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Abstract

The numerical simulation of swirl cooling is one of the promising and latest internal cooling
approaches for gas turbines. Thermal and isentropic efficiencies with the best-designed chambers
were investigated, considering a flow through internal swirl cooling channels for heat transfer and
flow behaviour in single-stage and multi-stage (two— to three—stage) swirl cooling channels. These
rectangular nozzles to round shapes nozzles are used for each three-stage designs to find the best
design chambers. However, this investigation on the multi-stage swirl cooling with changing the
different types of round shape nozzles concluded. The generally employed & -@ turbulent model,
with varying types of wall treatment, and 20,000 to 40,000 Reynolds numbers. In this simulation
work, a single-stage internal cooling was used and considered the baseline geometry for further
studies of multi-stage configurations. This work investigated the pressure drop, heat transfer, and
total thermal performance of each cooling chambers. Following the multi-stage cooling chambers,
there are additional pressure drops that occur, and the cooling performance is observed. This
research aims to improve pressure drops and enhance the cooling performance for multi-stage
cooling chambers. The rectangular-shaped nozzles were modified to round nozzles, resulting in a
significant improvement: 60% higher heat transfer and reduced pressure drop. These three stages
of swirl-cooling configurations can result in an average surface temperature along the entire
leading edge that is around 40K lower than in the single-stage cooling chamber configuration.
However, significant improvements in heat transfer during the multi-stage swirl cooling analysis

increased overall pressure losses.

Nevertheless, if the bends linking the adjacent angles of the nozzle stages are new and rounded,
the rounded shape will gradually reduce pressure loss. Following this, the thermal efficiency of
the multi-stage swirl cooling configurations was higher than that of the single-stage

configurations.

Furthermore, the design features three-stage swirl cooling chambers, transitioning from a
rectangular shape to a round shape nozzles, with three types of round shapes used, 2 mm, 4 mm,
and 6mm. In these three models, different types of boundary conditions are applied, changing the
temperature distribution in each design. This investigation indicates that the 4 mm designs are the

best design, with better pressure drop and heat transfer overall, across all variables.

Key words — MT-1 gas turbine blade, heat transfer, pressure drop, swirl cooling chambers, and

best design.



Nomenclature

Symbol Description Units
a1 Inlet angle rad
a; Outlet angle rad
P Pitch length mm
H Blade height mm
Do Leading edge diameter mm
C Chord length mm
L Length of the coolant chambers mm
W Width of coolant chambers mm
1 Length of nozzles mm
B Blade angles rad
p Density kg/m?
p Pressure Pa
T Temperature K (Kelvin)
m Mass flow rate kg/s
U Blade tangential velocity m/s
A% Absolute velocity m/s
V; Relative velocity m/s
Vi Meridional velocity m/s
Vu Tangential velocity m/s
Ah Change in specific enthalpy rise/drop J/kg
n Rotational speed rpm
Diameter m
W Angular velocity rad/s
Teool Cooling effectiveness—related efficiency -
T Time s
U Instantaneous velocity m/s
Ui Tangential velocity m/s
€ Viscous dissipation distance -
Y* Dimensionless wall distance -
0 Closeness of fit --



Tw

Tref

ny

tx

X, yand z

Wall shear of the fluid
Turbulent viscosity

Temperature reference
Normal x wall components
Normal y wall components
Tangential x wall components
Tangential y wall components
Cartesian coordinates

Turbulent kinetic energy

Abbreviations/ Acronyms

MSC
CFD

SI
CAD
HPT
MT-1
MFR
TR

Subscripts

iw, and ow

in

exit

Number of cooling stages
Multistage Swirl Cooling
Computation Fluid Dynamic
Revolution Per Minutes

Internal System of Units
Computer — Aided — Design
High Pressure Turbine

Name Code of the Turbine Blade
Mass Flow ratio

Temperature ratio

Coolant
Mainstream
Coolant jet
Inner and outer wall
fluid

Stage inlet

Exit vortex chamber

Pas
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Chapter 1: Introduction to the gas turbine operation and cooling

1.1 Introduction

1.1.1 General overview

High-pressure gas turbine (HPT) producers must overcome challenging technological difficulties
in the 215 century to remain competitive in the aviation propulsion industry. A gas turbine engine's
performance must be enhanced to remain competitive, and new components must be developed
for brand-new aircraft types. Moreover, the number of people travelling by air is increasing, and

different types of planes are being made to meet the needs of airlines and travelers

The basic gas turbine cycle configuration discussed in this section highlights the key temperature
stations used throughout this thesis (as shown in Fig. 1.1). It shows overall engine improvement,
followed by an increase in the turbine inlet temperature. Theoretically, an increase in Turbine
Entrance Temperature (TET) could enhance the power output of a given engine, increasing the
thrust-to-weight ratio. However, raising TET alone cannot increase engine efficiency when blade
metal temperature and coolant mass flow are also considered. This will be covered in more detail,

with the number increasing as noted in [1].

> Combustor T3'= TET

— [

Compressor = Turbine —_—
‘ / \
Inletl T1 T4 | Outlet
L J

Figure 1-1: Basic gas turbine cycle adopted from [1]

1.1.2 Basic turbine operation

In 1903, the first gas turbine was investigated, and it contained a three-cylinder, multi-stage
reciprocating compressor, a combustion chamber, and an impulse turbine. Liquid fuel was burned
in the combustion chamber, which was fed air by the compressor. Air is the working fluid of gas
turbines and is operated by the Brayton cycle. Brayton engines had a piston compressor and a

piston expander.

16



Modern gas turbine engines that use air as fuel are also based on the Brayton cycle as reported in
[2]. In the gas turbine combustion chamber, liquid is burned, which is feed air by the compressor.
However, presently, gas turbine industries address strict requirements regarding pollutant
emissions and decreased fuel consumption. Therefore, thermal efficiency must be increased to
fulfil this essential requirement for aircraft engines and industrial gas turbines in [3]. A gas turbine
involves a compressor, combustion chambers, and a turbine, as shown in Fig 1.2. The compressor
increases the air pressure; fuel has been supplied and ignited, and a high-temperature flow is

generated in the combustion chamber.

Secondary Outer
o Duct fan nozzle
air stream ‘ Fuel

Injector

| Ry
| s svrd?

| X
ZARKAANRRNR ALY

Combustion
chamber

Nozzle

Compressor
Primary
air stream

Figure 1-2: Basic schematic for gas turbines: Reprinted from the modern gas turbine systems [10]
with their permission from Elsevier. Copyright © 2013

However, the input of high pressure and temperature of the gas turbine develops more output
power. Higher thermal efficiency of the gas turbine is achieved by increasing the turbine entry
temperature and the speed pressure ratio across the turbine, expanding the combustion chamber
temperature and consequently increasing the turbine inlet temperature and pressure. The first-stage
turbine blades consist of an internal air-cooling system based on these high thermal loads, as shown
in Fig 1.2. Here a cross-section of a turbine blade is shown with an internal serpentine cooling
channel with ribs in [3]. Furthermore, blades contain film cooling holes which generates an air film
on the outer surface of the blade to protect the material from hot gases. The cooling air for the
blade cooling system is derived from an upstream compressor stage, improving air loss for the
combustion and, thus, the entire engine cycle. A more effective cooling method would require less

cooling air from the compressor stage with higher pressure and temperature.
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Further air is heated in the combustion chamber by burning this air-fuel mixture in a jet of airflow.
Gases and combustion by-products expand in the turbine near atmospheric pressure (engines
producing mechanical or electrical energy) or the pressure required by the jet engines, and the
open Brayton cycle means the gases are discharged directly into the atmosphere.

A civil gas turbine engine's performance is also assessed using additional parameters, including:

a) Reliability: Gas Turbine engine manufacturers are under constant pressure to increase the time
between overhauls. The modern civil gas turbine design prioritises component durability and
thermal management, which directly increase the engine's working hours, minimise
maintenance, and lower the life cycle cost. Rolls—Royce and other aero-engine manufacturers
have prioritised design.

b) Emission: Environmental concern has led to legislation to control the jet engine's emission
stages in the pollution NOx, CO and CO», Fig 1.3 shows how much the pollutant stage in NOx
and CO> has changed over a particular time. Furthermore, Fig 1.3 (i) illustrates the NOx
emission stage for Rolls-Royce's Trent series engine since 1998.

The NOx emitted has reduced by 40 % since the Trent 895 and is prediced to continue to drop.
Fig 1.3(ii) shows the CO> emission stage, which has been reduced by 60% since the 1960s,

while the TET and pressure ratio has significantly increased.

NOx Reduction and NOx Emission COz Turbine Entry  pressure
Temp(TET)°C  Ratio(PR)
100 1500
< 20
Trent 895
30% . CO TET
Trent 556 90
70% -‘- 1400 35
Trent 900 30
60% PR
50% | Estimated Trent 1000 “ Rolls-Royce target 60 1300 30
40% 40
30% 1200 25
20
20% _-’.-
2023 target
10% 0 1100 20
1965 2000

0% T T T T T
1998 2002 2006 2010 2014 2018

(i) (ii)

Figure 1-3: Level of NOx, CO2 with TET, pressure compression: Reprinted [4] permission from
Elsevier License copyright © 2013

The gas turbine (GT) operates by drawing in air, mixing it with fuel, and compressing it, producing
high pressure and temperature through the combustion mixture. These gases expand around the
turbine blades, which causes them to spin [4]. Up to 20% of all the air is used to cool the hot stage

sections, involving the nozzle guide vanes, turbine blades, and discs.
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When cooling air is used, the total pressure drops due to irreversible mixing and flow through internal
passages, resulting in less work being done. This in turn lowers the mean temperature of the
coolant entering the turbine and the engine's overall efficiency. From the gas turbine engine has
been hotter at a higher range of temperatures, so it can work more efficiently, however the hotter
with high temperature is required the sustainable with longer life materials for handle these heat
and temperature. Meanwhile Fig 1.4 shows that operating temperatures are increasing with
advances in different types of metal alloys. Specific solidified metals and single crystal alloys are

the most effective at temperature distributions.

1050 2 v
I Directionally Solidified Eutectis

L R

T R <. S | S——
Convetionally Cast Alloys

Allowabale Metal Temperature (Deg C)

T Z :
: Directionally Solified and
: Single Crystal Alloys
850 oo e R e e
Wrought Alloys
800 f : :
1950 1960 1970 1980 1990

Year

Figure 1-4: Advance in allowable metal temperature: Reprinted [4] permission from Elsevier License
copyright © 2013

Furthermore, Watson et al. [5] also states that the gains in cycle efficiency due to an increase in
TET can become negligible when significant quantities of cooling air are necessary. The TET must
increase at a constant mass flow of cooling air and metal temperature to increase engine efficiency

and thrust-to-weight ratio while meeting service life requirements.

Turbine cooling process
Cooling effectiveness

09
038 1
0.7
0.6 4
05
04 |
0.3
0.2 -
0.1

Cooling flow

Figure 1-5: Chronological advances in cooling effective versus non-dimensional coolant mass flow: Reprinted
[6] permission from Elsevier License copyright © 2013
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Therefore, continuous efforts are made to enhance various cooling techniques to accomplish
greater cooling efficiency with a reduced coolant flow.

Fig 1.5 [6] shows the efficiency of coolants versus non-dimensional coolant mass flow has changed
over time. From the 1960s to the 1990s, the turbine cooling technology improved significantly,
with each year seeing enhanced cooling performance and efficiency. Since the 1990s a primary
cooling flow was achieved through the use of cooling systems, such swirl cooling methods, which
is considered one of the best internal cooling strategies. This technology has the potential to be
improved offering better. The internal cooling technology demonstrates good performance, which

is a key motivation for this research.

1.1.3 Importance of internal swirl cooling mechanisms in gas turbine engines

This section briefly summarises the history and evolution of multi-stage swirl cooling, a form of
internal swirl cooling that is widely used to improve thermal efficiency, heat transfer, and pressure
drop of high-pressure gas turbine blades. Internal swirl cooling techniques induce rotational
coolant flow within multi-stage internal chambers, improving heat transfer while controlling
pressure drop and thereby enhancing overall cooling performance. Meanwhile, a wide range of
research has been conducted on single-stage swirl cooling configurations, examining their
performance. Consequently, a multistage swirl cooling configuration is being researched, which
involves relatively underexplored and sequential applications for the swirl cooling chambers. This
1s specific area of research in this thesis through investigating the performance and optimal design
of multi-stage swirl cooling chambers with a focus on the interaction between fluid dynamics,

pressure drop, and heat transfer. This will be investigated for multiple stages including design.

In recent decades, the significance of internal cooling air systems has grown in modern high-
bypass aero engines [7]. This is gradually increasing the turbine entry temperature (TET) of the
hot gas exiting from the combustion chamber in the primary annulus gas path. This enhances
efficiency and the specific fuel consumption (SFC) decreases. Nowadays, these air temperatures
are higher than the thermal material limits of the directly exposed blades and vanes and indirectly

exposed engine cavities, which makes them hazardous in [8].

Internal cooling systems are made to keep these parts from breaking due to an extreme thermal

environment.
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In 1962, the Rolls-Royce Conway was the first acroengine manufactured with a specific internal
cooling air system by utilising 2% of the compressor's output as cooling air, the TET could exceed
the blade material's melting point by approximately 120K while extending the blade's lifespan.
Nowadays, TET can operate at 200K or above the thermal material limits without affecting the

life cycle or safety margins [9].

In order to maximise the overall cycle performance, it is desirable to minimise the quantity of
cooling air while still ensuring optimal component life. There are primarily two arguments in
favour of reducing the quantity of cooling air: first, as the amount of cooling air increases, the
thermodynamic cycle performance of the turbine deteriorates as reported in [10]. Second, stage

efficiency decreases as the quantity of cooling air re-enter. In another stage efficiency is decreased

1.2 Research Motivation

In engineering design, numerical simulations for predicting structural, fluid, and heat transfer
have become increasingly important as computer power has grown over the past few decades.
This is applied to the market of aerospace manufacturers, where experiments with a full-size
engine are costly, and it is hard to put all the necessary instruments into the engine. Therefore,
numerical simulations are preferable, especially from an industrial point of view, because they are
cheaper and easier to set up. In the aerospace sector, the effectiveness of thermal management is a
critical issue, where the high temperature of gas turbine engines poses a challenge. Due to this
high temperature, the convective cooling technique was developed to balance improvements in
efficiency and thermal activities, based on a compact design. A major fact to consider is internal
swirl cooling, one of the key factors for improving the efficiency of the gas turbine. Swirl cooling
is currently underutilised and under investigation by the aerospace engineering sector. There clear
a opportunity for swirl cooling innovation and obtain lighter and more efficient design improving

the efficiency of the gas turbine blade.

Internal swirl cooling enhances internal heat transfer efficiency in turbines, reducing the mass
flow rate of cooling air and blade wall thicknesses to ensure lighter components and greater
turbine performance. Therefore, though expensive, full-scale engine tests are essential to validate

numerical models and create realistic boundary conditions for complex cooling flows.

Optimisation of swirl cooling technology essential for advancing new technology as mentioned

in Xiao et a. [3].
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CFD is a powerful tool that helps researchers and designers understand aerodynamic and thermal

problems, which means that they do not have to do as many expensive experiments, at least in

the early stages of the design process. The numerical investigation for the aerothermal

characteristics, interaction between the first stage and combustion chamber of a high-pressure

turbine, is presented in this thesis.

1.3 Aim and objectives

The purpose of this research is to use CFD analysis to improve the performance of a generic high-

pressure gas turbine blade. The main aim is to enhance leading edge thermal performance by

developing the design of internal swirl cooling chambers, within the blade itself.

In order to achieve these aims the following objectives were identified:

1.

