sufficient enough to resolve
the laminar sub layer be present. Hence the concept of y* is employed. Y is a

local Reynolds number near the wall region. It is based on a friction velocity
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(u;) and a distance from the centroid of the first cell adjacent to the wall (y). It

is defined mathematically by equation (2.11):

yr =0 (2.11)
7

In studies that involve accurate heat transfer modelling, it is important to
ensure the correct y* range. For the enhanced wall treatment, a fine near wall
mesh requires y'~1, whereas for other wall treatments the following range

should be adhered to: 50 < y* < 150 [36].

A fine near wall mesh may be impractical due to vast computational
requirements. Figure 2.1 shows the near wall treatments in FLUENT. It points
out the differences between the wall function approach and the near-wall

model approach.

Viscosity
affected
region

turbulent cove

buotter &
snhlayer

Wall Function Approach Near-Wali Model Approach

Figure 2.1 — Near Wall Treatments in FLUENT [36]

The main difference between the Wall Function approach and the Near Wall
Model is that the viscosity affected region is not resolved but bridged by the
wall function in the Wall Function method whereas it is resolved entirely to the

watll in the Near Wall model.
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2.2.3 Heat Transfer

The energy equation must be solved when heat transfer is to be determined.

The energy equation is as follows:

Energy:

Asf pvT ):A{ [:g—‘ +§L}AT }[r AV ]4%’ (2.12)

-
14

When a fixed temperature condition is applied at a wall, the heat flux to the

wall from the fluid is computed from equation (2.13):

The focal heat transfer coefficient is solved based on the flow conditions, that
is, taminar or turbulent. For turbulent flow, it then takes the form shown in

equation (2.14):

I
h=(T,~T,)pc,C, 7k (2.14)

w

The terms C, and k are modelled according to the turbulence model used.

This implies that the heat transfer coefficient and turbulence model are
related. It then becomes important to pay special consideration to the
turbulence model when accurate heat transfer results are of paramount

importance.
2.3 Thermal Stress Theory

There are two main types of stress that may occur in a body. These are

mechanical and thermal stresses. Mechanical stresses occur due to a
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physical loading such as an applied force, body weight and vibrations.
Thermal stresses occur as a result of changes in temperatures. Temperature
changes are known to cause expansion or contraction on various bodies. The
change, for instance, in length of the body can be related by the coefficient of
linear thermal expansion (x) and temperature difference between the initial
and final temperatures. This coefficient, «, is the change in length of the bar

per unit length due to a change in temperature of 1° [29].

If all the fibres of a body are free to expand or confract, no stress is produced
by the temperature change. In real engineering applications objects seldom
have uniform gecmetry. Hence, expansion or contraction generally cannot
proceed freely so that stresses are produced. External restraints on the body
that prevent expansion or contraction alsc produce stresses in the body.
These stresses are referred to as thermal stresses [29]. Thermal stresses can
also arise as a result of uniform temperatures in bodies consisting of different
materials, for instance two bars fastened together such that they restrain each

other.

There are several variables that determine the thermal stress levels in a

component [30]:

» The shape of the structure

* The mechanica!l and physical properties of the material

« The initial fluid to metal temperature difference

« The subsequent changes of fluid temperature with time

s The spatial variation of surface heat transfer coefficients, and the way in

which the coefficients change during a transient.

Theoretical methods are used to investigate the effect of component shape
and of material properties on thermal stress levels whilst the experimental
data provides information for the thermal boundary conditions and on the fluid

temperature changes which occur during transients.
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The role of material properties in calculating thermal stresses can be
explained through the following equations. Consider the change in length of a

bar:

AL =aL(T~T,) (2.15)

T and T, are the final and initial temperatures respectively. The elongation of

a bar of length L due to a uniform stress, o is:

L
AL=" (2.16)
E

In the above equation, E is the modulus of elasticity. If the bar is completely
restrained so that it does not change length, bow or buckle the elongation
given by (2.15) must cancel the elongation given by (2.16) to give the thermal

stress as:

o=aE(I-1)) (2.17)

The negative sign to indicate a compressive stress has been ignored. it must
be pointed out that the material properties E and « are temperature
dependent. Young's Modulus decreases slowly with temperature rise and «
usually increases slowly with temperature rise [29]. Young's Modulus also
depends upon the stress-strain curve for the material, decreasing rapidly if the

stress is in the plastic portion of the stress-strain curve.

Equations (2.15)-(2.17) present the one dimensional thermal stress
formulation. The problem can be extended to two-dimensions, with particular
focus on a two-dimensional turbine blade. The stress distribution in the mid-
span cross section of the blade is calculated assuming the plain strain

conditions. Plain strain is defined fo be a state of strain in which the strain
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normal to the x-y plane g, and the shear strains &,; and ¢, are assumed to be
zero [31]. This implies that: €; = g, = &,; = 0. This assumption is valid for long
bodies with constant cross sectional area. |sotropic linear elastic material
behaviour is also assumed. In order to comply with the equilibrium condition of
the external force in the z-direction, which is supposed to be zero, the

following condition must hold:

2.0 A=0 (2.18)

According to Hooke's Law which states that the stress is directly proportional
to the strain for a given direction, and with £,=0, the stress normal to the cross

section is given by:

@:U'(O'x-l-O})-—Q(TWZQ,)'E (2.19)

The stress components other than o, are found to be negligible as shown by
Maya et al [5]. An approximate solution of the equilibrium condition, as shown
in equation (2.18), can be achieved with an area-weighted temperature as the
initial stress free temperature. Stresses in the z-direction will occur due to
temperatures either higher or fower than the reference temperature, which
implies when there must be a temperature gradient. For the particular nozzle
guide vane considered, there is a temperature gradient due to the different

cooling rates applied in the different cooling holes.

The von Mises stress is often the failure criterion used for design purposes.
This was the case applicable in this particular blade analysis. The von Mises

stress oyy is related to the principle stresses as shown in equation (2.20):

1
o =~f2\/(q —~0,) +H0y~0,) Hoy—a ) (2.20)

In the above equation, &1, o3, and o3 are the principle stresses. it can thus be

deduced that the von Mises stresses are always positive.
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it has been established how thermal stresses arise in one and two-
dimensional bodies. Similarly the theory can be extended to three dimensions
[29]. in this study a commercial software package was used to calculate the
thermal stresses and hence the three dimensional theory is beyond the scope

of this study.