Using literature, to get the important characteristics of turbine blade operation, cooling
methods and approaches to modelling and simulating fluid dynamics and heat transfer.
To develop and validate a CFD modeling approach to accurately and reliably simulate the
aerodynamic flow around a generic high-pressure blade, the MT-1 design, including the
effects of rotor—stator interaction, using experimental data.

To develop a separate CFD approach to accurately model internal flow and heat transfer
through a swirl cooling chamber by validating with available experimental data.
Combine the results from objectives (2) and (3) to simulate conjugate heat transfer within
a generic high—pressure turbine blade. This will involve the design of internal swirl
cooling channels, including validations in the number of cooling stages.

Investigation of the impact of parametric changes, such as critical channel radii, on the

design of swirl cooling channels within the turbine blades.
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1.4 Contribution

The main contributions of this thesis are:

1.

The main contribution is the evaluation of a new swirl cooling concept which is embedded
within a generic MT-1 blade. This analysis provides new knowledge about the relation
between aerodynamic and thermal interactions for this particular design, something that
has not been addressed previously in this way.

A detailed CFD comparison is made between single, two-stage, and three-stage swirl
cooling chamber studies, including detailed analyses of pressure drop, thermal behaviour
and isentropic efficiencies.

The proposed single, two-stage, and three-stage configurations are systematically studied
with CFD and compared against experimental configurations. The results show clear
advantages in both pressure drop and thermal behaviour.

Detailed design changes to cooling chambers in the form of varying radii (2mm,4mm and
6mm) are explored and, this is not fully addressed in previous swirl cooling studies, where

multi-stage swirl cooling geometry rounding is typically neglected.
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1.5 Thesis Structure

The first chapter provided basic background information and theory about high-pressure gas

turbine blades, and advanced cooling strategies with a particular focus on swirl cooling.

The second chapter covers relevant literature including a review of existing cooling methods and
identifying the research gap, particularly in relation to multistage swirl cooling geometry. Such

designs and their cooling principles are explored.

Following the literature review, the third chapter describes the methodology for accurately
simulating the flow around a generic high-pressure turbine blade specifically, the MT-1 design.
CFD simulations are run in both 2D and 3D the effect of the mixing plane between rotor and stator

is accounted for. The approach is validated and based on available experimental data.

The fourth chapter explains the approach for a purely internal flow analysis of a generic swirl
cooling geometry. As with Chapter 3, CFD results are compared to experimental data to

demonstrate the accuracy of heat transfer modelling.

In Chapter 5, the main elements from chapters 3 and 4 are combined to enable full conjugate heat
problems to be defined, including flow around the turbine blade and the separate internal swirl

cooling flows. Thermal performance is evaluated for chambers within the cooling passage.

Chapter 6 provides a more in-depth design study for a unique three-stage swirl cooling
arrangement. A parametric design study is described which includes a new technique for adjusting
nozzles sizes and transitioning from rectangular to round shapes. Candidates for enhanced thermal

performance are identified and analysed.

The seventh chapter discusses the outcome and the conclusion of this research study including a
summary of the findings of the research work, highlighting the novel contributions, discussion of

the results, and suggested future work for this research.
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Chapter 2: Literature review of gas turbine blade swirl cooling chambers

2.1 Gas turbine blade cooling

This literature review includes numerical and theoretical analyses, and this present study
investigates key concepts in computational fluid dynamics (CFD) and thermodynamics, including
turbulence modelling, heat transfer, and wall-treatment methods. All of these areas are essential
for accurately predicting the aerodynamic and thermodynamic behavior of high-pressure turbine

(HPT) blades and their leading-edge cooling performance. Which is the main focus on this thesis.

Previously, studies have shown that reliable modelling of blade cooling requires an integrated
understanding of heat transfer, fluid flow, and gas turbine operating theories. It has been
investigated in CFD-based turbine cooling analyses, which highlight the importance of
appropriate thermal boundary conditions and turbulence models for capturing fluid flow and heat

transfer distributions within these swirl cooling passages.

Therefore, this chapter focuses on a literature review of gas turbine blade cooling, with emphasis
on fundamental strategies in single and multi-stage cooling chambers and their parametric studies.
By synthesising these established approaches, this literature review justifies the modelling and
analysis framework adopted in this thesis, which is directly supported by the research objectives
and links prior work to the selected simulation methods and analysis technique.

Working principle of a gas turbine blade

The combustion process is producing a high-pressure gas that expands through the turbine, which
produces mechanical work [13]. This combustion generates a high temperature, and flow at this
high temperature, and pressure gas enters a turbine, producing this shaft work for the process
output to drive the compressors in [14]. The gas turbine is most required split of energy between
the shaft work and thrust is enhanced. The gas turbine operation has 4 main processes which is
following: (a) isentropic compression (b) Isobaric combustion (constant pressure), (c) isotropic
expansion, and (d) while this process heat was rejected. Mechanical energy is irreversibly
expressed into pressure and heat energy in an ideal gas turbine when the gas is compressed, as
shown in Fig 2.1 [15]. The thermal efficiency ofthe Brayton cycle, which includes the compressor
exit temperature and atmospheric temperature, is the same as that of Carnot efficiency which is
the wet steam mixture in the compressor. This is related to the Brayton cycle's considerable
temperature, and the heat is added in a combustion chamber and increases the specific volume,

along with less loss.

25



In an the gas turbine engine a irreversible energy is transitions which is reoccurs with an the
rotational of a intel new atmospheric air, leading an substitute to heat exits in [16]. When
an adiabatic turbine undergoes a steady-flow process, both the pressure at the entrance and the pressure

at the exit are constant.
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Figure 2-1: Basic ideal gas turbine cycle with P-V and T-S diagram by [13]

So, the ideal process for a turbine is one in which the pressures at the entrance and exit are the same in
[17]. The work output comes from the turbine. So, the isentropic efficiency of a turbine is the ratio of
the turbine work, and the turbine works through an isentropic process between the same pressures at

the entrance and exit, as shown in Fig. 2.1[13].

2.1.1 Turbulence model on heat transfer

The substantial study of this internal multistage swirl-cooling gas turbine blade leading edge is
understudied. In this particular case, the combined effects of the swirl cooling geometry, Turbine
intensity, pressure loss, and heat transfer performance are unclear. This study fills the gap by using
CFD to simulate the thermal behaviour of the leading edge of the internal swirl-cooling high-
pressure gas turbine blade.

The correlation between turbulent models and fluid dynamics, and the relatively limited availability of

heat transfer models, make temperature behaviour more difficult to estimate precisely [25].
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2.1.2 Pressure forces fluid elements

A pressure gradient is a topographical force exerted on the any others surfaces of an element. In
addition, a body force could exist because of gravitational potentials, which act on the whole mass
of the element [43]. However, this phenomenon can be observed by analysing the pressure exerted
on the two x faces, as shown in Fig 2.2 [44]. A shear stress due to viscous forces enters the

momentum equation separately from the pressure term.
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Figure 2-2 Net x force acting on an element as a result of fluid pressure fluctuations, reprinted with the
permission from Elsevier Licence [44]

According Ding et al. [44], where the Cartesian frame (coordinates), which is the x, y, and z-axis
coordinates, invoked the fundamental law can be:

dV = dxdydz 2.1)

The x-direction net force acting on the element in Fig 2.2 is obtained as:

dF,=-2dv  dF, = -2Ldv dF, = -2y (22)

From Eq 2.2 rewrite the vector from;

dFpress = —VpdV (2.3)

2.1.3 The acceleration of the Fluid flow

Eq 2.3 mentions the Cartesian vector form of a velocity field that exhibits spatial and temporal
variation that was re-determined:

V(r,t) = ulx, y,z t)i+ v(xy,z t)j + w(x, y, z, )k (2.4)

This is the most significant variable in fluid mechanics: understanding the velocity vector field is
virtually identical to solving a fluid-flow problem in [45]. Furthermore, Georgiou et al. [46] state
that a wind tunnel is used to fix the coordinates to watch the fluid passing through a glass

window.
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The formulation of Newton's second law of the fluid system concerns the computation of the
acceleration vector field generated the flow. Therefore, calculate the cumulative time derivative

of the velocity vector:

2.1.4 Turbulent boundary layer profile

An no-slip condition are states that the solid boundary of the fluid velocity is an equal to the
stationary zero velocity boundary wall. This turbulent flow no-slip wall condition is necessary
because the tangential velocity fluctuations are reduced by viscous dampening near the flat plate

surface in [48].
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Figure 2-3: Comprehension of the foundation of the boundary layer on a flat plate [50]

As the turbulent kinetic energy flows along with the wall, the amount of gradients in a mean velocity
rapidly rises in turbulence in [49]. Fig 2.3 [50] presents the velocity profile throughout the length
of a flat plate.

The no-slip condition at the wall creates a boundary layer with large velocity gradients that average
to the surface when a uniform free-stream flow meets a flat plate. As mentioned above, the fluid's
velocity increases in the viscous sublayer above a flat plate since zero at its surface. Nearby the
viscous sublayer, the buffer layer appears while turbulent flow dominates throughout viscous

stresses. In that region, the standard flow speed relates to the long distance to the surface.
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The log-law area is this charting in semi-log coordinates shown in Fig 2.3 [50]. In the semi
coordinates, the regions is plotted with dimensional wall distance y* on the horizontal axis vertical

axis and dimensionless velocity u* on the vertical axies:

+ = | VP

y' =17 (2.6)
+-4

ut = (2.7)
u, = | (2.8)

Therefore, ur is denoted as the frictional velocity, and the tw.is the turbulence fluid wall stress.
The primary velocity profilte is divided into outer and inner layers. The near wall (inner) layers
comprises sublayers 5<y*, buffer layer 5<y+ <30 and a logarithmic regions (y*>30). However,

the upper axes' limit depends on the Reynolds number flow as mentioned in Fig 2.4 [51].
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Figure 2-4: Divisions of near—wall regions in a channel [51]

The laminar-turbulent transition and the potential development of laminar separation bubbles in
the presence of unfavourable pressure gradients, as depicted schematically in Fig. 2.5 [52].
Qualitatively, the shear stress is shown for turbulence and laminar boundary layers, with natural
transition, on a flat plate and in its complete separation bubble. Increasing the boundary layer
thickness diminishes shear stress downstream; a considerable increase in shear stress occurs in the
transition regions. However, the heat transfer coefficient profile resembles a step in the turbulent
transition, with rapid decreases in heat transfer.

Meanwhile, in the presence of flow separation, shear stress is zero, and even the wall shear stress
is zero when the velocity gradient is perpendicular to the reattachment points. In the Reynolds
analogy, heat transfer at the separation point is very low, and it reaches its maximum in the local

thermal boundary layer.
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2.2 Computational Fluid Dynamics

2.2.1 Introduction

Computational Fluid Dynamics (CFD) is a subdivision of fluid mechanics that use computing
resources to solve the governing equations of fluid flow. Utilising numerical analysis and
algorithms, it addresses issues related to fluid dynamics. The derived solution comprises a set of
pointwise field solutions at various spatial and temporal levels. CFD combines the subjects of
computer science, fluid mechanics, and mathematics. CFD approximates a solution for the
governing equations when an analytical or theoretical solution is impossible. A typical approach
involves experimental or analytical validation to aid with research challenges in heat transfer and
fluid dynamics. Nonetheless, CFD appears to be a reliable consideration for several engineers when

the fluid flows are very complex in [53]. Furthermore, major CFD challenges involve

discretisation error and turbulence modelling [54].
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2.2.2 CFD Overview
CFD is used in many engineering applications to model fluid-flow. Fig 2.6 [55] illustrates the

three main steps used to generate a CFD model. Initially, in the pre-processing stage, the
computational domain includes geometry details (e, g, a high-pressure turbine (HPT) blade). Next
the domain is discretised, usually into millions of cells, to create a mesh from which to compute

the flow regions, and pre-processing is complete.

Governing equations solve on a mesh
Preprocessor

o Creation of geometry Transport equations Physical models
» Mesh generation o Mass e Turbulence
* Material properties « Momentum le—| * Combustion
» Boundary conditions e Energy « Radiation
¢ Other transport » Other processes
variables

« Equation of state

« Supporting physical
models

« [nitialization

* X-=Ygraphs B « Solution control

* Contour « Monitoring solution
* Velocity vectors « Convergence criteria
¢ Others

Figure 2-6: CFD Analysis Framework [55]
Once proper boundary conditions have been assigned, these steps involved choosing suitable

physical models to represent numerous flow phenomena, such as heat transfer, temperature, and

turbulence.

Next, key solution algorithms and solver settings are selected based on critical assumptions (e.g.,
compressible vs incompressible, unsteady vs steady state, etc.). The governing equations are

solved to generate the solution and finally, post-processing completes the process.

2.2.3 Conservation of Laws and the Navier-Stokes Equations

Fluid flow problems can be explained mathematically with the three conservation laws,
specifically, the momentum and conservation of mass, and energy [55]. The conservation of mass

equation is given below:

®+V-(pV) =0 (2.9)
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where p, ¢ and V is the fluid density, time and velocity, which is defined as
V2 = ui + vj +wk where u, v and ware three-dimensional coordinate directions. The three-

dimensional momentum equations are given as:

U vyl = 00xx | OTyx | 0Tzx

or +V-puV =pg, + > T 3 +=, (2.10)
aﬂ . = 0Txy , 00yy | 0Tzy

o +V va—pgy+—ax oy t=, (2.1D)
W L . oWl = Itxz | Oyz | 99z

o +V-pwV =pg, + o T 3y +, (2.12)

where oxx, Tyx and Tzx characterise stresses in the viscous stress sensor. The stresses acting in the x,y
and z directions are represented by (oyy, Tyx, Tox)s (0yy, Tay, T2y ) and (0,2, Txz, Ty ), TESpECtively.
The body force components gx, gy, and g, are the negligible and are therefore excluded from the

momentum equations. The expressions for the individual viscous stress tensors are below.

Tyy = Tyg = #(%"‘Z_;) (2.13)
Ty, = Tgy = U (Z—‘; + %) (2.14)
T = T = (5o +57) 2.15)
Ox = —p+2uV-V +2u% (2.16)
Oyy = —p—guV-7+2uz—; (2.17)
O =—p—2puV-V+2u2" (2.18)

where p is the static pressure and g is the dynamic viscosity. A combination of these equations
(2.13)-(2.18) with equations (2.19)-(2.21) results in a modified constructs a various form of the
momentum equations:

U L T g — Py (P P P
6t+v puV = pgz ax+”(ax2+ay2+az2) (2.19)

apv = ap %v | 9%v | 9%v
¥+V-va—pgy—£+u( +22+27) (2.20)

ax2 = 9y? 922

oow G, (o
o TV pwWV =pg, az+“(ax2+ay2+azz) (221)

These unknown four variables’ equations are u, v, w and p. In simple flow cases, they can be

resolved numerically without further approximations;
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2.2.4 Discretisation and pressure—velocity coupling schemes

Finding an analytical solution to the governing equations is impossible in practical fluid-dynamics
problems. This procedure is known as discretisation. There are various discretisation methods,
such as Finite Difference, Finite Volume, and Finite Element analysis methods. This study utilises
the finite volume method, a prevalent discretisation technique in commercial CFD solvers, to

guarantee rigorous conservation of mass, momentum, and energy.

Finite Element Method
The finite element method (FEM) is the primary method used to solve complex simulation

engineering problems and is divided into two parts: breaking larger problems into smaller ones.
The two simpler parts are elements, which are interconnected through nodes, forming the mesh
mentioned by Ryan [38] and Dryden et al.[39]. This polynomial is used to interpolate and
characterise the value of the dependent variable at a constant point in the computational domain,
as a function of the distance from the constant point to an element's nodes. This polynomial
represents any point in the domain of the dependent variable, which involves the distance from the
point to the nodes of the element. This method is used for discretisation problems, which create
equations for each element, and is applied in various fields, including heat transfer, fluid flow, and

structural analysis.