24 Summary

The general theory of flow, heat transfer modelling and thermal stresses has
been discussed. The Reynolds Averaged Navier-Stokes equations for the
conservation of momentum, mass and energy were presented. Turbulence
models and near wall treatments as used in this study were also briefiy
explained. The mathematics behind one and two-dimensional thermal
stresses was also presented. The focus now shifts to the numerical modelling

of the problem, where the various theory shall be applied.
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Chapter Three

Heat Transfer Modelling of a 2D turbine blade

cascade

This chapter analyses heat transfer modeiling on a two-dimensional turbine
blade cascade. It presents the computational grid, boundary conditions as
implemented in the numerical model and results of the analysis. The results

have been compared to experimental data obtained from literature.
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3.1 Preamble

The first step in the ultimate goal for obtaining thermal stresses is to obtain
accurate heat transfer data over a blade surface. This part of the study aims
to achieve results through the use of commercial computational fluid dynamics
(CFD) software that can be validated by experimental results. The
experiments used for the validation purpose were conducted at the von
Karman Institute for Fluid Dynamics (VKI) on a turbine nozzle guide vane
mounted in a linear cascade arrangement [33]. CFD is being used because
boundary layer methods have been used extensively in the past and, this
method may fail near stagnation or separation points [34]. The commercial
CFD code FLUENT was used to conduct the simulation.

/\ A
FLOW PASSAGE ‘.

Grid
FLUENT 6.0 (2d, segregated, S~A)

Figure 3.1 — Geometric configuration of model
The physical cascade geometry has been obtained from VKI [36]. The

geometric configuration of the model is shown in Figure 3.1. The test

conditions have been used as the simulation boundary conditions for the
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3.3 Boundary Conditions

The boundary conditions implemented were according to the experimental
set-up. No blades have been modelled in the cascade. Therefore, to obtain
more accurate resuits, as that for a real life turbine cascade, periodic
boundary conditions have been used. Flow periodicity has been ensured
during the experiments conducted at VKI by means of wall static pressure
measurements and Schlieren flow visualisations [33]. It was important to
model the flow of the fluid in the simulation as compressible. This implied that
the fluid medium (air) was modelled according to the ideal gas law. This is
because transonic flow can occur, thus it is necessary to account for that
possibility. A pressure inlet and pressure outlet was used as required by the

CFD code for modelling of compressible flows.

Figure 3.5 depicts the boundary types.

- Periodic
Pressure inlet /

N

—

Periodic

Pressure outlet

Figure 3.5 — Boundary types

A wall temperature of 302.15 K was specified for the blade whilst the total inlet

pressure was 3.395 bar. The static inlet pressure was 3.342 bar and outlet
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static pressure was 1.96 har. A free-stream turbulence intensity of 1% as

measured in the experiment was also taken into account.

The experimental data gave the properties of the working medium (air). These
properties were:

o Density

¢ Dynamic viscosity

¢ Kinematic viscosity

Density was modelled using the ideal gas law whereas the dynamic and

kinematic viscosities were modelled as constant values.

3.4 Results

The goal of this study as stated earlier was to obtain accurate prediction of the
heat transfer coefficients of the blade surface. The heat transfer
measurements in the experiments were conducted by means of 45 platinum
thin films. These were located on both the suction and pressure surfaces of
the blade. Their positions were given by means of coordinates with the
stagnation point on the blade as a reference. It was necessary to create these
points on the blade surface in order to obtain the heat flux at that point. The
heat flux was thus, obtained from the simulation. it was in turn used to

calculate the heat transfer coefficient through use of equation (3.1):

h=odv (3.1)
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Chapter Four

Heat transfer and thermal stress in a 2D turbine

nozzle guide vane

This chapter analyses heat transfer and thermal stress modelling on a cooled
two-dimensional nozzle guide vane. It presents the computational grid,
boundary conditions as implemented in the numerical model and resuits of the
analysis. Thermal stresses as a result of the temperature distribution have

been computed. The heat transfer results were compared against

experimental data.
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41 Preamble

In this chapter a weli-documented case study of a cooled turbine blade is
simulated and compared to existing numerical data as well as experimental
data. The case study was found from the literature and is known as MARKI/!
[3]. Both thermal and stress data is available and can be used for validation of
current simulations. The application is shown in Figure 4.1. Boundary
conditions and set-up of the numerical model is similar to that conducted by
Bohn et al. {3]. The study consists of two phases. Firstly the temperatures and
pressures on the blade were computed. This study inciuded the blade solid,
so that a temperature distribution within the blade was solved. The
commercial CFD code FLUENT was used for this part of the study. Secondly
the temperature distribution was exported to a structural solver in order to
compute the thermal stresses. This part of the study was conducted through
the use of FIDAP.

". COOLING HOLES

FLOW REGION

Grid
FLUENT 6.0 (2d, coupled imp, rke}

Figure 4.1 — Geometric Configuration of model
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Figures 4.3 and 4.4 show that the mesh densities in the fluid and solid regions
have been balanced in terms of change of grid cells. Also, only quadrilateral
cells have been used in the entire computational domain. The blade interior
has an unstructured grid due to the layout of the cooling holes that make
building a structured grid a difficuit task that leads to poor quality cells. The
fluid region or blade exterior has a structured grid almost entirely. The division

of the fluid region into smaller regions allowed this.
4.3 Boundary Conditions

The operating conditions were specified as supplied by the experimental
study. The blade was internally cooled by means of ten round cooling holes
through which cold air was passed. The boundary types are shown in Figure
4.5. The convective heat transfer coefficients were supplied for each cooling

hole and are shown in table 4.1.

periodic

Pressure\ } 3 .
inlet R i3~ _.cooling

" holes

", _blade
e

periodic

/Pressure
outlet

Figure 4.5 — general outline of Markl! blade
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The Markil blade was a transonic analysis. This implied that inlet and outlet

pressures must be specified. Periodic boundaries are used to include the

effect of other blades on the flow and heat transfer without having to actually

model the other blades. The fluid was modelled as compressible.

Hole Heat transfer coefficient Coolant temperature
[Wim?K] [K]
1 1943.67 336.39
2 1881.45 326.27
3 1893.49 332.68
4 1960.62 338.86
5 1850.77 318.95
6 1813.36 315.58
7 1871.88 326.26
8 2643.07 359.83
9 1809.89 360.89
10 3056.69 414.85

Table 4.1 — Convective heat transfer coefficients for cooling holes

The following conditions were implemented:

INLET:

Total inlet pressure = 334 000 Pa

Total inlet temperature = 788 K

Intet Mach number = 0.19

*Iniet static pressure = 325695 Pa

*The static inlet pressure was calculated assuming isentropic flow and ratio of

specific heats of air taken as, k=1.4 through equation (4.1)[37]:

(4.1)
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OUTLET:

Outlet static pressure=167000 Pa QOutlet Mach number=1.04

Air properties were obtained from [32] and modelled as temperature
dependent. In order to calculate the temperature distribution within the blade,
it is necessary to specify its properties. In this case the blade was fabricated
from 310 stainless steel [39]. The following properties were modelled as
temperature dependent: thermal conductivity, thermal coefficient of expansion
and Young's Modulus. Details of the temperature dependent properties can
be found in Appendix A. The following material properties were modelled as

constant:

C,=502 J/kgK p=7750 kg/m®

v=0.31

4.4 Thermal Results

The study was conducted in two different stages. The first was the flow and
heat transfer problem for which FLUENT was used and the second was the
determination of the thermal stress for which FIDAP was used. The simulation
results were compared to the available experimental data. The accuracy of
the temperature distribution is also important because it has a direct bearing
on the thermal stress distribution. Hence, if the temperature distribution is
inaccurate, it will result in an inaccurate thermal stress distribution. Since the
complete analysis was conducted in two steps, it was required to export the
results from FLUENT (flow solver) to FIDAP (structural solver). The reason for
not solving both the fluid and structure in FIDAP was due to the fact that the
flow was transonic which FIDAP cannot handle. Details of the routine used to
export the boundary conditions from Fluent to Fidap can be found in Appendix
B. A coupled implicit solver was used for all the analyses. This means that
the continuity and momentum equations are solved simultaneously. This is a
recommended solver for compressible flow. The main control over the time

stepping scheme is the Courant number.
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The first solution made use of the one-equation Spalart-Alimaras turbulence
model. The horizontal axis (x) is the distance along the blade curvature.

Figure 4.6 shows the static pressure distribution over the blade surfaces.

Pressure Distribution: Spalart Allmaras model
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Figure 4.6 — Pressure distribution: Spalarf-Allmaras model

Figure 4.6 shows reasonable accuracy in predicting the pressure distribution
around the blade as well as the shock wave, which occurs on the suction side
of the biade. The maximum error on the pressure side is just under four
percent. The maximum error on the suction side is nine percent. This is
however only on two points: x=0.036m and x=0.056m. The other points have
an error of less than five percent. The general trend of the simulation follows
the experiment well. From this resuit one can therefore conciude that the grid

was adequate to capture the boundary layer in the flow.

The temperature distribution over the blade surface using the Spalar-
Allmaras model is shown in Figure 4.7. The pressure side exhibits the trend
well, although the temperature is over-predicted. The fluctuating temperature
distribution is closely followed. The peaks of the fluctuating temperature of the

simulation and experiment do not occur at the same position. This can be
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explained by the prediction of the stagnation point to be slightly different from
that determined in the experiment. The simulation predicts the position of the
stagnation point to be 0.002695m; instead of zero. Hence there is a phase
shift in the temperature distribution on both the pressure and suction sides.
The average error on the pressure side is seven percent. There are several
explanations for this behaviour. The first possibility is that the grid close to the
wall is not fine enough to capture the thermal boundary layer. The strongest
possibility is, however, the well-published fact that this turbulence model tends

to over predict the heat transfer at the wall and therefore the wall temperature.

Surface temperature distribution: Spalart-Alimaras model

I ——— -
E \/\ VA\E \V/ simulation

-0.08 006 .04 o2 a 0.02 0.04 0.06 0.08
Pressure side x [m} Suction side

Figure 4.7 — Temperature distribution: Spalart-Allmaras model

The suction side temperature distribution aiso follows the experimental trend
well. The average error is eleven percent. The decrease in fluid temperature
together with the high heat transfer as a result of the cooling holes results in
the rapid decrease of surface temperature up to the position x=0.3m. A sharp
increase in fluid temperature at that point is due to due to a shock that breaks
up the relatively thick boundary layer at that point and therefore increases the
heat transfer rate. The fluctuating temperatures on both sides occur as a

result of the cooling holes.

Since the heat transfer calcuiations are directly linked to the turbulence model,

the realizable k-¢ model using enhanced wall treatment was also used for the
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analyses. The main difference between the two turbulence models with
regards to the particular blade analysed are:
¢ The pressure distribution is better predicted with the realizable k-£ model
than the Spalart-Alfmaras model, especially the second, weaker shock
wave
» The overall average error of the realizable k-&£ model using enhanced
wall treatment is slightly less than that of the Spalart-Allmaras model
s The stagnation point predicted through the realizable k-& model is closer

to the experimental position than the Spafart-Alfmaras model

Pressure Distribution: Realizable k-epsilon model with enhanced

wall treatment
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Figure 4.8 — Pressure distribution: Realizable k-£ model, enhanced wall

treatment

Figure 4.8 shows the pressure distribution over the blade. The average error
margin on the pressure side is three percent. The error margin on the suction
side is slightly higher at five percent. Only one point on the préssure side is
outside this margin. The point at x=0.055m is out by eight percent. The model
also captured the shock wave accurately. The mach contours presented in

Figure 4.9 show the presence of a strong shock wave just past the leading
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using the k-o turbulence model or the V2F turbulence model, the accuracy

can be improved to less that 10%.

Surface Temperature Distribution: Realizable k-epsilon model with
enhanced wall treatment
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Figure 4.10 — Temperature distribution: Realizable k-& model, enhanced wali

treatment

A major contributing factor for the temperature distribution within the blade
solid is the thermal conductivity values. The values used in this study were
obtained from literature and may be different from the values used for the
experiments [3]. An inaccuracy in the material properties will also have an
effect on the thermal gradient in the blade and therefore the surface

temperature on the blade.
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4.5 Thermal Stress Results

The results obtained with the realizable k- turbulence model with enhanced
wall treatment produced the most accurate results. Hence, the temperature
distribution results are exported to the structural solver FIDAP in order to
compute the resuiting thermal stress. Thus the results presented show the
thermal stress distribution as a resuit of temperature gradients only and not as
a function of the fixation of the blade. The von Mises stresses are used as a
criterion for failure. The method followed for stress calculation differs
considerably from Bohn et al. as only the structure is solved and no
conduction is solved for in FIDAP, the structural solver. This was permissible
because of the ability to export the results from FLUENT to FIDAP. The
resulis presented for the structural analysis are validated against those
computed through the analysis of Bohn et al. No experimental results were
conducted within the blade for temperature or stress purposes. Therefore, a
comparison was made to the results of Bohn et al. for a cross section taken
between cooling holes four and five. Figure 4.15 shows the distribution of
Von-Mises stresses and the location of cross section A-B. Figure 4.16 shows

von Mises stress distribution as computed by Bohn et al [3].