Finite Volume Method
In the finite volume method the domain is divided into small parts control volume where

independent variables are characterised by algebraic equations. This finite volume method (FVM)
ensures conservation of energy, momentum, and mass, and it is implemented in Ansys Fluent (

Version 2022 R2, which was used in this research.

2.2.5 Pressure—velocity coupling schemes

After FVM-based discretisation is used for a computational simulation domain, it is significant to
link the pressure and velocity regions by a pressure-velocity coupling scheme. A method of
algebraic equations representing the governing PDE's is taken (in terms of independent variable
quantities such as velocity, pressure and temperature) there are two common approaches a coupled
and segregated. A coupled solver will resolve the algebraic equations for pressure and velocity

instantaneously.
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This method is often utilised for compressible flow cases. Instead, segregated solvers retain a
sequential approach to resolve momentum equations, with the continuity equation (correction of
pressure). The semi- implicit method for the pressure linked equations (SIMPLE) method is the
most common example of a pressure—velocity algorithm which is utilised a the correct and guess
technique in [57]. This couple pressure and velocity equations, where the is pressure region
starting with momentum equations are solved some of which acquire intermediate velocities.
Further, the velocity regions are corrected accordingly, and the correlations established between

the continuity and momentum equations.

However when the SIMPLE method is applied to compressible flow, and it has fluctuations for
density. As a couple with between the energy and momentum equations to ensure thermodynamic

behaviour.

The pressure region is predicted and represented by p*. Next this is applied in the momentum
equation to resolve for velocities, specifically: u*, v* and w*. These velocities are established with
a prediction, the continuity equation used afterwards to determine a new and more correct values
of pressure, P new i.e. correction of the pressure. The newly modified pressure quantities ensure
that the velocity field relates more intimately to the continuity equation [58]. The SIMPLE
technique is exposed to divergence as with any another iterative technique, so the under-relaxation

factor, ais elaborated in the correction of the pressure equation.

Prew = p* +ap’ (2.22)

wherever 0 < a < 1. If the solver experiences divergence, decreasing the « is recommended to
reduce in the difference in pressure per reiterative step encourage convergence. For the definite

value of «=1, the method decreases to a conventional method.

2.2.6 RANS Models

As previously explained RANS is a common approach for resolving turbulence in aerodynamic
analysis in [65]. The computational widely available, and the computational method accurately
solves numerical problems. Nowadays, industries require solving fluid flow problems; RANS is

very popular for these sectors in [66].

Particularly, there are two significant problems in this RANS model: the first one is that the choice

of the turbulence model is strongly dependent on results, and the secondly.
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The RANS cannot resolve unsteady flow problems, e.g. if massive flow separation occurs.
Moreover, this is more suitable for wind tunnel tests and other aerodynamic applications, and this

will conclude the promising output in [66]. This is divided into fluctuating and mean parts:

p=¢ +¢ (2.23)
where the time average is a specific time parameter, the mean part, compared to the small,
turbulent model, is a bit longer. The Navier-Stokes equations are a set of equivalent equations after
applying the Reynolds decomposition and the Reynolds-averaged Navier-Stokes equations'. The
RANS equations primarily involve qualities based on the Reynolds-averaged approach, which is
used in the current solving and the original RANS. Additionally, the producer of time averaging,
Reynolds stresses:

Ty = W (2.24)
This mainly describes Reynolds averaging Reynolds closure problems.

2.2.7 Reynolds averaged Navier -stokes equations

The sheer computational power needed for the direct resolution of time dependent Navier-Stokes
in turbulent flow problems is totally out of reach. The properties of the time-averaging flow, such
as mean pressure and velocities make it impossible model the lifetime of every eddy. For
engineering applications, the concept of the average flow captures mean flow properties as shown
by Kjishima et al. [67]. A variant of the Navier-Stokes equations is the RANS approach which
uses the averaging method without considering turbulent fluctuations. Hence, these RANS
equations are essential since they permit flow solutions to be attained more easily. To obtain the
RANS equations, it is essential to substitute the standard form of the flow property varying
equation from Eq 2.23 obsessed by the momentum equations and the time-dependent Eq are (2.16)

and (2.25)-(2.27). As a result:

L+V-(pV) =0 (2.25)
LY + V- (puv) (226)

ap 2
pGx — 5.+ (U + 1) Veu (2.27)

! Visit the additional approaches and compressive analysis ( E,g Favre averaging) [184].
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(2.29)

t ox ay 0z
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2.2.8 Turbulence modelling

The Navier—Stokes equations can fully explain flow behaviour in laminar flow approaches. In
such problems, these equations can be solved numerically without added approximations, and they
can also be resolved analytically in some examples. Conversely, in turbulent flow systems,
different flow variables (e.g., pressure, velocity, etc.) needs additional assumptions and
approximation to solve the flow properties, which is described in [60]. To refer the characteristics
of the stochastic turbulent flow, fluid characteristics are coupled as the combination of two
components: (i) these mean values are (&, v, w, and p) and (ii) are the fluctuations (u', v', w’, and

p" ). These all are mathematically characterised as below:

u=u +u (2.30)
V=V +V 2.31)
W=wW+Ww (2.32)
p=p +p (2.33)
Vo=V+V (2.34)

From the equations (2.30) (2.34) a compressible form of the RANS equations is obtained and these
are commonly used in commercial CFD solvers such as Ansys Fluent which is used in this. Where,

u, vand z of the velocity of the fluid x, y; and z directions, meanwhile the static pressure is the p

and the velocity vector is the V"=, additionally, the descriptions of mean @ of time-averaged property,

however, the variation of the temperature @(t) is known as:

o =" "p(t)dt (2.35)
At 0

2.2.9 Mesh methods

The mesh module was discretization on domain, with these module dimensions and classification
of grid components can influence the quality of CFD outcomes. High-quality cartesian meshes

may be readily generated in straightforward flow via cooling channels.
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The 3D challenges, attaining high-quality meshes necessitate increased work and time. Numerous

techniques exist for addressing complicated geometries, with three prevalent approaches being:

1. Body- filled.
2. Structured block.
3. Unstructured mesh.

In body-fitted approaches, the flow region is changed onto a simple shape and then edge spacing
are used to make the mesh structure. Fig. 2.7 [55] shows body fitted mesh in a computational
domain. The body-fitted methodology has a main drawback in a substantially complex domain, it

can repeatedly construct reduced cells in the grid, leading to unpredictable behavior.

Ll

L
Figure 2-7: Computational structure mesh by [55]
Consequently, it is only suitable for simple geometries. Alternately, block-structured meshes

depend on the computational domain being decomposed and split into other sub-blocks, each
meshed discretely. This technique permits the mesh density to be dominated to be enhanced
around the region of interest (e.g., in the bluff wake body). An alternative ordinary meshing
method is the unstructured technique, which has flexibility that is specific for complicated
geometries. Cell sizes are adjusted to change and deal with complicated shapes, including large and
small regions. Fig. 2.8 [59] illustrates an unstructured mesh with refinement near a 2D cylinder.
This method commonly requires less computational resource requirements and time to execute

than the abovementioned methods.
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Figure 2-8: Representative of an unstructured triangular mesh [59]
2.2.10 Mesh quality
The mesh quality in each cell of the domain is essential for the suitable convergence of CFD
solutions; higher quality improves the probability of convergence. Numerous cell quality metrics

are retained in commercial CFD including ANSYS.
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Common metrics includes:

Ratio of aspect — the ration of the minimum and maximum length of an edge, per cell.
Equiangular of the skew — the internal angles of the cell measure distortion.

Equitize of the skew — the cell edge lengths measure distortions.

Volume — the cell volumes aspect ratio.

The pronounced "skewness" of mesh components extensively affects accuracy and solution
stability, making the evaluation of skewness necessary. Cell skewness is the variation of a selected
cell's form from that of an ideal symmetrical cell. The Equiangular skew criterion is an established

metric for assessing skewness, defined as follows:

Omax—0eq eeq_emin) (236)

Qsk = max( 180-6eq | fug
where Omax and Omin characterise the maximum and minimum internal angles of a given cell,
respectively, and Beq signifies the angle corresponding to an ideal cell devoid of alteration, where

Beq = 60° for tetrahedral and triangular elements, and feq = 90° for hexahedral and quadrilateral
elements. Maximum skewness estimates should not surpass 0.95 (ANSYS). When the maximum
skewness reaches 0.95 or higher, the solver may encounter convergence concerns. Sometimes,
these challenges can be relieved by modifying the solver settings, such as reducing under-
relaxation factors; however, it is commonly necessary to improve the mesh quality. Table 2.1

explains the different cell quality categories matching the skewness criteria.

Table 2-1: Cell quality classification (Ansys, 2023).

Quality Classification

QSK=0.00 Perfect
0.00<QSK <025 Excellent
0.25<QSK < 0.50 Good
0.50 < QSK < 0.75 Fair
0.75 < QSK < 0.90 Poor
0.90<QSK <1.00 Very Poor

QSK=1.00 Degenerate

Another essential quality standard is the cell aspect ratio, which measures the degree of
deformation of mesh cells. Usually, inside boundary layers, the aspect ratios of hexahedral and
quadrilateral or wedge cells should not surpass 10:1. Equally, in areas distant from walls where

flow gradients are less, the aspect ratios must not surpass 5:1.
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2.3 Boundary condition of flow phenomena

Boundary conditions are essential since they define the flow conditions and they are an important
part of the CFD calculation method. Many categories of boundary conditions accessible in

commercial CFD software such as ANSYS Fluent.
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Figure 2-9: Particle path lines - 3D turbulent and 1D laminar flows [61]

The walls are one of the most general boundary categories. Every wall in a solution domain can
be appointed as a no-slip condition or full-slip and can be described as moving or stationary. Here,
in the case of stationary no-slip walls, the cells at the wall surface are allocated a zero velocity.
On the other hand, for the case of zero-slip and full-slip conditions these are related to a surface
in the moving walls. The inlet and outlet these boundaries should indicate the pressure, free-stream
velocity, or mass flow rate. As their names suggest velocity inlets need the velocity of the free
stream to be proposed, and for outlet pressure, the set of static pressure (atmospheric pressure)
needs to be suggested. The location of inlet and outlet boundaries is considerable within free-air
or wind tunnel simulations. Generally, the inlet must be located suitably upstream of the object
(e.g., aerofoil) to accept the flow to be fully developed. Also, the outlet must be placed downstream
of it, and this allows turbulent wakes to be fully acquired, specifically in the case of direct
aerodynamics. Fig. 2.9 [61] presents an average time description of the velocity of a fluid

calculated at the detail for together laminar and turbulent flow.
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Figure 2-10: Top: The image appears the presence of the different structures size
in the different types of flow [62]

In a real fluid, turbulent fluctuations vary in all directions. In the turbulent flow problems,
rotational flow (turbulent eddies) are caused by mixing, and these turbulent eddies have a wide

range of sizes, from large eddies spanning meters in scale to small eddies.

By interfering with the main flow, the largest eddies may drain energy from it. The large eddies
stretch and generate smaller eddies, making additional smaller eddies. As shown in Fig. 2.10 [62]

the energy cascade is movement of kinetic energy from large to smaller and smaller eddies.
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For the smallest turbulent eddies, scattering kinetic energy is transformed into thermal internal
energy. The kinetic energy dominates the flow, and turbulent exchanges dissipate in this energy
initiating the losses. The Navier-Stoke equations have been used for solving the flow and simulation
problems, such as steady state-related problems. However, this direct numerical simulation (DNS)
and large eddy simulations (LES) for near wall simulation problems RANS equations [45]. The
shared computational requirement to complete the external acrodynamics DNS models means that
this methodology is completely out of scope and will be for periods as reported by Tsubokura et
al. [66]. LES has a high computational order but is not as effective as DNS. There are studies of
LES near the body of the bluff as described by Sandreh at el. [47] and Cantrak et al.[48] which

provide insights into the aerodynamics.

2.3.1 Eddy viscosity

The method of RANS itself computes the average and time-average of flow variable quantities.
The turbulence model's effect considers the implied flow by determining the Reynolds stresses in
Eq(2.33) -(2.25). There are some different types of turbulence models, including the mixing length
models, two- equations k-¢, and k-w models and Reynolds Stress Model [63]. The primary
variation involving these models is how to calculate the model of the Reynolds stresses. This has
been upfront on the replacement of the Reynolds stress relations by the mean flow of the viscous
stresses, and significantly, these substitutions are stated in conditions of mean quantities, and not
instantaneous ones. In the 1877 Boussinesq proposed that the Reynolds stress to the main

deformation rates as mathematically described in the equations below;

Ty = Tyx = —pUv = u, (g + Z—z) (2.37)
Tay = Tay = —pib = 1, (32 +3) (2.38)
Oy = —pUuZ = 24, (Z‘Z) (2.39)

0,y = —pT* = 21, (Z—;) (2.40)

0,y = —pWZ = 24 (g) (2.41)

where eddy viscosity or ut is turbulent
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The mixing length, which is a zero equation models, represents a solution to the problem. It
approaches an eddy viscosity that describes momentum transfer in a fluid flow under the turbulent
Reynolds stresses. A consequence of diffusion convection of turbulent descriptions in the fluid
flow permits one to characterise the impact of turbulence models on average flow in basic
algebraic equations for eddy viscosity as a function of location. Nevertheless, experimental
explanations show that turbulence generally changes itself to limited conditions. Hence, additional
models, such as the k-¢ model, consider the impacts of convection and diffusion in other turbulent
measures, such as the turbulent kinetic energy or the dissipation rate. This is completed by solving

other transport equations in [64].

2.3.2 k- Models

This k-€ model is a RANS type turbulence model where two additional transport equations are
invoked: the k-¢ model is one of the oldest turbulence models. The standard k- model account for
diffusion and convection properties of two transport equations, for ‘4’ the turbulence kinetic

energy, and ‘¢’ the rate of dissipation of turbulence of flow, as given by:
k=§(ﬁ+72+ﬁ) (2.42)
The k-¢ transport equations defined as:

%"‘V‘(ka)=V‘[(M+ﬁ—;)Vk]+Pk—pe (2.43)

2(pe) 2
29 1V (pev) =V [(u+ Z—;) Ve| + Cie 2P — Cop = (2.44)

where, Pk is the turbulent kinetic energy production, € is the turbulent dissipation rate and ok is

turbulent Prandtl number for & [68].

2.3.3 k- model

The k-w 1s another RANS type turbulence model; this invokes two transport equations, for %’

and ‘o’ which is the specific dissipation rate [69] where:
=" (2.45)

The k-w transport equations are presented below:

%+v-(ka)=v-[(u+;‘—;)Vk]+Pk—ﬁ*pk
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2 1(ou;  0Uj k
P = 2055y = 2oV V.5 = 5 (5 + 22) e = p . (2.46)

where, V is the velocity mean vector, p is an density, u is the molecular viscosity, y, is turbulent
viscosity, k turbulent kinetic energy, w is the specific dissipation rate, and S;; is the mean strain-
rate tensor. Following a change to the standard k-, model a change was implemented by linking
both k~w and k-e models to create another turbulence model, the Shear Stress Transport (SST) k-@
model as reported by Mentor et al.[70]. By dealing with the k-e turbulence model in the free-
stream and the near- wall regions where development pressure gradients generally ensue, the SST

k- provides a useful turbulence model as described in [64].
Spalart Allmaras Model

The Spalart -Allmaras (SA) model is an one- equation eddy viscosity model which computes
modified turbulent kinetic viscosity. This transport equation is;

St Ui = Cn( = fe)ST+ 1w + D)V + G| V91] = (Cunfo = 5 ) (5) (247)
where, v is an molecular velocity, is an wall distance and S~ is vorticity modified magnitude. The
SA models are give good performance for attached boundary layer flows, however is it less precise

in separated or free shear flow cases.