It is evident from the contours of von Mises stress that the highest stress
occurs between holes two and three. This is consistent with the temperature
distribution within the blade, where the highest temperature gradient also
occurred in the same geometric location. The maximum stresses predicted in
this study is, however, lower than what Bohn predicted. This is a direct result
of the difference in the temperature distribution discussed in the previous
paragraph. This proves the importance of an accurate temperature distribution

in order to calculate the correct thermal stresses.

50



Chapter 4: Heat transfer and thermal stress in a 2D turbine nozzle guide vane

Gomax = 397.5 MPa
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Figure 4.16 — Distribution of Von-Mises Stresses [3]
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Von Mises Stress distribution along section A-B
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Figure 4.17 — Von Mises stress distribution along section A-B

The Von Mises stress distribution across section A-B, is shown in Figure 4.17.
The general trend is well predicted over the section. The average error is
twelve percent, mainly as a result of the difference in the temperature
distribution. The stress is under predicted whereas the temperature
distribution was over predicted. This is because the stress is a function of
temperature gradient and if the temperatures are higher, it implies the
gradients are lower, which results in lower stresses. This study has shown
that the correct prediction of thermal stresses is not possible without

predicting the correct temperature profile.

4.6 Summary

A combined heat transfer and thermal stress analyses was done on an
internally cooled experimental nozzle guide vane. The study was conducted
in two different phases. The first phase involved the solution of the flow and
heat transfer over the nozzle guide vane. Two turbulence models were
investigated to ascertain which model gave the most accurate results. The
realizable k-& model with enhanced wall treatment gave the most accurate
results. The pressure distribution over the entire blade surface was well

predicted, but the accuracy of the temperature distribution was not as good,
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particularly on the suction side of the blade. The temperature results were
exported to a structural solver in order to determine the thermal stresses in
the nozzle guide vane. There was good correlation between the predicted
thermal stresses to that presented in the literature. This was attributed to the
good general temperature prediction trend. All the resuits were validated

against data presented in literature.

53



Chapter Five

Analysis of a cooled 3D turbine nozzle guide

vdne

The heat transfer analysis of an internally cooled three-dimensional turbine
nozzle guide vane is described in this chapter. The complete geometry,
computational grid, boundary conditions and results of the analysis are
presented. The heat transfer results were compared to data obtained from

similar analyses.
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5.1 Preamble

This section of the study extends the heat transfer analysis to three
dimensions. The analysis has been conducted on a turbine nozzle guide vane
of a commercial aircraft engine. This blade was chosen mainly due to the
easy access to the detailed blade geometry and existing design data for the
blade. The first phase of the study is to calculate the flow and heat transfer to
the blade using FLUENT. As stated before, the emphasis will be on the
accuracy of predicting the pressure distribution around the blade and the heat

transfer from the fiuid to the blade surface.

Inlet

Impingement holes

I / Nozzle guide vane

Qutlet /

Figure 5.1 — Geometric configuration of the model
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5.2 Geometric considerations

This analysis entails only one internally cooled nozzle guide vane. Cool air
from the compressor is bled into an impingement-insert inside the blade from
the hub side of the vane. The impingement-insert has several cooling holes
that impinge the cool air onto the leading edge as well as the suction side of
the blade. The cooling air then leaves the blade through thin slots towards the
trailing edge of the blade. In the real engine there are forty-two nozzle guide
vanes. Therefore, periodic boundary conditions are used to get the effect of

the guide vanes on either side of the one being analysed.

5.3 Turbulence Model

The realizable k-¢ turbulence model was used for the flow and heat transfer
analysis. The main reason for this was because previous studies have shown
this model to give the most accurate results of the standard turbulence models
available, whilst being computationally constrained. Due to the size of the
mesh, the realizable k-¢turbulence model with enhanced wali treatment could
not be used. The mathematics describing the realizable k-¢ turbulence model
as well as its strengths and weaknesses was presented in chapter two. The
non-equilibrium wall function approach was used in order to better predict any
possible flow separation and/or reattachment. Also in the internal section of
the blade where the coolant air impinges on the inner blade surface the non-

equilibrium wall function is better equipped to handle such a flow.

5.4 Computational Grid

The complexity of the geometry required the use of tetrahedral cells for the
dicretization procedure. A procedure similar to that applied in chapter four was
used for the mesh generation process. Figure 5.2 shows the mesh used on
the surface of the blade. Around the cooling slots on the trailing edge and the
holes on the impingement insert special mesh refinement was required to

capture the complex flow in this region. This is shown in Figures 5.3 to 5.5.
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5.5 Boundary Conditions

The use of periodic boundary conditions meant that only one nozzle guide
vane was analysed. For the flow domain a pressure inlet and pressure outlet
boundary condition was used, while a mass flow inlet was used for the
introduction of the coolant flow. Not all the values were readily available from
the engine manual and several basic calculations were necessary to
determine the boundary conditions for the application. The following

conditions were available from the engine manuals for a spool speed of 8400

rpm:
« Total inlet pressure 573 000 Pa
e Total inlet mass flow rate 71.65 kg/s

» Static inlet temperature profile (See figure 5.7)

s Coolant mass flow rate 2.7% of total mass flow
¢ Coolant temperature 534 K
o Total coolant pressure 614 000 Pa

Table 5.1 — NGV operating specifications

The following boundary conditions thus had to be computed:
» Static inlet pressure

» Static outlet pressure variation

The CFD model was set-up with the appropriate boundary specifications.
Figure 5.6 shows the boundary types that were used. An initial calculation
showed the Mach number to be in the region of 0.7, thus fluid was modelled
as compressible. Conduction was solved within the blade solid as well as the

impingement insert.
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Coolant
mass flow

Hub wail Periodic

Pressure
outiet

Figure 5.6 — general outline of NGV showing boundary types

The computational domain consisted of two main zones. The fluid zone was
air and the solid zone was the blade. The blade is fabricated out of a material
known as Haynes — 188. All physical properties of air [32] and Haynes — 188
[45] were modelled as temperature dependent. The temperature variance of

the physical properties for Haynes — 188 is available in Appendix A.