2.4 Mixing plane

The mixing plane is one of the key elements of turbomachinery simuation; the basic principle of
the mixing plane concept is that each fluid zone is treated as a steady-state problem and handled
separately. Flow measurements at the mixing plane interface are averaged in the circumferential
direction on the stator outlet and the rotor inlet borders at some predetermined iteration interval,
as studied by Chen et al. [71]. The stator blade is a stationary part that guides the flow in a
particular direction, and the rotor blade is a dynamic (rotational) part that extracts energy from the

flow past the stator blade.

2.4.1 High-pressure gas turbine blade (HPT) mixing plane

This section on mixing plane methodology includes 2D and 3D stator and rotor mixing plane,
which consists of the pressure drop and heat transfer in each stator and rotor blade. Nonetheless,
the stator remains in a steady state, and while the rotor is in a dynamic state, the heat transfer
through the stator and rotor blades is critical for evaluating the thermal performance and efficiency

of the turbomachinery.

b}



In the application of CFD for turbomachinery rotor—stator interactions are modelled at lower
computational cost using the stable mixing-plane technique, which has been widely used in
compressor and turbine-stage research. Instead of transient sliding-mesh simulations, the mixing-
plane method circumferentially averages flow quantities at the rotor—stator interface to eliminate
blade-passing effects and maintain the mean flow. A robust, computationally efficient model of

stage-averaged flow behaviour, suitable for parametric analysis, was used in this work (Fig. 2.11

[72])- Periodic
Outlet

Inlet

_ { Rotor

Stator

Mixing plane interface

Figure 2-11: Mixing plane stator and rotor blades [72]
A circumferential averaging operation must be done on the rotor-stator interface to pass flow
information through it, and it is referred to as the mixing plane approach, where a rotor and stator
interaction is accomplished by exchanging circumferentially averaged flow volumes. This mixing
plane means that the blade wake or separation phenomena during the blade passage are combined
before entering the downstream component. As a result, velocity and pressure components are
uniform in the circumferential direction as the rotating speed increases. The mixing plane interface

flow variables are:

b ==, $(r.6)do (2.48)
where, r is a radius distance from the axial rotation, 8 is the circumferential angle around, ¢ is an
parameter variables, and ¢ is an flow variable. Meanwhile the mixing plane continuity condition
1s:

[PV -ndA = [ ,pV -ndA (2.49)

Here, A is the area of the mixing plane (which is the interface between stator and rotor blades), o

is a surrounding fluid density, V is a velocity vector for the instantaneous interface, ¥ adjacent
domain average velocity vector. n is the number of sections at surface area of mixing plane blades,

and dA is an element area of the surface of in both blades.
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The mixing plane technique is the most popular rotor/stator modelling approach in
turbomachinery industries as described by Buckers et al. [73]. This method supposes that boundary

condition types have been established at the mixing plane interface.

The “mixing plane pair” is the union of an upstream outlet boundary zone and a downstream inlet
boundary zone; these border zones must be of the following types to produce mixing plane pairs

ANSYS Fluent, as described in Table 2.2.

Table 2-2: Stator and rotor blade mixing plane study by [74]

Upstream Downstream
Pressure outlet Pressure inlet
Pressure outlet Velocity inlet
Pressure outlet Mass flow inlet

These mixing plane boundary condition types are particular to the solver implementations, which
is facilitating information across the flow domain of the mixing plane. However, there are no
particular mathematical definition for this mixing plane instead there is numerical implementations

of the averaging process.

2.5 CFD analysis of gas turbine leading edges

The CFD represents a powerful instrument that supports researchers and designers in
understanding aerodynamic and thermal issues, reducing the need for expensive experimental
activities. These activities are dedicated to developing the validation and application of a
methodology for an integral CFD simulation of the turbine and combustor. Yao et al.[75] state
complete that a steady-state three-dimensional numerical simulations of single-stage and multi-

stage swirl cooling with the configurations shown in Fig 2.12 [75].

Translational Periodic

1
Coolant outlet Coupled wall ]
1

(Pressure outlet) ,

Mainstream chl_o/l»l“’//:lr =4 | Mainstream outlet

(Pressure outlet)

=="7\

|
Mainstream inleta;

(Mass flow inlet) |

,/
= T Soiia Region  Adiabatic wall

Coolant inlet
Coolant Region  (Mass flow inlet)

Figure 2-12: Computational domain and boundary condition in the multi-stage chamber (MSW) [75]
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A coolant and mainstream are set as ideal gas air, and fluid dynamics numerical simulation has
been used to find the stagnation temperature of the leading edge of a gas turbine blade. This

temperature is then compared to a reference wall temperature.

2.5.1 Swirl cooling gas turbine blade leading edge

The leading-edge swirl cooling system was achieved by a thorough experimental, numerical, and

optimisation study to observe the complex flow field and heat transfer.
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Figure 2-13: Turbine blade model and cross-sectional with leading-edge swirl tube [76]

According to the Yao et al. [76] air is cooled by going through these holes from the hub to the
blade's tip. A machine called an air compressor makes this cool air. In a gas turbine, the fluid on
the outside is usually a very hot around 1500 K was reported in [76]. Leading-edge swirl cooling
generates secondary vortical motion in the internal cooling flow by adding tangential momentum,
which improves near-wall mixing and local heat transfer coefficient in high-load places. Heat
transfer, pressure loss, and coolant mass flow vary with impingement cooling, serpentine ribbed
channels, and film cooling for turbine blade cooling. Swirl cooling is desirable near the leading
edge because it enhances heat transfer with a compact passage geometry, but pressure losses and

manufacturing complexity make it less popular than other cooling methods (Fig. 2 .13 [76]).

2.5.2 Swirl cooling

The tangential inlet ports in the cooling route in this shape generate swirl by imposing a
circumferential velocity component that directly influences the swirl number in Eq. (2.54). iy and
dividing from the radial tube R to the axial momentum i, the flow is expressed as follows:

er=oPUzU¢2nr2 dr prUZU¢r dA
Rer=0pU222nr dr Rf ,4pUZ dA

g=1o _
Ri,

(2.50)
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Here Uz and Ug are the axial and circumferential velocity components, respectively. The swirl

number depends on the local conditions and decreases as the circumferential velocity changes
downstream over the length of the tube. The downstream velocity field establishes the local swirl

number, which cannot be predicted.

Moreover, based on the conditions at the inlet, a geometrical swirl number can be used to
distinguish between the different shapes of the swirl tubes that have been studied. Considering the

axial, and tangential velocities a continuity equation can be defined as follows terms:

pUqf)AinIet = pUzAtube (251)

Assuming the constant velocity over the cross-sectional, the swirl number yields that it can be

expressed as follows:

~ pUZU‘pfAldA ~ pleU¢ — lU%Atube /Ainlet — lAwbe
RPU%J-A dA Rp U% RU% RAjplet

(2.52)

Where [ is the lower angular moment is, the geometrical swirl cooling only depends on the inlet
and tube cross section and not on the velocity. The tube of single and multi-inlet configurations has
been studied in different types of swirl cooling numbers, S, and various Reynolds numbers as

reported in [77].

Figure 2-14: Baseline swirl tube geometry and the user coordinate system by [78]

However, there are three various ways to specify the flow rate while configuration have a multiple
inlet chamber. Meanwhile this tube has two tangential inlets in the experimental and numerically
studied swirl cooling range of the Reynolds number and both swirl cooling outlet geometries, as
shown in Fig 2.14 [78]. The relatively simple geometry is designed to assist in understanding more
about the complex physical mechanisms in swirl cooling chambers. The geometry has several
inlet nozzles and the additional inlet nozzle further down the length of the chambers enhances the
swirling flow and make the heat transfer more evenly along the length of the chambers, as shown
in Fig 2.11 [78].
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In addition, the air flow is dispersed throughout the intake, which minimises the maximum jet

velocity at the inlet and, consequently, the pressure loss in the tube for this investigation.

Therefore, tube radius R, this channel height is A and weight is ¥, and the inlet nozzle is number
N. The geometrical swirl chambers are presented in Fig 2.15 [78]. In this module swirl chamber

configuration was defined by the geometric swirl number, Sgeo, s defined as:

__ (R—h/2)mR?
Seeo = T (2.53)

where R is a radius, h is an height w is an width, and n is the number of blades.

The swirl cooling gas turbine blade has been widely utilised in modern gas turbine blades design.
Since swirl cooling is a promising alternative to internal cooling techniques at the leading edge of
the blade due to its significantly enhanced heat transfer, it is crucial to comprehend the
fundamental flow and heat transfer behaviour of swirling flows to guide improved swirl cooling
design in today's advanced turbine blades. Swirl cooling flows have a net positive effect on the
performance of gas turbines, however, because turbine cooling flows bypass the combustor, some

work is lost.

=
h

Figure 2-15: Swirl tube tangential inlet [78]

Swirl cooling flows permit a more significant temperature, resulting in a net increase in gas turbine
power production and improved efficiency. There are two solution approaches for both inside and
outside of the axial and circumferential: (1) main mass flow dominated, and the next one is (2) main
swirl tube dominated. The high discharge coefficient is present at the low swirl main mass flow,
which was selected as the first solution. The main swirl tube (considered the second one) is present
at extensive (high) pressure loss regions with reverse velocities as reported in [79]. This research
work was further continued Mager et al. [80], who determine that the analytical and pressure

distribution are reasonable.
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In addition Kobiela et al. [81] examined further this swirl cooling in terms of pressure distribution
and analytics, finding that the swirl tube centre has a backflow axial direction for the pressure
gradient. The pressure and centrifugal forces decrease due to the length of the swirl cooling tube.
The low swirl of the axial pressure loss is responsible primarily for the axial direct flow in the
whole tube using a negative axial pressure gradient dp/0z. The swirl reduction leads to a vortex
core, a positive axial pressure gradient develops and makes a reversal flow. To maximise

backflow, the pressure gradient by the tube axis must be zero: dp/0z = 0.
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Figure 2-16: The pressure distribution in a swirl tube: (a) The tube segment for pressure drop is
considered, (b) the low swirl number, and (c) the high-pressure number by [81]

Fig 2.16 [81] shows the short segment of the pressure distributions as stated by Kobiela et al. [81].
The pressure distribution along the discussed path from 1 to 4 appeared low, as shown in Fig 2.16
(b) and (c) in the high-pressure number. Position 1 is located in the tube centre, and this path
directs to the tube wall (2), followed by pressure increases in centrifugal force. Linking 2 and 3,
the tube length Az in this section causes more pressure drops due to more friction between points.
At point 3 to 4, pressure will decrease due to the centrifugal force. As the swirl has reduced, the
pressure drop is less substantial than the increase between 1 and 2. In the case of a sufficiently
robust swirl, the pressure at point 4 is above that at point 1; similarly, for a weak swirl, the pressure
at point 1 is more significant than at point 4. With this consideration, Kobiela et al. [81] analytically
estimated that the swirl cooling number Simi: for the swirl tube centre pressure axial gradient
disappears. However, due to this, presumptions of a solid body rotation in the swirl tube
disregarded the narrow band potential vortex in the outer tube. Therefore, the circumferential

velocity may be expressed as:
Up = wr (254)

where w is the angular velocity which is around the radius . The yield radial pressure distribution

is as follows:

T ~ 1~ 1
p(r) = Peenter T fg pa)zr dr = Peenter T Epwzrz (255)
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Based on these constrained cases, the tube centre axial velocity is zero and an axial velocity
increase near the wall Uy,

S (2.56)

Uy (1) =
The axial velocity is presumed to be constant in the axial direction. Considering an angular and
axial momentum balance throughout the tube section, which includes swirl tube and pressure loss

owing to wall friction, the axial velocity near the wall is determined as reported in [81].

Uz,w = Rw. (257)

For information about the momentum balance and the direct computation, the viewer is directed
to the original study as mentioned in [81]. Ultimately, the velocity components are included into

the swirl number as per Eq (2.62), and Uz, w is substituted with Eq (2.56):

R Uzw 2 R
_ Jymop—prorzm?dr [ p2mw?rt dr

-~ R (U 2 T erk 2,3
Rfr=op( i’wr> 2nrdr  Rlp—op2me?r3dr

(2.58)

2.6 Geometrical model of the single-stage and multi-stage swirl cooling

The swirl cooling structure used in this work is integrated into the leading edge of a high-pressure
turbine (HPT) blade with a linear cascade as reported in [82]. The chord length of the high-
pressure turbine blade, C, the pitch of the blade, P, the height of the blade, H, and the diameter of
the blade leading edge, DL, are important parameters. The typical single-stage swirl cooling model
1s made up of a cuboid coolant chamber, a cylindrical vortex chamber, and six tangential nozzles.
First, coolant goes into the coolant chamber. Then, it goes to the vortex chamber through the six
tangential nozzles, with the chamber length, L, and width, I, respectively, as shown in Fig 2.17
[75] (a). The nozzles have length and width, the vortex chamber has a diameter, and an angle
between the tangential direction and the x-axis. The places where the centre of the single-stage

swirl cooling with six nozzles (N=1) are shown in Fig 2.17 (b).

The multi-stage swirl cooling models have two configurations including two and three stages (N=2
and N=3), respectively. The specifications of these in terms of nozzles, coolant chamber, and
vortex chamber are identical to those of the single-stage model (N = 1). Moreover, the vortex
chamber has two or three stages, each with the same number of nozzles (three or two), as shown in
Fig 2.17 (c). The coolant enters the subsequent stage after passing through one, two, or three of the

first stage's six nozzles rather than all six simultaneously.
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Other important parameter includes, the conjunction section between two adjacent stages, e, the
stage-entrance displacement, 4, and the length, /, respectively. The most significant improvement
in heat transfer characteristics that multi-stage swirl cooling provides comes at the expense of a
more significant overall pressure loss. However, the pressure loss can be significantly reduced by
making the bends between the adjacent stages round, which raises the thermal performance of the

multi-stage swirl cooling models over that of the single- stage model.
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Figure 2-17: Geometry specification (a) Blade model, (b) single stage, and (c) multi -stage swirl
cooling. Adapted from [75].

2.6.1 Experimental investigation for swirl cooling tube

Over the last 60 years there have been many scientists who have experimentally studied swirl cooling
flow through tubes, and an overview of key a literature is shown in the Table 2.3. The first person
who proposed this was in [83] where convective heat transfer enhancement was to used through the
swirl cooling flow in swirl tubes. There are four suggested methods for swirl cooling flow: (1)
vortex ramp, which is followed by the first and second ones; (2) tangential injection nozzle; (3)
strip insert twisted; and (4) twisted tube. The heat transfer coefficient for axial flow in swirl cooling
is four times larger, which was observed in those methods (as mentioned above, serial numbers (1
to 4) [83]. Later, other scientists studied the swirl cooling tube used as water flow or air flow as

the working fluid, these were researched by Mentor et al. [70, 64, 71].
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However five nozzles for a single stage chamber were studied by Nakajima et al. [72,73,74] and
Cheputech et al.[76]-[82]. During the 1980s turbine blade cooling as investigated, and inlet and
outlet tangential injection in a turbine blade was reported in [91]. Meanwhile, Khalatov et
al.[92,93] studied swirl cooling in a gas turbine blade leading edge by using conical nozzles. Kitoh
et al.[94] investigated the potential turbulence stresses of the vortex-type velocity for the
circumferential profile at the swirl tube entrance. Dhir et al.[95]-[97] researched two different
types S= 2.78 and 5.23 of swirl cooling flow tangential injections (nozzles) with straight outlets.
It has been concluded that the heat transfer enhancement for two types of mechanisms include
[63], (1) Elevated maximum axial velocity adjacent to the wall which enhances the heat flow from
the wall and (2) enhanced turbulence levels are found by improving the mixing in particular region
of the swirl cooling tube flow region. Furthermore Glezer et al.[98,99] researched turbine blade
swirl cooling flow in a like test case of the engine, and it was investigated experimentally to
monitor heat transfer in the rotating swirl cooling channels at a 20,000 Reynolds number, as shown

in Fig 2.18.

The implications of rotation values ranging from 0 to 0.023 determined that they significantly
improve internal heat transfer. Further investigation Lingrani et al.[100,101,102] Connell et al.
[103], and Lingrani et al.[104] found that the tangential jet wall flow with a different Reynolds
number outlet radial introduces a local heat transfer swirl cooling structure. Infrared thermography
was used for heat transfer, thermocouple measurements, and boundary conditions.

Nozzle flow visualisation identified interaction in different sizes as shown through Gortler vortex
pairs Fig 2.18 [99]. With ranges from 1,200 to 7,200 the Reynolds number was investigated. Larger
Reynolds numbers decreased the size of the Gortler vortex pair as they become more unsteady.
Lingrani et al.[105]-[91] mainly considered different types of Reynolds numbers in swirl cooling

chamber techniques.

View A-A View A-A View A-A

Figure 2-18: Representation view of swirl cooling configuration by [99]
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Choi et al.[106] reviewed a technology for aerothermal swirl cooling applied to aerospace
engineering. They calculated the hydraulic and thermal performance based on the pressure losses

and heat transfer in the swirl cooling chambers as shown on the Eq 2.58.

(Nu/Nuo)/(f/fo)/3 (2.59)

This Nusselt number correlation was provided and linked with literature data from Glezer et al.[98]
and Lingrani et al.[102] which involved further investigation of the same swirl cooling chamber
geometry but with a variation in heat transfer. The same swirl cooling geometry has two axial
displacements: a tangential flow inlet and a radial outlet and retained the tube inlet temperature as
the reference temperature and determined the heat transfer using thermochromic liquid crystals

with a transient approach.

Further, the experiment used hot wire by using the Colburn analogy to find heat transfer in the
curved surface of the near-wall. Schiffer et al.[107] investigated the rotation effect on the swirl
cooling chamber. However, they observed that the critical flow is in swirl cooling chambers, and

pressure is developed by using the side section for rotation flow.
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Figure 2-19: CAD — Model of the swirl tube complete set up and visualization of the flow [109]

Following Schiffer et al.[107] further research Grudmann et al.[108, 109, 110] used 3D high-
resolution measured water flow regions by using magnetic resonance velocimetry (MRV); this
was a novel contribution. Meanwhile, they researched the range between 1 and 5 for the swirl
cooling chamber; this complete measurement was provided for the swirl cooling chamber inlet

and outlet flow region; however, the outlet and bend of this swirl cooling chamber's flow field are

round, which is 180°.
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The final output for this research indicated that a stable flow region structure characterised the
swirl cooling chamber. This indicates that the swirl cooling chamber can also accommodate

complex geometry, as depicted in the Fig 2.19 [109].

Further, researched by Kobiela et al.[81] utilised the transient liquid crystal technique was used
experimentally with a PIV method to measure the flow regions on the same experimental swirl
cooling tube (ring). Meanwhile, the Reynolds number ranged from 10,000 to 40,000 and 2.36 to
5.89 for single stage swirl cooling chamber numbers was investigated. The axial outlet consisted
of a swirl cooling ring/ chamber. The researcher detected the heat transfer scattering visible in the

secondary swirl structure, and they estimated the ‘Gortler vortex pairs’ appearance.

The researcher presumed that no ‘Gortler vortex pairs’ appear at turbulent flow, as investigated at
the high Reynolds numbers, as shown in Fig 2.20. Further investigation by Quian et al.[111] and
Harvey et al.[112] concentrated on these swirl and impermanent cooling channels with constant
mass flow. In particular Quian et al.[111] investigated the Reynolds number range between 33,000
to 80,000 ( here will Reje; = 125,000-300,00), and the ‘sublimation naphthalene method” was used
to find out the measurement of heat transfer with different cooling Reynolds numbers.
Impingement cooling on the leading edge shows maximum higher heat transfer with same baseline
geometry, however the averaged Nusselt number is more (20% increases) in swirl cooling chamber
and higher (20% increases) heat transfer activities as compared to baseline and impingement
cooling geometry with constant pressure drop for all cases. Ling et al.[113] researched decreasing
the taper to reduce the size in the outlet region of the swirl cooling chamber tube diameter with this
new, and reduced model with the swirl tube baseline model and this baseline model constant

diameter.

The tapered and reduced diameter module has an outlet of 2/3, and the inlet is 1/3; the researcher
took the outlet to inlet reduce the diameter. These modules compared with Reynolds number (Re

=10,000), which is constant for both cases; the researcher has observed the downstream region
heat transfer is (x/R =7-8) and concluded the tapered model (with an inlet ratio of 1/3, and outlet
ratio of 2/3) both demonstrated that heat transfer was enhanced by 23% and 17 % respectively

compared to the baseline.
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Ekkada et al.[114] Investigated the merge between two cooling systems in a geometry containing
impingement and swirl cooling channels with internal injection (nozzles) connected between two
cooling systems. This is a complete U-bend size design for cooling; based on this merging
technique, a pressure drop occurs with heat transfer through cooling with the constant mass flow

in each region for injection nozzle, as shown in Fig 2.20 [114].

Figure 2-20: Schematic diagram for the combination of swirl and impingement cooling duct [114]

Few experimental studies have been conducted on swirl cooling of gas turbine blade leading edges.
Over the last 60 years, numerous scientists have experimentally investigated the swirl cooling
flow gas turbine leading edge in [80] and the enhancement of convective heat transfer through
swirl cooling flow tube [78].

The suggest four different methods involving the swirl cooling flow, such (1) vortex cooling, (2)
tangential injection, (3) twisted strip insert, and (4) twisted tube, the swirl cooling in the vertical

cylindrical as shown in Fig 2.21.

X=0 at the end
of the swirl

Figure 2-21: Schematic geometry of co-ordinates of swirl cooling tube by [85]
Further swirl cooling by Nissan et al.[85] were studied with three factors considered including (1)

tangential, (2) wall pressure drop, and (3) boundary layers. This experimental study showed the

pressure drop behaviors in a tube of two diameters with a four-length pipe.

Grudmann et al.[108] Conducted experimental studies on two—dimensional slot jets and single-
stage round jets, focusing on the maximum heat transfer in cylindrical heat transfer tubes. These

studies modified these configurations to reduce both heat transfer and pressure drop.
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Experimental apparatus

flow outlet to
vacuum pump

Figure 2-22: Experimental apparatuses (CAD) with (1) Laminar flow,(2) Inlet plenum,(3) mesh heater/seeding
chamber,(4) Swirl generator,(5) swirl tub,(6)outlet tube, by [115]

An example of experimental measurement equipment to study is swirl tube apparatus, as shown
in Fig 2.22 [115]. The open-loop facility is driven by a central vacuum pump not shown in Fig
2.22, and the air enters a laminar flow element. The effects of a three-dimensional flow field on
heat transfer and film cooling on an end wall, suction, and pressure surface as reported in [116].
A blade utilises low-speed vortex, secondary flow, and nozzle wake to enhance heat transfer,
thereby improving film cooling on the suction vane surface. The heat transmission and film
cooling processes on the annular vane passage surface are studied. Salcudean et al.[117] found
that the effectiveness of the film cooling by measurements from a flame ionisation detector
technique. The first study of film cooling in this geometry differs from that of Mack and Moyle.
They utilised three rows of 15 to 44-degree holes, and as expected, the ratio of the two
experiments. This simulation work has been compared with experimental data, decreasing the
different types of film cooling sizes by changing the direction of film cooling flow and the inlet
and outlet angles. The k-@ turbulent model was used throughout these simulations to improve
gas turbine blade pressure drop and thermal efficiency. The cylindrical cyclone and the design of
the cylindrical swirl cooling region of a three-dimensional stream are suggested in [118]. The
method of the three-dimensional flow utilised two immiscible liquids and investigated the design
and parameters of the three-dimensional turbulent flow cylinder. Further Foster et al. [119]
internal cooling gas turbine blades that are centrally balanced with high external heat loads and the
studied tip section of the gas turbine blade. To improve the inlet temperature of the gas turbine
blade and suggest a non-traditional film cooling technique based on the application of this swirl-
dominated flow in the internal channel of the blade leading edge, an experimental study was
conducted. The k-w turbulent model was employed throughout these simulations, with a circular
swirl cooling tube. A constant Reynolds number was maintained throughout the simulations

improving the isothermal efficiency and pressure drop of these models.
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Table 2-3: Experimental investigations for swirl cooling chambers (tube) — highlighting the researchers' work

Author Year Rep Highlighting research work
x 10-3
Kreith and 1959 10-140 | The Main research focuses on the swirl cooling tube on the flow surface heat transfer (Twisted strip, coiled wire, axial
Margolis [83] outlet water)

Nissan et al.[85] | 1961 5-25 Experimentally, pressure drops were measured using three or four types of factor swirl decay to investigate the
behaviour of pressure drop and heat transfer.

Kreith and Sonju | 1965 10-100 | In the study, both experimentally and numerically, twisted tape and swirl decay were used to investigate the pressure

[78] drop across a range of Reynolds numbers, from lower to higher.

King et al. [84] 1969 | 10 — 25 | The leading research focused on the swirl cooling tube used as water flow or airflow as the working fluid in this water
swirl decay.

Weske etal. [116] | 1974 10- 30 This experimental research focused on the rotating tube, which was made up of Plexiglas with a straight pipe tube,
using a guide vane angle 60, 45, 30, 5 and 0 degrees as concluded based on the angle and tube diameter to find the
velocity behaviours.

Hay etal. [120] 1975 10-49 This research was experimentally studied using the constant swirl cooling tube to measure the variation swirling
motion on downstream and the constant 90-degree angle of the swirl tube S= 6.65-3.0. The axial outlet concludes this
swirl tube's final pressure drop and heat transfer behaviour.

Akiyama and 1986 | 30 — 100 | This research experimentally carried out, particularly in swirl cooling pipe flow section is made of eight nozzle
Ikeda [121] inlets, which was tangentially connected between each nozzle energy and pressure loss were studied.
Kitoh [94] 1991 | 40 — 80 | The experimental research was carried out during the entire work, and this analysis observed the velocity variations
to use lower to higher Reynolds numbers for S = 1.0 swirl cooling tube flow turbulent stresses, axial outlet.

Dhir et al. [95] 1992 | 10 — 53 | This research was focused on improving the efficiency of the heat transfer for swirl cooling flow S= 2.78, 5.23
tangential inlet.

Kumar and 1993 | 15 — 60 | Cylinder type of swirl cooling flow with used inlet and outlet tangential as aspect ratio was 2 and 4 researched on

Conover [118] visualization in water with variation of the Reynolds number.
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Author Year Rep Highlighting research work
x 10-3
Reader-Harris 1994 | 10 — 104 | Using the Navier — Stroke equations, swirl cooling analytical swirl decay was solved; however, this was fit with the
[87] swirl cooling downstream tube to find the heat transfer behaviour.

Chang et al.[96] | 1994 12.5 In this experimental research, different types of injections (nozzles), which are sized between 88.09 in the side tube
and outside the 1.5 m cylinder tube or the S =2.67, 7.84 axial outlet, conclude the heat transfer activities in this model.

Chang and Dhir 1995 12.5 As following the in [96], further research was carried out; this was the same tube and specification(S= 2.67,7.84 axial

[97] outlet ) was used in this experiment, but there mentioned two main activities of heat transfer were observed: first was
higher heat transfer was produced near the wall, and next one the middled region more turbulence activities for swirl
cooling tube.

Qianetal. [111] | 1997 | 32 — 77 | In experimental studies, researchers used Goertler vortices, which are part of a thermal boundary layer, to compare
impingement and vortex cooling; they found that using impingement as a baseline and validating with vortex cooling
led to a 20% higher Nusselt number and a steady pressure drop.

Glezer etal. [122] | 1998 20 Experimentally studied the swirl cooling flow with the rotating channel, 90° bend outlet, and this research concluded
the heat transfer and pressure drop by using the swirl tube rotating for injection (nozzle).

Ligrani et al. 1998 1-18.5 This research was done on the experimentally one/two inlet/s, tangential outlet; however, in this swirl, cooling the
[102] “Goetker vortices (embedded term boundary)” to find the heat transfer and pressure drop.

Moon etal. [103] | 1998 | 0.24-1.9 | This research investigated the swirl cooling tube lengthwise tangential injections. The initial (inlet) injection (nozzle)
was higher (the jet slot height, which includes the channel diameter and length) than the outlet tube with constant
Reynolds, concluding the behaviour of the heat transfer in the swirl tube.

Steenbergenand | 1998 50,300 | This experiment research was done in the ample swirl cooling pipe S = 0.1 water, swirl decay, and with different types

Voskamp [89]

of two Reynolds numbers. A researcher concluded the behaviour of the friction in the two Reynolds numbers.
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2.6.2 Numerical study of gas turbine blade design

Additionally, the overview of the numerical swirl cooling chambers literature review is mentioned
in Table 2.4. Biegger et al.[115] numerically studied the behaviour between the turbulent stress
transport k-e eddy viscosity model; the finite volume method has been used to perform a contrast
of the closured Reynolds-stress transports module (RSM) with the k-¢ eddy viscosity model in the
fluid flow region; moreover, the researcher has observed in the swirl tube that by using the
Reynolds-stress transport module (RSM), the downstairs sublayer of fluid was returning. This is

the velocity predicted in the turbulent field.

lplet Inlet Inlet
from Hilsch tubes from Hilsch tubes
Outlet
Outlet
to orifice meter
Top view [ Side view
175 mm 175 mm
, | . 100 mm - 4_69ﬂ o= 9.38mm
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15,

Figure 2-23: Representation of the vortex chamber tube diagram [112]

These are all stable agreements for both module measurements. Sydem et al.[123] also confirmed
the explicit 'algebraic Reynolds-stress model (EARSM) using the 'standard k-e eddy viscosity
model'. In the turbulent swirling flow, a vortex breaks down the RSM simulation. The researcher
found that a k-¢ fails to predict the occurrence of breakdown; however, vortex breakdown is
reasonable to expect in the RSM. Additionally, this extra work combines the cooling flow tube
studies with the RSM and eddy viscosity mentioned by Jakirlic et al. [124], and Chen et al.[125]
such as following this, Varna et al.[88] Counted the same swirl cooling chamber geometry for the
heat transfer behaviour, which has been investigated and considered as one radial and two axial
inlets, tangential and outlet. Researchers have found that the heat transfers from the numerical and
experimental results matched well; however, close to the wall, the flow does not separate well
when using k-e turbulent model, as shown in Fig 2.23 [112]. Paik et al.[126] looked at the swirl
cooling flow utilising a Detached Eddy Simulation (DES) method for modelling turbulence for
abrupt expansion. The Reynolds number and swirl numbers ranged from 30,000 (3.0 x 10"4) to
100,000 (1.0 x 10 *5) and from 0.17 to 1.23, respectively. The turbulent flow field reasonably
satisfies numerical and experimental results Liu et al.[127] in further internal swirl cooling

simulation investigations.
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There are two rectangular sections in the inlet, which produces tangential flow in the swirl pipe.
The Reynolds number is constant for all three cases of injections (nozzles) to investigate the
pressure drop and heat transfer for this swirl cooling tube, using this same geometry as Hay et
al.[120]. They proposed the schematic swirl cooling chamber geometry specification as shown in

Fig 2.24 [127].