A fourth order polynomial was fit through the temperature profile for input into
the CFD code through the use of a user-defined function. Figure 5.7 shows
the inlet temperature profile to the high-pressure turbine of the engine. The
graph shows the variation of temperature with radial position, i.e. from hub to
casing. Figure 5.8 shows the temperature contours at the inlet to the nozzle
guide vane. The temperature contours follow the polynomial fit that was
implemented into the CFD code. The maximum temperature occurs at 70%
radial position, consistent with conventional design of many combustors. Thus

it can be seen that the impingement insert has extra fiim cooling holes
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The casing and hub end wall thickness was not physically modelled. Instead a
wall thickness of 0.003m and a heat transfer coefficient of 100 W/m?K were
applied at the walls [46]. The wall thickness was used to calculate the
conduction through the walls. This would give a temperature distribution on

the hub and casing walls.

5.5.1 Calculation of static inlet pressure

The first step in this calculation was to obtain the inlet area and the throat
area. The throat area is the area in the nozzle guide vane passage that has
the smallest cross-section. These areas were obtained from the necessary

detailed drawings that were available.

The following assumptions were made:
o [Isentropic behaviour at the inlet
o Calculation is at the mean radius of the blade
o Total temperature and total pressure do not change with position

through the nozzle passage

With these assumptions, the static pressure was determined to be
P=543039Pa. Details may be found in Appendix D.

5.5.2 Determination of outlet static pressure variation

Due to the difference in friction losses over the different parts of the blade, it
cannot be assumed that the static pressure is constant at the outlet of a blade
passage. Hence, it is necessary to determine this for use as an input
boundary condition into the CFD analysis. The same assumptions are valid as
in the previous calculation, as well as the assumption of radial equilibrium.
Radial equilibrium theory assumes that radial movements of air occur only on
the passage through the blades and not in the spaces between blade rows.
Experimental investigations have shown that this assumption is not strictly
true {27]. However, in section 5.5.3, an estimation of flow losses as a resuit of

friction is presented. The desired outcome of this analysis is to obtain an
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equation for the outlet static pressure as a function of radius. Therefore, as
the radius varies from hub to casing, so would the pressure. Using equations
(4.1) and (D.1}, the throat Mach number and static temperature is determined.
Thus M=0.705 and P= 416 902 Pa. After following the procedure outlined in

Appendix D, the static outlet pressure variation is obtained as:

P = Kp0tes (5.1}

Equation (5.1) can now be used as a boundary condition for the problem. The
equation describes the variation of static pressure from hub to casing at the
outlet of the nozzle guide vane. The constant K needs to be adjusted so that

friction losses are taken into account.

5.5.3 Estimation of flow losses

An analytical method was used to estimate the flow losses in the nozzle guide
vane [27]. Being an iterative process, it required an initial guess for the loss
coefficient. Calculations are then carried out through which a new loss
coefficient is determined. If the initial guess and the calculated value are the
same or close, then the solution is acceptable and the iteration can be
assumed to have converged. It was found that the initial guess of » = 0.05

was satisfactory. Details may be found in Appendix D.

in the CFD model, the losses were accounted for by adjusting the outlet static
pressure variation to get the correct inlet mass flow. This was because it was
known from the engine manuals what the mass flow rate was. However
applying equation (5.1) with a K=729416, as a boundary condition resulted in
a mass flow rate different from the actual case. Therefore it was necessary to
adjust the constant, K, to get a correct mass flow. Hence, this was an iterative
process and the final value obtained was K=100000. The mass flow rate
obtained using this value for K was 1.606 kg/s compared to 1.643 kg/s

obtained from the engine manual. Therefore this gives an acceptably low error
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In general pressure distribution predicted using CFD compared well to the

existing data on the pressure side of the blade. On the suction side of the

blade there is clearly pressure recovery predicted by the Euler code that does

not occur in the CFD simulation. On both sides, the pressure distributicn

comparisons deteriorate as one approaches the casing side. The reasons for

the differences can be summarised as follows:

The CFD simulation does not predict the pressure recovery on the
suction side of the blade predicted by the Euler code. When analysed
critically, there is no reason faor pressure recovery of the flow in that
particular area. The curvature of the blade is relatively low and the
location is quite far downstream of the suction side of the blade. There
is, however, one important aspect that has been ignored in the CFD
analysis. This is the effect of the first stage rotor blades on the flow over
the NGV. The rotating blade has an effect on the pressure distribution on
the suction side of the nozzle guide vane.

Another important issue is that the CFD results are actually pressure
driven. Therefore, slight deviations in the static pressure outlet variation
from the real condition will cause the disparities. The accuracy reduces
towards the casing side of the blade. However according to the study
conducted through the use of the Euler code, the actual flow conditions
are transition driven [46]. This flow phenomenon is not captured through
the CFD model primarily due to the turbulence model.

The low pressures obtained towards the trailing edges at all the sections
of the blade are due to the inaccuracies in the approximation of the
outlet static pressure variation that was applied as a boundary condition.
The main reason arises from the assumption of radial equilibrium, which
was necessary in order to continue with the analysis but is not strictly

applicable in a real engine.
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impingement insert then exits via the six cooling slots located at the traifing

edge of the blade. This then mixes with the hot combustion gas.

Surface temperatures were unavailable at similar [ocations for comparison
purposes. However, a different study [47] computed the temperature
distribution on the blade surface by solving only for conduction, using the
adiabatic wall temperatures and heat transfer coefficients obtained from [46].
The conduction solver has ftransient capabiliies but for purposes of
comparison to this study, the temperature distribution was obtained at the

same spool speed of 8400 rpm.

Figures 5.19 and 5.20 show a comparison of the temperature distribution
between the CFD solution used in this study to the conduction solver used in
[47]. In general the range of maximum and minimum values compare well.
The maximum temperature predicted in this study is 1212 K compared to
1234 K in the other study. Two distinct differences are the hot spot predicted
by the previous study on the centre of the suction side compared to the cooler
temperatures predicted using the CFD model. This is the area where the
cooling fluid impinges onto the surface and one can conclude that the CFD
model calculates the impingement flow on the inside more accurately than

was possible in the previous simulations.