Swirl pipe
Outlet
(\‘ | duct

< y(spanwise) P

Inlet duciq b Inlet duct 2

Figure 2-24: Schematic geometry for the swirl cooling chamber specifications [127]

Numerical studies the swirl cooling tube using the Reynolds number range 10,000 to 40,000 with
swirl number of 2.36 to 5.3 is mentioned in [128]. Furthermore, Kobiela et al.[81] found that
numerical investigation of the temperature behaviour is more in the swirl cooling chamber tube
flow. Choi et al.[106] investigated the same geometry specifications, and the same swirl cooling
geometry. Further research by Speziale et al. [129] studied that the eccentric opening and centred
outlet orifices shape variable, concluding that both numerical and experimental data presented good
validation. Furthermore another types of double swirl cooling chamber tube (DSC) is a another
different type of swirl cooling technique proposed by Kusterer et al. [130] where the double swirl
cooling (DSC) was merged between two swirl cooling tubes (two vortex tube). Validated with
CFD results for thermal performance found a link between heat transfer and pressure drop with
the single stage swirl cooling chamber tube. Caretto et al.[131] found that the three-dimensional
boundary layer flow mainly depends on (1) the variable of the velocity and pressure, (2) the
condition of the number of staggered, interlacing grids, each of which is associated with (3) the
main upwind difference and (4) the solution of the algorithms implicit steady state. Bunker et al.[132]
did numerical calculations to examine various techniques for minimising tip leakage flow and heat
transfer on the GE-E high-pressure turbine (HPT) rotor blade. This simulation work maximises
the leakage flow and heat transfer distribution in the swirl cooling blade. This CFD results were
compared with experimental results with. Liu et al.[133] showing that a numerical study that made

it possible to predict the swirl cooling of a model of the cooling passage.
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The simulation of the swirl cooling tangential inlet jets in a circular pipe was compared with
available experimental data. However, the circular pipe features a single rectangular tangential
inlet jet or two rectangular tangential jets, which are used for pressure drop and heat transfer.
Grundmann et al.[109 a] studied the comparison of three different internal cooling configurations
ofthe leading edge of a turbine blade through, impingement cooling, swirl cooling, and double swirl
cooling. Their numerical investigation considered, various nozzle directions for better pressure

drop and thermal efficiency and these CFD results were validated with experimental results.

Lin et al. [111] introduced the double swirl cooling system (DSC) cooling technology, and based
on the model, they attempted to increase the gas turbine inlet temperature and improve the thermal
efficiency of the gas turbine leading edge. Instead of the single cooling chamber, the double cooling
chamber system is better for higher heat transfer and lower pressure drop; the swirl cooling DSC

cooling configuration specification is shown in Fig 2.25 [135].

Figure 2-25: Schematic double swirl cooling (DSC) configurations [135]

Karsten et al.[109 b] conducted a numerical study on the three types of film holes to investigate
the effect of coolant swirling motion on film cooling efficiency. This film's cooling effectiveness
and heat transfer coefficients for injection was beneficial. In additional Bunker et al. [132]
investigated the double swirl cooling mechanism technology, which involves the flow of the gas
turbine system's vortex cooling mechanism, leading-edge analysis, and its impact on heat transfer
and friction. Based on this double swirl cooling model, it decreased the pressure drop and

improved thermal efficiency, and these CFD Results were validated with experimental results.
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Table 2-4: Numerical investigations for swirl cooling chambers (tube) — highlighting the (researchers) work

Author Year Rep Highlighting their research
x 103
Hogg and 1989 - Finite volume method was used in this simulation k — €, RSM was major part to find the thermal performance and heat transfer
Leschziner [136]
1995 10 It has been showed the ‘sampling — based dynamic process’ by using this k — e, EARSM by increasing the numerical results on
Spall et al., [137] discretization method, and Richardson extrapolation technic were used for the 2D model at constant Reynolds number.
Spall and Ashby | 1999 130 Used the flat duct to find out the swirl flow pressure drops and heat transfer by suing this RSM k — €, turbulent models
[123]
1999 Rein Two different types such as 2.25m and 0.85 were investigation by using this RSM, k — €, quadratic pressure-strain model, and
Chen and Lin =125 | conclude the 0.85 is the good for validation for both pressure distribution.
[125]
Jakirli¢ et al. 2002 50 Validation between the experimental and numerical data from using this Eddy-Viscosity Models (ESM) and RSM on single swirl
[115] cooling tube rotational flow. To observe the behaviour of the pressure distribution on the tube
Kazantsevaetal. | 2005 - The numerical results were validated with the experimental data by using this turbulent models SST k — €, and flow visualization on
[138] swirl cooling tube flow pattern can be observed.
Ling et al. [112] | 2006 | 1.8-72 | Numerical investigation to find the heat transfer on swirl cooing tube and the FLUENT k — € turbulent model were used, and by hot
wire anemometry to find vortex fluid flow activities.
Gupta and 2007 | 9-18 Numerical studied the swirl cooling inlet and outlet exist tangential tube by using the velocimetry (PVT) for this simulation and
Kumar [139] FLUENT k — € turbulent model used for the pressure drop of the tube.
Paik and 2010 | 30-100 | Numerical investigation of the swirl cooling tube used the different types of Reynolds number and swirl number (S = 0.17 — 1.23)
Sotiropoulos[126] using the DES model to find the heat transfer.
Liu et al. [133] 2011 54 Numerical investigation of the swirl cooling chamber (tube), and SST, k — €, k w, RNG these turbulent modules were used for to find
— 24.6 | the heat transfer behaviours.
Liu et al. [127] 2013 5.4 In additional, as reported in [133] used the same geometry was used for further numerical investigation.
-10
Kusterer et al. 2013 10.5 | Numerical researched for Double swirl chamber (DSC), Star CCM +, SST, V2F, k — € turbulent model use for the heat transfer.
[130]
Lin et al. [140] 2014 Rejq [133] same geometry was used for this heat transfer by using the DSC, Star CCM + with SST, V2F, k — €, Spalart-Allmaras turbulent
=15 models.
Foroutan et al., 2014 - The numerical investigation for Partially averaged Navier-Stokes (PANS) model compared to DDES and SST and conclude the

[141]

pressure drop and heat transfer behaviours.
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2.7 Scientific research gaps (from experimental and numerical analysis for swirl cooling).
Several researcher have conducted experimental and numerical analyses and optimisations of
vortex cooling within a gas turbine blade's leading edge. Researchers mainly focus on pressure

loss, heat transfer, and cooling efficiency.

Lin et al.[142] used the SSTk -w model as part of a numerical investigation of the heat transfers,
pressure loss, and cooling effect with two swirl chambers and single swirl and double swirl
chambers. They merged two chambers with a merge ratio of 20%, and heat transfer was measured.
The findings of Yang et al.[143] showed that single swirl cooling pressure drop, and static pressure
were quite different; they increased the merging ratio by from 20% to 30% of the thermal
performance of both models, as presented in Fig 2.26 [142].

_~Outlet

Figure 2-26: Schematic swirl cooling gas turbine blade leading edge by [142]

According to this research, validation with various turbulence models, including the SSTk -«,
realisable k-e, and V2F, is necessary to investigate the merging between double swirl cooling
chambers (DSC). Double join shaped double swirl cooling is developed with proper fluid mixing
in a double swirl cooling chamber; researchers have found that it is 7.5 times larger than standard
swirl cooling chamber turbulent flow as noted in [133]. The Nusselt number of this model is 41%
larger than that of the standard swirl cooling chamber, however which indicates enhanced cooling
performance, and it helps remove heat from the blade surface. This means it maintains a lower
blade temperature with the same operation conditions. This blade remains cooler for this double
cooling chamber (DSC), and an improvement was based on the single-stage design. The present
research work merging the double-swirl cooling chamber does not reduce the pressure drop and
improve cooling efficiency as reported in [144]. However, further modification is needed for the
double-swirl cooling chambers (DSC) with a nozzle to reduce the pressure drop and improve
cooling efficiency. Fan et al. [145] numerically studied pressure loss and heat transfer for swirl,
film, and no-film cooling configurations. The diameter of the film cooling increased the mass flow

and the temperature ratio.
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In all cases, the mass flow rate is constant in every film cooling hole and increased by 5.2% due
to heat intensity. Consequently, pressure fluctuations were observed in all cases in [146]. Further,
increasing the diameter of the film cooling holes from 0.1% to a larger value increases the
velocity upstream, and the downstream velocity decreases due to this increase, as shown in Fig

2.27 [145].

outlet
outlet

[}

Front view Side view

inlcll inlet2 injet3 inlcl-l inletS inlch inlcl? inlclS inlet9

L f 18 film hole outlets film hole outlets
Figure 2-27: Details of the vortex cooling chamber according to [145]

In all cases, the mass flow rate is constant in every film cooling hole and increased by 5.2%,
resulting in pressure fluctuations in all cases as noted in [147]. Moreover, they used 0.1 sizing of
film cooling holes, and between these holes, there is not much distance between these film cooling
holes. Finally, they compared this model with single-stage vortex cooling using nine fixed
continuous nozzles, and specifically, they utilised nozzles 1,5, and 9 for constant flow in [148].
However, modifying (reducing) the vortex nozzle size and film cooling hole sizes on the double
vortex cooling chambers makes it possible to get a 0.25% reasonable pressure drop. Ran Yao et
al. [75] studied pressure loss, cooling efficiency and heat transfer in single and multi-swirl cooling
chambers. Numerical data from this multi-stage vortex cooling system simulation determined the
relevant heat transfer of multi-stage vortex cooling. For a Reynolds number of 40,000, the average
Nusselt number in the three-stage swirl cooling structure is improved by 75 % over the single-
stage swirl cooling. These higher heat transfers from the blade surface are more effective; this

output is that the blade surface is significantly cooled.

The researcher found that a single-stage swirl cooling gas turbine blade leading edge structure
can be nearly 100 K lower than a multi-stage one. Nevertheless, the heat transfer is higher in
multi-stage systems, and the pressure loss is in the higher range between 5 -8% as mentioned in

[149].
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Bend connected with the adjacent stages were modified into a round shape; therefore, heat
transfer and pressure loss are less [150]. However, further modification of the multi-stage cooling
chambers' size, including nozzle thickness, can enable a better pressure to drop and improved

cooling efficiency for the swirl cooling gas turbine blade leading edge.

In additionally, Fawzy et al.[151] stated that the optimisation of the compound unit of swirl
cooling and impingement cooling technique involves using a multi-conical nozzle on a gas
turbine blade, which achieves a 97.7% ratio at constant temperature and increased efficiency.
The Nusselt number is 11% if the temperature ratio is 0.65 to 0.95, with an identical nozzle
Reynolds number of 10,000 to 15,000. They compared the experiment and optimised results for
better temperature distribution and heat transfer in the compound cooling gas turbine blade

leading edge as mentioned in [152].

The flow and heat transfer behavior, and they used a single-stage circular-shaped chamber with
ten nozzles for swirl and nine nozzles for impingement cooling. The researcher achieved cooling
47.0% to 49.5% with each conical nozzle and optimised a high Reynolds number and
Temperature ratio (TR) of this model. Unfortunately, there is no such gap between this nozzle,
for better flow distribution, and conical nozzles are not suitable for better flow distribution: this
always flows will hammering. However, further modification of nozzles to change the conical
nozzle to an angle can make it possible to get better flow and less pressure drop. Du et al.[154]
improved gas turbine blade leading heat transfer, pressure loss, and cooling efficiency under the
rotation condition of the swirl cooling channel with nine attached nozzles. This was done by
solving, 3D steady RANS equations and grid independence used for numerical analysis. In this
analysis, velocity and streamlining are not sensitive to rotating directions. In this work,
researchers utilised a single—stage vortex cooling chamber equipped with nine vertical Smm
nozzles, employing rotation number mechanisms to solve the RANS and the standard k-@
turbulence model. This is an effect of the heat transfer distribution of all nozzles, and hence,
constant rotational number Ro, of 0.384 for increasing the vortex air velocity cooling, pressure

drop, and heat transfer intensity of this model as reported in [155].

64



However, further modification of a multi—stage cooling (MSC) chamber (10.11) with nozzle
size (Smm) and constant rotation number (Ro). It can increase velocity by streamlining in very
sensitive directions with a little higher possibility of reducing the backflow (Newton's law 2"

of motion) will decrease the pressure loss and improve the cooling efficiency.

According to Fawzy et al.[156] pressure loss, cooling efficiency and heat transfer in multi- swirl
cooling chambers. Numerical data from this multi-stage spiral cooling system simulation
determined the relevant heat transfer of the multi-stage vortex cooling. They used six conical
nozzles with different angles set up in the nozzle area RANS simulation coupled with the SST

k-w were used, as mentioned in Fig 2.28 [156].
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Figure 2-28: Swirl cooling dimensional specifications [156]

The researcher compared CFD with experimental data in this model. A multi-stage swirl cooling
chamber with six conical nozzles was set up with 60, 70, 90, and 105 degrees at nozzle inlets
area as reference in [157]. With a constant Reynolds number in each nozzle the researchers
studied which nozzle is best for heat transfer distribution and thermal efficiency of the cooling
blade.

Outcome from this research showed that slightly increasing the angle of each of four nozzle, set
up a 105- degree angle, improving 29.9% of heat transfer with a constant Reynolds number
[158]. However further modification is necessary because of the conical-shaped nozzle is
unsuitable for reducing pressure drop and improving cooling efficiency this research outcome is
an increased frictional loss. Additional investigation by Xiaojun et al.[162] studied pressure
loss, cooling efficiency and heat transfer to evaluate an effectiveness of different cooling

methods.
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In this research different configurations swirl cooling chambers have been used, and based on
this research work outcome vortex cooling method has more pressure loss and heat transfer
intensity, and double multi-vortex cooling makes more pressure loss and is best for heat transfer

performance.

This work is compared with different cooling configuration methods, such as impingement
cooling and double vortex cooling of the turbine blade leading edge. RANS equation coupled
with standard k- is used, and the mass flow of each nozzle is increased from upstream to
downstream, the cooling method is significant to heat transfer performance Zhang et al.[160]
investigated middle double vortex cooling suitable for better heat transfer performance.
However, further modification of mismatched cooling nozzles (4 mm) and coolant chamber
(9.903 mm) of the gas turbine blade leading edge can make it possible to improve the cooling

efficiency and decrease the pressure drop.

Biegger et al.[161] reported improvements in heat transfer and pressure drop comparing the
Detached Eddy Simulation (DES) and their own experimental data. This model was validated
with double-swirl cooling (DSC). This work is compared with the own experimental data and
DSC literature review, and the behaviours of heat transfer performance, pressure drop, and axial
velocity were investigated. The complex 3D problem used RANS equations, and a Spalart—
Allmaras (SA) turbulence model used. The axial velocity of the near-inlet wall chamber is a
high heat transfer performance of more than eight times of a smooth cooling chamber in [162].
The swirl cooling chamber has a 1.0 % tolerance and a 4.5 mm nozzle size. However, further
modification of the clearance between the edges should be (0.6-0.8%) with increases in the
partition’s stages in a swirl tube. It is possible to improve the backflow with a decrease in the

pressure loss and get better cooling efficiency.

2.8 The important points of these research gaps are from this chapter

1. Modification is needed for the double-swirl cooling chambers (DSC) with a nozzle to
reduce the pressure drop and improve cooling efficiency.

2. Reducing the vortex nozzle size on the double vortex cooling chambers makes it
possible to achieve both cooling efficiency and pressure drop.

3. This modification can make it possible to obtain a better pressure drop and improve
the cooling efficiency of the swirl cooling gas turbine blade leading edge.