This is also shown by Figures 5.21 and 5.22 that show the blade but for
different temperature ranges when compared to the previous figures. The
second is the hot sections towards the trailing edge of the blade where the
CFD also predicts lower temperatures. This can be linked directly to the
pressure recovery predicted by the one method [46], but not predicted by the
CFD simulation. This phenomenon increases the heat transfer rate and

therefore the surface temperature in Figure 5.20 compared to Figure 5.19.
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Chapter Six

Conclusions and Recommendations

This chapter gives an overview of the work done in the entire study. It
summarises the main aspects of the study. It gives a conclusion and ends
with recommendations for any future work that may be conducted in the field

of heat transfer and thermal stresses on gas turbine nozzle guide vanes.
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6.1 Summary

Due to a relative high thermal efficiency, the gas turbine engine has wide
ranging applications in various industries today. The aerospace and power
generation sectors are probably the best known. One method of increasing
the thermal efficiency of a gas turbine engine is to increase the turbine inlet
temperature. This increase in temperature will result in an additional thermal
load being placed on the turbine blades and in particular the nozzle guide
vanes. The higher temperature gradients will increase the thermal stresses. In
order to prevent failure of blades due to thermal stresses, it is important to
accurately determine the magnitude of the stresses during the design phase

of an engine.

This study comprised of three different smaller studies to evaluate the
accuracy of results obtained from using standard modelling techniques. The
first dealt only with heat transfer. A simple one-equation turbulence mode! was
used and thermal stresses were not analysed. The general heat transfer trend
was captured although; the values differed from the experiment. The second
study increased the complexity of the problem by including the thermal stress
calculation and analysing a cooled nozzle guide vane. Results of two different
turbulence models were also compared so as to ascertain which model gave
the most accurate resulits in terms of both heat transfer trends and numerical
values. The same methodology is then applied to a three-dimensional
application in which the heat transfer was solved for a nozzle guide vane of a

commercial gas turbine engine.

The accuracy of results varied with the choice of turbulence model but was,
generally within ten percent of experimental data. it was shown that the
accurate determination of the heat transfer to the blade is the key element to
accurately determine the thermal stresses. Important conclusions are drawn
from this research in the subsequent section and recommendations for further

work are also given.
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6.2 Conclusions

The conclusions and contributions reached during the course of this research

study are as follows:

CFD can be used as an analysis tool to predict and improve the
understanding of flow phenomena in a cooled gas turbine nozzle guide
vane. The analyses showed that it is important to validate the results
against experimental data to obtain an estimate of the expected degree
of accuracy. CFD results when using standard turbulence models are at

most accurate within ten percent.

The Spalart-Allmaras turbulence model proved to be robust and
computationally efficient. It was used in both the heat transfer analyses
for the blades with and without coocling. In both cases it predicted the
heat transfer distribution trends, although the numerical values differed

from the experimental data.

The realizable k-¢ turbulence model, used to analyse the two and three-
dimensional cooled nozzle guide vanes, produced errors of up to ten
percent in heat transfer. However, the accuracy was vastly better in
predicting pressure distributions, where the error was as low as three
percent in some cases. This model required a fine mesh when used
together with the enhanced wall treatment. This implies special attenticn
must be given to the mesh requirements when considering heat transfer.

It is imperative that the correct y* range is adhered to.

Accurate material property data is essential for modeling the
temperature distributions within solids. It is important to determine
whether material properties such as thermal conductivity, Modulus of
Elasticity and coefficient of thermal expansion are temperature
dependent or temperature independent. Also where experimental data

is available for blade heat transfer distributions, it is important to match
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6.3

the material properties used for the experiment to those of the numerical

model.

In most cases the numerical model was seen to generally over predict
the temperature distributions on the blade surfaces. The pressure side
results of the blade were always more accurate than the suction side
results of the blade. The percentage errors were lower on the pressure
side. This was mainly attributed to the nature of the flow, which sees
adverse pressure gradients on the suction side that may lead to flow
separation. Also shock waves form here, which can be difficult to predict

the exact location due to the limitations of the turbulence models used.
The thermal stress distribution is directly related to the temperature
distribution. Hence inaccuracies in predicting temperature distribution

are carried over when calculating the thermal stresses.

Recommendations for further work

The recommendations for further work applicable to the present study can be

summarised as follows:

Incorporate sensitivity studies to the thermal conditions, such as the

effect of material properties to the accuracy of the solution.

A better and more detailed mesh model can be investigated so as to
capiure the thermal gradient more accurately. Included in such an
investigation can be the use of newer and better equipped turbulence
models such as the k-w turbulence model and the V2F turbulence

model, that were unavailable at the time of this study.
For the three-dimensional model, the study can be extended to include

the effect of an entire turbine stage. This is because of the influence a

rotor blade has on the pressure distribution of the guide vane, where
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phenomenon such as flow separation may occur due to stator-rotor

interaction.

o [n order to accurately obtain thermal stress values, a complete blade
model that includes all the geometric information of the hub and casing
should be modelled so that the biade fixation can be accurately

implemented.

¢ The study needs to be extended to include transient effects on blade.
More input data would be needed for such a study. The thermal stresses
for the transient cases alsoc need to be analysed, since the worst-case

scenario would be occurring here.

¢ An experimental investigation of heat transfer and thermal stresses that
can be used as a validation for a part of this study should be done. In
particular the nozzle guide vane used in the three-dimensional analysis
should be placed in a cascade test and the various flow conditions be
experimentally determined. Thermal strain measurements on the blade

should be cenducted and compared to the numerical results.
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NOMENCLATURE

English Symbols
C
C'SUBSCR}PT’

D

E
h
K

Greek Symbols

Gas velocity, Integration constant

Turbulence constants
Dispiacement
Young's Modulus

Heat transfer coefficient

kinetic energy per unit mass, thermal

conductivity, specific heat ratio
length

Mach number

Rotational speed

Opening

Heat flux per unit area
Pressure

Radius

reference

Blade pitch

temperature

time

Velocity

velocity component

blade speed

fluctuating velocity component
coordinate directions

dimensionless wall distance

[m/s], ----

[m]

[Pa]

[W/m?K]
[J/kg], W/mK]

[m]

[rpm]

[W/m?]
[Pa]
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Nomenclature

})