4. Further modification of nozzles to change the conical nozzle to an angle can make it

possible to get better flow and less pressure drop.
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5. A further modification is needed because the conical-shaped nozzle is unsuitable for
decreasing the pressure drop and cooling efficiency, and there are more frictional
losses.

6. Further modification of mismatched cooling nozzles (4mm) and coolant chamber
(9.903mm) of the gas turbine blade leading edge can make it possible to improve the
cooling efficiency and decrease the pressure drop.

7. Further modification of the clearance between the edges should be (0.6-0.8%) with
increases in the partition’s stages in a swirl tube. It is possible to improve a Backflow

with a decrease in the pressure loss.

Research gap

The methods covered in this literature review for internal swirl cooling of gas turbine blade
leading edge mainly focus on the fluid flow and thermal activities of internal cooling behaviour;
based on this, several studies have been obtained the desired improvement in cooling similar
finding were absorbed by Rao et al.[75], Bunker et al.[163], and Yang et al. [144]. A aerospace
and aviation industries are looking to improve their productivity and the quality of work. These
are the major difficulties for industries; they require improvement and addressing these issues,
and running complex analysis for these improvements to a reasonable series of values is essential
for conducting these simulation models several times; however, given the enormous time and
energy required, such an endeavour is not practical. To improve this CFD extensively used are
outlined in this literature review. CFD is useful for solving complex analysis, improving the

thermal and cooling efficiency of the blade.

The swirl cooling chamber geometry configuration with three-stage rounding plays a critical role
in establishing both pressure drop and heat transfer performance. Further modification for the
three-stage swirl cooling chamber feature, such as rounding each parameter (such as 2mm, 4mm,
and 6mm), directly influences the effective pressure drop, thermal performance, heat transfer,
and flow distributions. However, three-stage swirl cooling channels with a rounded shape
improve the internal behaviour characteristics, such as convection mixing of heat transfer and fluid
flow distribution, which were found from further parametric studies. Each rounded swirl cooling
channel reduces the pressure drop and improves the thermal behaviour. These rounded geometry

adaptations improve efficiency and pressure drop simultaneously.
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Finally, it was validated with experimental data, and CFD output improvement and values from
past simulation and experimental work on this internal swirl cooling of a gas turbine blade

leading edge.

2.9 Summary

This Literature review (Chapter 2) chapter altogether provides the theory of the background
information for heat transfer and fluid flow; this outline of the literature review is related to the
cooling of the gas turbine blade leading edge and CFD software used for the cooling of the
turbine blade leading edge. The present cooling technique is available in this literature review.
Based on the assumptions highlighted in these models, it was discussed that prediction reliability
is required in this model. Related to this model, one of the vital issues, which is used for the
correlation of empirical of turbulent diffusivities (for internal cooling) and sublayer viscous
thickness (for internal cooling), was complex and finding the cooling thermal efficiency due to
the flow is challenging to understand. However, for this issue CFD is very useful for solving these
problems. By using the CFD technique, accurate predictions with pressure drop and heat
transfer for enhancement on internal cooling of the gas turbine blade leading edge can be

achieved.

This current research focuses on the swirl cooling of the gas turbine blade's leading edge. This
blade is called the MT-1 gas turbine blade, and created several swirl cooling channels design
based on the MT- blade investigated the uses of these swirl cooling channels to find the thermal
activities such as thermal performance of each model, pressure drop, and heat transfer with based
of this further investigated the CFD parametric study of the multi-stage cooling channels to find
the best cooling model to sustain thermal and pressure drop activities. The present study were
investigated convective heat transfer inside the cooling configurations, and conduction within

the solid blade.

A review of the design of the MT-1 blade is provided in next chapter which is the basic for the
methodology in this thesis.
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Chapter 3: Validation for MT-1 blade mixing plane

3.1 Introduction

This chapter is the first step of the methodology. It shows the work done to accurately simulate
the flow past a generic turbine blade. This involves comparison between CFD simulation and
experimental for the flow around a turbine blade. It gives confidence that pressure can be well
predicted around the blade’s perimeter. It focuses on the flow characteristics around a generic
high-pressure turbine blade including the implementation of a mixing plane to separate stator and
rotor. A thorough numerical analysis is made to allow comparison with experimental data of
pressure distributions and heat transfer results. This validation is carried out to assess the

reliability and accuracy of the numerical method which will be used in later chapters in this thesis.

3.1.1 Rolls—Royce high-pressure gas turbine blade

The mixing plane design was done in SolidWorks software [164], and is based on a Rolls-Royce
High- pressure gas turbine blades which is provide complete geometry in STL format. Fig 3.1 as
shown the full 3D geometry. For 2D cases, the SolidWorks slicing tool was used to extract shape
of the fluid as shown in Fig 3.2.

0.000 0.100 (rm)
0.050

®)
Figure 3-1: (a) and (b)- Rolls—Royce MT-1 3D blade
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Figure 3-2: 2D gas turbine blade solid works model

However, there are several stator and rotor sections in this 2D gas turbine blade. The stator and

rotor blade for this mixing plane are taken here, as shown in Fig 3.2. The stator (NGV) and rotor

blade specifications are illustrated in Table 3.1.

Table 3-1: 2D gas turbine blade stator (NGV), and rotor specification

S.L. | Parameters for NGV Values Parameters for rotor Values
No (stator).
01 Chord (C) 69.82 [mm] Chord (C) 37.5 [mm]
02 Max Thickness (t) 14.52 [mm] Max Thickness (t) 2 [mm]
03 No of blades 32 No of blades 60
04 Blade angle inlet(o.1) 42° Blade Angle inlet (1) 37.2°
05 Blade angle outlet(o2) 67° Blade Angle outlet (2) 60°

The 2D SolidWorks stator and rotor blade model is imported into ANSYS 2022 R1 design

modeller to create a fluid flow domain of the stator and rotor blade, as illustrated in Fig 3.3.

Figure 3-3: 2D gas turbine blade Ansys design modeller

The main external domain has been created for this 2D gas turbine blade and this complete wall.

The inlet stator and outlet rotor’s periodic boundary condition are based on gas turbine high-

pressure turbine (HPT) on of the stator and rotor blade. However, these sizes are based on the

literature review in [165].
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Moreover, the inlet and outlet periodic of the 2D stator (NGV) and rotor blade are 54.4 mm for

the stator, which is called as H1, and 29.3mm for the rotor, this is called as H2, which is taken

based on the calculations.

3.2 High-pressure gas turbine (HPT) blade 2D Mesh design
A structured hexahedra mesh block was used in this fluid flow 2D gas turbine blade stator (NGV),

and rotor for simulation geometry parameters are described in Table 3.1.

Table 3-2: 2D gas turbine blade stator (NGV) and rotor blade mesh specifications

S. no Parameters for NGV Values Parameters for rotor Values
(stator).
01 Number of elements 9082 Number of elements 6414
02 Nodes 14121 Nodes 10074
03 Size factor 1 Size factor 0.88
05 Expansion rate 1.3 Expansion rate 1.3
06 Spanwise elements 2 Spanwise elements 2
07 Edge Length ratio 13.6 Edge Length ratio 242
08 Minimum face angle () 57.792 [deg] Minimum face angle () 57.640 [deg]
09 Maximum face angle () 112.366 [deg] Maximum face angle () 115.014 [deg]
10 Maximum skewness 0.50786 Maximum skewness 0.50955

This main domain uses structured mesh and it has complete specifications, as shown in Table

3.2. The name selection for this domain, includes such as pressure boundaries, wall, and periodic

ones, and inlet-outlet of this stator and rotor blades, has been given, as illustrated in Fig 3.4.

Figure 3-4: 2D gas turbine blade ANSYS Turbo gird mesh

For better flow distribution, smooth inflation layers have to be used in the near-surface turbine

blade, and the ten layers have to be used [74].
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Figure 3-5 (a) to (f): 2D gas turbine blade ANSYS turbo grid mesh

Fig 3.5(a) illustrates that the turbo grid mesh is utilised across the whole stator (NGV) structured
mesh, including a full periodic boundary, such as an inlet to an outlet. Fig 3. 6 (b, ¢ and d) reveals,
that the 2D gas turbine blade stator (NGV), which is located near the blade, uses a structured
block mesh. The 2D gas turbine blade rotor is a block mesh with a specific structure that allows
for complete periodic boundaries from the intake to the outlet. The mesh is designed to closely
surround the rotor blade, as seen in Fig 3.5 (e,f). In this 2D mixing plane, different types of grids

were used, such as the mesh factor between 0.5, 2, and 3, as shown in Fig 3.6.

By o

(a):2D Stator 0.5x mesh (d): 2D Rotor 0.5x mesh
(c): 2D Stator 2x mesh (d): 2D Rotor 2x mesh
(e): 2D stator 3x mesh (f): 2D Rotor 3x Mesh

Figure 3-6: 2D Gas turbine blade model mesh factor between 0.5, 2, and 3 Grid independent studies
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Table 3-3:2D gas turbine blade Mixing plane 0.5x,2x, and 3x grid independence studies.

S.L no Parameters for NGV (stator) Mesh Parameters for Mesh
sizes rotor sizes

01 Number of elements 9082 Number of elements 6414
02 0.5x 13623 0.5x 9621
03 2x 18164 2x 12828
04 3x 27246 3x 19242

Table 3.3 shows various meshes with scaling factors of 0.5x, 2x, and 3x for mesh independence
study with meshes shown in Fig 3.6. Both stator and rotor blades have slightly increased elements

based on the refinements used.

3.3 Set-up of 2D simulation work
Table 3-4: Set up of 2D gas turbine blade Simulation work

Input Selections
General Pressure-based solver
Materials — Air — Density — Other inputs Ideal Gas Law — Constant
Momentum and Thermal Bc¢’s Stator inlet
Pressure inlet stator

Reference frame — Absolute

Guage Total pressure (pa)- 461500

Direction Specification Method — Normal to direction.
Total Temperature (K) - 444.15

Pressure outlet Rotor.

Backflow reference frame —Absolute

Guage pressure (pa) — 143100

Backflow pressure specifications — Total pressure.
Backflow Total Temperature (k)-300.

Wall top —stator and rotor — Translations
Momentum — wall motion — Stationary.

Mixing plane model Stator outlet: rotor inlet
Solution method Scheme

Coupled

Gradient

Green Gauss node based

all 2" orders Upwind
Monitors — le-6 for energy 1e-5 for rest
Residuals

The set-up of the stator and rotor blade computation domain is shown in Fig 3.3, and the velocity
at the mixing plane between the stator and rotor blade shows the flow crosses the mixing planes.
Due to recent update of the Ansys Fluent pressure-based solver, it can solve any complex flows
at higher Mach numbers so this solver was used, with the mixing plane. Density-based solvers

can be used at higher Mach numbers such as 2-3.
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Meanwhile, the momentum and thermal boundary conditions play a major role in the solutions
which is known past experimental published work. The pressure was set up, such that the total
pressure inlet is 461500 Pa, and the rotor is outlet pressure is 143100 Pa, and the periodic
boundaries are 300 K. However the bottom and top walls are stationary ( stator), while the rotor
is motion which is modeled with a translating wall. Improve the mixing plane interface stability

but does not enforce conversion is an continuously checked after all each simulation.
In this 2D simulation, the coupled method is used and the Green Gauss node based gradient

scheme is used with all 20d order upwind discretisation schemes for calculating flow variables.
If the iterations are more, it can lead to fluctuations of convergence in [166] because of the
reduced number of iterations for simultaneously solving the pressure and momentum

equations as mentioned in Table 3.4.

3.4 Quantitative results

To generate 2D validation results, the experimental data is manipulated for this investigation
acquired from the three-dimensional geometry. Equivalent two- dimensional simulations are
performed at the mid-span of the high-pressure turbine blades. This primary 2D analysis is

performed as a validation step to check CFD simulation accuracy.

It allows for assessing pressure distributions and heat transfer for different combinations of
turbulence models and mesh density, aligning with experimental observations. However, these
outcomes and comprehensions implied from the 2D simulation analysis will form the basis for

thorough 3D simulation studies, later in this chapter.

P/P0 vs X/C for NGV

®  Test [166]

KW SST

0.8
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Figure 3-7: 2D gas turbine blade stator pressure distribution
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Figure 3.17 presents a comparison of the pressure ratio (P/P0) along the normalised chord length
(x/c) of a stator between calculations of simulation and experimental data. The green line
corresponds to the simulation results, where the orange dots correspond to the experimental data
points. The results exhibiting a pressure decrease down the chord with occasional variations at
the trailing edge, as shown in Fig 3.7. Disparities exist between the simulation and empirical data,
notably in the mid to trailing-edge areas and the experimental data points from the leading edge
going downstream, and near the trailing edge on the suction side of the rotor blade. Potential
causes of these differences may include oversimplifications in the simulation and experimental

measurement inaccuracies.

P/P0 vs X/C for Rotor
0.7
06 @ — ® o © . ®  Test[166]
®
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0
0 0.2 0.4 0.6 0.8 1 1.2
X/C

Figure 3-8: 2D gas turbine blade rotor pressure distribution
The comparison of the rotor blade between actual data as represented in orange dots and
simulation blue line and these simulation studies the overall pressure distribution pattern
throughout the rotor blade. However, significant differences are observed compared to the actual
data, particularly in the area from the mid-chord to the trailing edge. Both the experimental data
and the simulation results indicate a decrease in pressure from the leading edge to the trailing

edge. However, the simulation analysis predicts a significant drop in the rotor blade.
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3.4.1 Grid independence studies

In this simulation, the baseline & -w selected turbulence model was used, which requires y* =1 for
the grid independence study. The grid independence studies for the pressure ratio (P/P0) along the
chord length (x/c) of a stator are depicted in Fig 3.9. The study compared data obtained from four
distinct mesh resolutions. Mesh GI 1x is represented by a blue line stator GI 0.5x represented an
orange line, mesh GI 2x, and stator GI 3x represented a purple line. However, the close and

overlap of these line confirms consistency.

1.2 ——NGV_1x
NGV_GI_0.5x
=2 NGV_GI_2x
——NGV Gl 3x
0.8
&
-0 0.6
0.4
0.2
0
-0.20 0.00 0.20 0.40 . 0.60 0.80 1.00 1.20

Figure 3-9: 2D gas turbine blade Stator (NGV) Grid independence studies

However, the proximity of these lines indicates the performance features, especially with
pressure distribution and a grid independence study of a stator. The study compared data obtained
from four distinct mesh resolutions. Stator GI 1x represented a blue line Stator GI 0.5x represented
an orange line stator GI 2x, and stator GI 3x represented a green and purple line. However, the

proximity of these lines indicates the performance features, especially with pressure distribution.

0.7
== Rotor_Ix

0.6

Rotor_GI_0.5x
Rotor_GI_2x
Rotor GI 3x

0.5

04

P/P0O

0.3

02 0 02 04 0.6 0.8 1 12
x/c

Figure 3-10: 2D gas turbine blade rotor Grid independence studies
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Fig 3.10 shows the pressure distribution around the rotor for different meshes in the mesh
independence study, the pressure ratio begins at the leading edge (x/c = 0). It decreases
progressively throughout the blade, peaking around the mid-chord and then increasing near the

trailing edge.

Minor variances are apparent, particularly around the leading and trailing edges, but these
differences are generally tiny. This shows that the finer meshes between the rotor GI 2x and

Rotor GI 3x provide similar results.

3.4.2 Turbulence models for 2D mixing plane

Fig 3.11 shows the two-coloured lines are the NGV _k -¢ 30 and NGV_ RNG 30 turbulence
models, which Y = 30. These two lines follow remarkably similar paths, representing that the
overall pressure distribution along the vane is consistent across these two turbulence model type.
Two lines derive from a high-pressure ratio at the leading edge. Moreover, the pressure gradually
reduces as the flow progresses down the vane, reaching its lowest point adjacent to the mid-chord.
In the vicinity of the trailing edge (x/c) at 1, some variations in pressure manifest between both

turbulence models.