- D =

Subscripts

L O N -

©O Zz 3 r T O

i

rad

VM

coefficient of thermal expansion, gas
angle

delta function

change in variable

Strain, turbulence dissipation rate
Von Karman constant

Nozzle Loss coefficient

dynamic viscosity

Tangential component

density

stress, turbulent Prandti number

Poisson’s ratio

Inlet

Outlet

Initial, Stagnation property
Axial

Casing, critical

Fluid side

Hub

Local

Mean

Nozzle guide vane

Total conditions

X, Y, Z coordinates

Point, position adjacent to wall
Radiation

surface

turbulent

von Mises

Whirl or tangential component

[um/mK]

Units vary
[m/m], [m?/s”]
[kg/ms]
[kg/m’]

[Pa], ===
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Nomenciature

Ambient
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APPENDIX A

The temperature dependant material properties for 310 stainless steel and
haynes 188 are given in this section. Where necessary a curve fit has been

performed on the data for implementation into the CFD code.
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Appendix A

The Markll blade analysed in chapter four was fabricated from 310 Stainless

steel. The material properties obtained were modelled as temperature

dependent.
Thermal Conductivity
T(K) k{W/mK)
273 13.09
373 14.2
773 18.7
8973 21

Temperature dependence of Thermal Conductivity

for 310 Stainless steel
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Figure A1 — thermal conductivity temperature dependence for 310 stainiess

steel

Coefficient of Thermal
Expansion
T{K} alpha{m/mK)
293 1.58E-05
523 1.62E-05
773 1.69E-05
1273 1.91E-05
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Temperature Dependence of Coefficient of Thermal
Expansion for 310 stainless steel
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Figure A2 — coefficient of thermal expansion temperature dependence for

310 stainless steel

Young's Modulus
T{K) E (Pa)
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Figure A3 — Young's Modulus temperature dependence for 310 stainless
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The Atar nozzle guide vane analysed in chapter 5 was fabricated from

Haynes 188. The material properties were modelled as temperature

dependent.

Thermal Conductivity

TK) k

288 10.4

373.15 12.2

473.15 14.3

573.15 159

673.15 17.5
773.15 19.3
873.15 21.1
973.15 23

1073.15 248
1173.15 25.5
1273.15 27.6

Thermal Conductivity for Haynes 188
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Figure A4 - thermal conductivity temperature dependence for Haynes 188

Specific Heat

T(K) Cp

288 403
373.15 423
473.15 444
573.15 465
873.18 486
773.15 502
873.15 523
973.15 540
1073.15 | 557
1173.15 573
127315 | 580
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Specific Heat for Haynes 188

B850

BOG Jromsrr e s o
_ /
N 550 foe
o
=
o
=
B U DT
s . # Seriest
% g_Linear (Series) |
L 450
E
8 y = 0.1886x + 354.51
& ot S

350

300 .

4] 200 400 GO0 800 1000 1200 1400

Temperature {K)

Figure A5 — specific heat temperature dependence for Haynes 188

Mean coefficient of thermal
expansion
DT(K) alpha{m/mK)

75 0.0000119
175 0.00001286
275 0.0000132
375 0.0000138
475 0.0000145
575 0.0000152
675 0.0000158
775 0.0000165
875 0.0000171
975 0.0000179

Modulus of Eilasticity

T(K) E(GPa)

288 232
373.15 225
473.15 217
573.15 209
673.15 201
773.15 193
873.15 184
973.15 176
1073.15 169
1173.15 161
1273.15 153
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Mean coefficient of Thermal Expansion for Haynes
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Figure A6 — mean coefficient of thermal expansion temperature

dependence for Haynes 188
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Figure A7 — Young's Modulus temperature dependence for Haynes 188
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APPENDIX B

The Fortran code used to export the mesh and temperature data from
FLUENT into FIDAP is given. The FLUENT user defined functiocns as well as
the Matlab code used to generate the plot for the outlet static pressure

variation calculation in chapter 5 are given.
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c this code reads data from a PATRAN results file and writes
c it in the fidap neutral file format
implicit none
integer i.j, NUMNP, NDFVL, n1
parameter (NUMNP=95620, NDFVL=2)
real UF(NDFVL,NUMNP), TINUMNP), P(NUMNP)
real ux, uy, temp, pres
open{unit=10 file="blade.rst',status="unknown')

open(unit=20 file='blade.out',status="unknown')

c
do 200 i=1,NUMNP,1
C
C read(10,'(6x, 12,4E13.10)} n1, pres, ux, uy, temp
C
read(10,'(3x, 15,1E13.5)") n1, temp
c P(i)=pres
c UF(1,i)=ux
¢ UF(2,))=uy
T(i) = temp
200 continue
C
¢ write(20, '("VELOCITY "1

¢ write(20,(5E16.9)) ((UF(i,j), i=1,NDFVL),j=1,NUMNP)

c  write(20, '("PRESSURE "Y)
¢ write(20,'(5E16.9)) (P(i), i=1,NUMNP)
C
write(20, '("TEMPERATURE "V
write(20,'(5E16.9Y'} (T(i}, i=1,NUMNP)
stop
end

A similar code was written for the 2D case found in chapter 4.
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The script shown below is the Matlab code used to generate the outlet static

pressure variation for the Atar NGV.

%program to plot static pressure variation from hub to casing
Vt=377; %tangential velocity at mean radius

R=287; %air constant

T=1070.75; %static temperature at mean radius
r=(0.235:0.001:0.357); %range of radii from hub to casing
A=(VI"2)/(R*T);

C=13.51;

C1=exp(C);

P1=r.MA)

P=P1*C1;

hold on;

plot(r,P)

xtabel('radii, m'),ylabel('static pressure, Pa')
grid
title('Static pressure variation from hub to casing at NGV outlet')

% this plots the corrected mass flow rate
K=11.513,

K1=exp(K);

J=P1"K1;

plot(r,J,'r")

The FLUENT UDF’s that were used to define the iniet temperature profile and

the outlet static pressure variation are given below.

/********************************************i**************************/

/I* UDF for specifying steady-state boundary condition */
/***********************************************************************/

#include "udf.h"

DEFINE_PROFILE(inlet_temp, thread, position)
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real xfND_NDJ; {* this will hold the position vector */
real z,y,radius,perc_blade;
face tf;

begin_f loop(f, thread)

F_CENTROID(x,f thread);
y =x[1];
z = x[2};
radius = sqri{pow(y,2)+pow(z,2)};
perc_blade = ((radius - 0.23585)/0.12077)*100.;
F_PROFILE(f, thread, position) = -0.00001695*pow(perc_biade 4) +
0.0032*pow(perc_blade,3) - 0.2299*pow(perc_blade,2) + 9.1717*perc_blade
+ 1008.6042;

}
end f loop(f, thread)

}

DEFINE_PROFILE(outlet_pres, thread, position)

{
real x[ND_ND]; /* this will hold the position vector */

real z,y,radius;
face tf;

begin_f_loop(f, thread)

F_CENTROID(x,f thread);
y=x[1];
z = x[2];
radius = sqri(pow(y,2}+pow(z,2)});
F_PROFILE(f, thread, position) = 736747.1262"pow(radius,0.467);
}
end_f loop(f, thread)

}

DEFINE_PROFILE(outlet_pressure, thread, position)

{
real x[ND_ND; /* this will hold the position vector */

real z,y,radius;
face tf;

begin_f_loop(f, thread})

{
F_CENTROID(x,f,thread},
y =x[1];
z = x[2};
radius = sqrt(pow(y,2)+pow(z,2));
F_PROFILE(f, thread, position) = 100000.0001*pow(radius,0.462);

}
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end_f_loop(f, thread)
}

The above UDF code is divided into three distinct sections. The first section is
applying the inlet temperature profile in the form of a fitted fourth order
polynomial. The second section deals with the initial guess of the outlet static
pressure variation and the third section with the adjusted outlet static pressure

variation.
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The verification of the FEM results was done through a simple test case

whose resuits were compared to an applicable one-dimensional equation.
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APPENDIX D

The detailed calculation results needed in chapter five to estimate the
boundary conditions are presented. These calculations are all an initial

approximation and do not strictly represent the real conditions in the engine.
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INLET CONDITIONS
Mass flow rate through one nozzle quide vane passage:

_96.3%*total _mass_ flow
no. of _vanes

_0.963%71.65

42
=1.643 kgls

INLET:

An average static inlet temperature was taken as 1172.6 K.
The Mach number at the inlet was determined using equation (D.1) and (D.3).
The inlet velocity was determined to be 192 m/s, k=1.33, R=287J/kgK

o= /]cRT (D.1)
The Mach number, M was calculated to be 0.287.

Then using the relation between Mach number, totali and static pressure,
equation (4.1), the static pressure was determined. Thus the static pressure
was determined to be P=543 039 Pa.

THROAT:

The static temperature can be calculated using equation (D.2) P=416 902 Pa,
k=1.33, To= 1241K:

k-1

% _ {&J_ (D.2)

T
Thus, T=1146.15 K.
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Then using the equation for mass flow rate, equation (D.3), the velocity at
which the gas leaves the blade can be determined. The fluid density, p, is

evaluated at the throat using the throat static temperature and pressure.

m=pAV (D.3)
The velocity, C, =V = 448.55 m/s.
Determination of blade pitch at mean radius
The specific engine consists of 42 nozzle guide vanes in its first stage. The
following is available from the geometry:
v' Blade length = 0.122 m

v Hub radius = 0.235 m

Therefore the pitch to be determined is at: 0.235+0.5*(0.122) = 0.296m

Circumference = 2*n*r

= 2*7(0.296)
=1.8598 m
Therefore, the pitch at mean radius
o 18598
42
=0.0443m

Determination of blade gas angles,
The opening, o =0.02236 m from the geometry.

The gas angle can now be determined for a Mach number of unity:

4{o0
=05 | —
s

=59.7°
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Thus the outlet gas angle, a,, from figure 7.13 of [27] at the mean radius:

o, =57.14°

One can determine the gas angles at the hub and casing using equation (D.4)

p
tano, = [ﬁj tancr,,, (D.4)

»
Where r is the radius at the desired section (for example hub or casing) and
o2m is the gas angle at the mean radius.

Therefore,

ozn = 62.85°

oze = 52.1°

The whirl component of the velocity, C,, at the mean radius can be

determined using equation (D.5)} with C; = 448.55m/s:

sine. Y D.5
e (D.5)

2

Thus, Cy = 377 m/s,

Consider the radial equilibrium condition:
i ok x_l_dP

W

¥ ye) dr (D.6)
The following assumptions were required to simpilify equation (D.6) for a first
approximation:

= The whirf velocity C,, does not vary from hub to casing

* The static temperature is constant
Using the ideal gas law for density, equation (D.6) can be re-arranged as:

dpP_C, dr

= = D.7
P RT r (D7)

Integrating both sides:
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lang’—lnr—&-C (D.8)
RT

Therefore to evaluate the integration constant C, the following initial

conditions were available:

r=rm=0.286 m, P=416902 Pa, Cy= 377 m/s, R=287 J/kgk T = 1070.75 K
evaluated using the ideal gas law. Thus substituting these values into and
solving for C, one obtains C=13.5. Then substituting into equation (D.8) and

taking the natural logarithms on both sides:
P =(7.29416e + 05)r* %% (D.9)

Determination of nozzle loss coefficient

As an initial guess, a nozzle loss coefficient, Ly = 0.05 is assumed.

Rotor rotational speed, N = 8400 rpm = 140 rps

The mean blade speed at the mean radius can be determined as U=260.375
m/s. A flow coefficient of ¢ = 0.8 is assumed. The axial flow velocity, C,2 can
then be calculated as 208.3 m/s. Thus the absolute velocity, C; = 383.9 m/s.
The temperature equivalent of the outlet velocity can be determined from

equation (D.10):

(D.10)

Therefore T, = 1108.4 K and thus T, the ideal temperature assuming no

frictional losses can be calculated using equation (D.11):

2

C,
2C

P

T,-T, = Ay

(D.11)

Thus T, = 1105.2 K. The pressure P can be calculated from:
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s

i '}“ (D.12)

i

This gives P, = 452.2 kPa. It can now be determined if the nozzle is choking

St

or not by comparing to the critical pressure ratio, given by equation (D.13):

4

B _ (ﬁl}ﬁ (D.13)
P L2

in this instance the nozzle was not choking. Therefore the annulus area and
throat area of the nozzies can be determined. This in turn can be used to
determine the overall blade loss coefficient . The detailed method as

described in chapter seven of [27] was followed for this case.
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