NGV _KE_y+30
. ——— NGV_RNG_y+30

0.8

0.6

P/P0O

04
0:2

0
-0.20 0.00 0.20 0.40 x/c 0.60 0.80 1.00 1.20

Figure 3-11: 2D gas turbine blade NGV _k - ¢ _y+30, and NGV_RNG_y+30 Turbulence models

The pressure ratio (P/P0) of a rotor blade under two distinct situations is seen in Fig 3.12, and
two colours indicate the 2D gas turbine blade mixing planes, k-¢ y+30 and RNG y+30. In these
rotor k-¢ y+30 and stator RNG y+30 turbulence models, these line’s basic form represents that the
pressure distribution along the blade is consistent under both scenarios.

Both the rotor k-¢ y+30 and stator RNG y+30 turbulence model scenarios begin with a high-
pressure ratio at the leading edge (x/c) at 0, gradually falling as the flow advances along the
blade, and the pressure ratio is lowest near mid-chord (x/c) is between 0.5 to 0.7, showing flow

separation.
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A variation in both lines close to the trailing edge (x/c) at 1 represents intricate pressure

separation

0.7 Rotor_KE y+30
Rotor RNG_y+30

0.6

0.4

P/PO

0.3
0.2

0:1

-0.2 0 0.2 0.4 0.6 0.8 1 12
x/c

Figure 3-12: 2D gas turbine blade rotor _k-¢ y+30, and NGV_RNG_y+30 Turbulence models

3.4.3 Grid independence study with different types of turbulent models results

Fig 3.13 shows the 2D pressure distributions; specifically, k-w, baseline y “= 1 and further other
turbulence models are k-¢, and RNG for all simulation scenarios. These simulation results indicate
a high-pressure ratio at the leading edge corresponding to the high inlet pressure, and the pressure
ratio consistently declines as the flow progresses downstream on the vane surface, ultimately
reaching its lowest point around the mid-chord x/c at locations between 0.5 and 0.7. A pressure
distribution near the trailing edge (x/c) at 1 is a common occurrence resulting from flow
separation. However, NGV_GI 0.5x, k- @, has shown to be suitable for all this pressure

distribution.

Rotor_1x

07 Rotor_GI_0.5x
Rotor_GI_2x

0.6 Rotor_GI_3x
Rotor KE y+30

0.5 Rotor RNG_y+30

P/PO

0.4

0.3

0.2

0.1

-0:2 0

0.2 0.4 0.6 0.8 1 1.2
x/c

Figure 3-13: 2D mixing plane stator (NGV) Grid independence studies with k- o, k-¢_y+30,
and NGV_RNG_y+30 Turbulence models

A pressure ratio reaches its maximum value at the leading edge, indicating the presence of a high
intake pressure. The pressure of the flow reduces as it progresses down the rotor blade, ultimately

reaching its minimum value over the mid-chord (x/c) ranging from 0.5 to 0.7.
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A slight pressure fluctuation or increase is observed at the trailing edge (x/c) at 1, trailing edge
effects of the grid independence studies, and different turbulent modules, as shown in Fig 3.14.
However, NGV _GI 0.5x, k- @ has shown to be suitable for all this rotor pressure distribution.

All these 2D gas turbine blade mixing plane simulations were validated with experimental data.

07 m—— Rotor_lx
: Rotor_GI_0.5x
0.6 Rotor_GI_2x
Rotor_GI_3x
0.5 Rotor KE y+30
Rotor RNG_y+30
0.4
- 0.3
&
= 0.2
0.1
0
-0.2 0 0.2 0.4 0.6 0.8 1 1.2

Figure 3-14: 2D MT-1 mixing plane rotor Grid independence studies with k-, k-¢_y* =30 and
NGV_RNG_ y* =30 Turbulence models

3.5 Qualitative results for Baseline k-& and k-¢ y* = 30 flow visualisations

The relative velocity magnitude contour of the 2D gas turbine blade, shown in Fig 3.15 indicates
the complete mixing plane of the stator and rotor blade. This flow is shown around the stator and
rotor blades. The velocity is low in the near stator area, indicated by the blue region, and the
mixing plane regions on both blades, green and yellow, represent moderate velocities, with the
red region is near the rotor blade, as shown in Fig 3.15 (a). However, the velocity distribution in
the stationary frame is analysed within a two-dimensional 2D gas turbine blade mixing plane.
Nevertheless, the velocity scale spans from 0 m/s, represented as blue, to 468.91 m/s, represented
as red, and the flow begins at a modest velocity, as seen in blue, coloured green to yellow, as
shown in Fig 3.15 (b). It ultimately reaches its maximum velocity near the narrow throat and

directly downstream; however, red and orange spots represent the regions with the maximum

velocity.
Velocity in Stn Frame
Velocity in Stn Frame
468.01 !4“ 9
43458 4354

= 40192
$3843

I 401.15
367.72
334.29
300.86
267.43
234.00
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133.72
100.29
66.86
3343

@ (b)

Figure 3-15: Contour velocity relative magnitude through the stator and rotor blade
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Fig 3.16 (a) depicts the 2D gas turbine blade mixing plane and a different pressure range in the
frame. The total pressure ranges from 121.26 kPa (blue) to 557.63 kPa (red). However, high-
pressure zones vary from yellow which is the inlet and outlet of the stator blade to a red colour
which is located near the inlet of the rotor blade and are situated mainly upstream of the
contraction. In contrast, the low-pressure zones, which range from green to blue, downstream

of the rotor blade.

Total pressure distribution in a stationary frame within a 2D mixing plane. The pressure is
expressed in kilopascals (kPa), with the colour scale ranging from 119.96 kPa, exhibited in

blue, to 558.35 kPa, shown red, as illustrated in Fig 3.16 (b).

However, the yellow zone represents areas of higher pressure, which progressively transitions
to lower pressure, as depicted by the blue region. A notable pressure decreases over the flow

channel, notably around the narrow section.
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Figure 3-16: Contour pressure in frame through the stator and rotor blade

3.5.1 Contour velocity relative Mach number

Fig 3.17 shows the distribution of Mach number in the flow field. The Mach number, the ratio
of the flow speed, is depicted on the contour map using a variety of colours. The red (Mach 1.24)
denotes the maximum Mach number seen in the simulation, indicating the presence of a
supersonic flow field. Blue (Mach 0.00) represents the lowest Mach number, and Green to

Yellow Indicates Mach numbers between intermediate values.

However, contours illustrate in Fig 3.17 (a) the variation in Mach number when the flow
traverses several portions of a 2D gas turbine blade Mixing, perhaps a converging-diverging

nozzle.
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Depicted in Fig 3.17 (b) is the distribution of Mach numbers in the 2D Mixing plane. The Mach

number scale spans from 0 to 1.24, representing different flow speeds. Nevertheless, the flow

initiates at modest subsonic velocities as blue areas and surges through the narrowed channel,

with the maximum Mach values indicated in red.
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Figure 3-17: Contour Mach number relative through the stator and rotor blade
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3.6 3D MT-1 turbine blade. Geometry module and numerical methods

3.6.1 Geometrical models

The gas turbine blade geometry was provided by Rolls—Royce, which consists of both the stator
(NGV) and rotor blades, each with their own specific domain. Although the domain is primarily
separated into many sections, each portion has been assembled separately. The turbine blades are
detached from the domain. In the case of the blade, Solid Works software changed the complete

domain, as shown in Fig 3.18.

Figure 3-18: Rolls-Royce derby 3D Blade full set
Based on the provided geometry, several components need to be assembled. However, there was
a problem with the skewness of this model throughout the meshing process. The rational for
changing the whole flow domain of the stator and rotor blades is necessary. All the assembled

pieces have been consolidated into a single flow domain.

0.000 0.100 (m)
0.050

Figure 3-19: Rolls — Royce derby 3D blade geo
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3.6.2 3D turbine blade geometry

The complete set of 3D blades involves the same size of each stator and rotor flow domain, as
shown in Fig 3.19. However, each size of the periodic flow angle (above the blade) is 11.24° for
a stator and 34.59 for a rotor, as shown in Fig 3.20 (a). Further Fig 3.20 (b) shows the front side
of the single stator blade without hub, pitch or periodic boundaries highlighting the top, bottom,

and principal dimensions.

(@ (b)

Figure 3-20: Gas turbine stator blade geometry: (a) front view (b) top view.

The chord length from the leading edge to the trailing edge of the blade measures 69.82 mm. The
leading edge, which refers to the trailing edge on both the top and bottom sides of the blade,
measures 15.4 mm. There are two primary components for the top view of the stator blade angles
are the leading and trailing edge angles, as shown in Fig 3.21. However, the leading edge (LE)
angle is 42 degrees; it can be reflect either the angle of incidence, with this between a reference
axis and the tangent to the curve at this point, and the 67° angle at the Trailing Edge (TE) indicates

the curvature's behavior and its change in direction.

Figure 3-21: 3D gas turbine blade op views leading edge (LE) and Trailing edge (TE) with angle
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Table 3.5 shows the detailed specifications for an outline of the blade parameters, highlighting

the stator and rotor blades, key performance and geometric-related aspects.

Table 3-5: 3D gas turbine blade stator (NGV) specifications

Parameters Values
Heigh/Span 39.5 [mm]
Chord 69.82 [mm]
Thickness at hub 14.4 [mm]
Thickness at middle 15.4 [mm]
Thickness at shroud 15.7 [mm]
Blade angle inlet 42 degrees
Blade angle outlet 67 degrees

3.6.3 3D gas turbine blade rotor blade geometry

The shapes of 3D gas turbine rotor blades are significance design factors in turbines,
compressors, and fans, and comprehensive analysis of these rotor blades' design substantially
influences the performance and efficiency of this industrial equipment as shown in Fig 3.22 (a,
and b).

(a) ()
Figure 3-22: 3D gas turbine blade Top and front view
Fig 3.23 depicts a three-dimensional representation of a rotor blade, emphasising two specific

measurements: a length of 37.5 mm and a thickness of 4.5 mm.

Figure 3-23: 3D gas turbine rotor blade top views
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However, 37.5 mm, and 4.5 mm blade lengths are critical factors in determining its capacity to
interact with a specific volume of fluid, whether it be air or gas, and 4.5 mm refers to the blade's
thickness at a particular place, at the bottom or along its length. The variation in thickness at
different locations along the blade is crucial for maintaining the blade's structural strength.
Having adequate blade thickness is needed to withstand the operating strains and centrifugal

forces while avoiding excessive thicknessed that would damage aerodynamic performance.

Figure 3-24: 3D gas turbine rotor blade top angle views

Fig 3.24 shows a curving trajectory and two angle measurements along perpendicular axes, such
as the Leading edge (LE) and Trailing edge (TE). 60° and 37.2° indicate the path's initial angle

from the Leading edge. It appears around the Trailing edge's end before the route descends.

Table 3-6: 3D gas turbine rotor blade geometry specification

Parameters Value
Height/span 39.04 [mm]
Chord 37.5 [mm]
Thickness at hub 10.1[mm)]
Thickness at Middle 7 [mm]
Thickness at Shroud 4.5 [mm]
Blade Angle inlet 37.2°
Blade Angle outlet 60°

The primary thicknesses of the hub, middle, and shroud are presented in Table 3.6, which is
located above the 3D rotor, and also includes the specifications of the rotor blade, which were

mentioned previously.
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3.6.4 Geometry model and numerical methods

3.6.4.1 Geometry models
The meridional section stage of the stator (NGV) and rotor blade with the cylindrical-conical of

the rotor hub and shroud, as shown in Fig 3.25. There are flow paths near the trailing edge of the
blades. Moreover, the number of stator and rotor blades are 32 and 60, respectively. The hub
diameter of the NGV and rotor blade is 258 mm the geometric turn angle is 70° for the stator,

and the rotor is 107°.

Figure 3-25: Meridional flow path of turbine stage, and stator and rotor blades in Ansys design

modeler.

The rotor tip clearance is 0.56 mm; more details can be found in [166], two planes are selected
downstream of the stator, and the rotor is named. A schematic picture that depicts the side view

of a rotor blade assembly enclosed in a casing as shown in Fig 3.26.

Tip clearance

Rotation !
1

Figure 3-26: Conceptional views of tips leakage [167]
The diagram emphasises the essential components and factors that are significant for the design
and functioning of these blades, however, there is a narrow space between the blade's edge and
the protective covering. Optimal tip clearance is essential for minimising fluid loss over the blade

tips and maintaining effective operation, as shown in Fig 3.26 [167].
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3.6.5 3D MT-1 blade Mesh design

(@) NGV baseline (b) Rotor baseline

(¢) NGV Mesh 0.5x (d) Rotor Mesh 0.5x

(e) Mesh 2x (f) Rotor Mesh 2x

(g) NGV Mesh 3x (h) Rotor Mesh 3x

(i) NGV Mesh 4x (j) Rotor Mesh 4x

Figure 3-27: 3D mixing plane Grid independence studies stator and rotor blades

Different 3D mesh resolutions are shown in Fig 3.27. Four types of mesh, such as 0.5x, 2x, 3x,
and 4x. In this study, stator and rotor blades are used for these meshes. The Figs a to j are the
stator mesh with 0.5x, 2x, 3x, and 4x, meanwhile Figs b to j are the rotor mesh with the 0.5x, 2x,

3x, and 4x.
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3.6.6 Set-up of simulation work

Table 3-7 Set of gas turbine blade simulations

Input

Selections

General
Materials — Air — Density — Other inputs

Momentum and Thermal Bc's —

Mixing plane model

Solution method

Monitors —
Residuals

Pressure-based solver
Ideal Gas Law — Constant

Stator inlet

Pressure inlet stator

Reference frame — Absolute

Guage Total pressure (Pa)- 461500

Direction Specification Method — Normal to direction.
Total Temperature (K) - 444.

Pressure outlet Rotor

Backflow reference frame —Absolute

Guage pressure (Pa) — 143100

Backflow pressure specifications — Total pressure.
Backflow Total Temperature (K)-300.

Wall top —stator and rotor — Translations
Momenums — wall motion — Stationary.

Stator outlet: rotor inlet

Scheme

Coupled

Gradient

Green Gauss node based

all 2" orders Upwind

1e-6 for energy 1e-5 for rest

The pressure-based solver is used to the consistent with due 2D work. The mixing plane general
conditions are pressure-based solver due the recent updates from the pressure-based solver, it can
solve any complex higher Mach number problems. So, this mixing plane simulation procedure
solution was used. However, density-based solvers can use higher Mach numbers such as 2-3.
However, the Material air- density other output hence, this compressible flow T and p are coupled
conditions. Meanwhile momentum and thermal Bc's the boundary conditions play an essential
role in every simulation work, in this simulation also, in mixing plane simulation used, the

boundary condition is based on past research, which was published work. Boundary conditions

are and set-up is same for 2D and 3D simulation.
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3.7 Qualitative flow visualisation results for 3D MT- 1 Mixing plane, 9500 RPMs
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Figure 3-28: 3D gas turbine rotor blade total pressure in Stn Frame

The above Fig 3.28 indicates the total pressure distribution in a stator and rotor blade mixing
plane. The contour colour map shows the pressure values in kilopascal (kPa), which range from
around 124.5 kPa to 572.9 kPa. The yellow and red colour indicates high pressure, and lower

pressure regions denoted by are blue and green.

Moreover, the inlet flow region starts from the stator and passes to the second blade, the rotor
blade.The pressure drops in the section mixing plane between the stator and rotor blade, which
is rotating at 9500 rpm. The total temperature distribution in a 3D high-pressure gas turbine
blade mixing plane stator and rotor blades temperature quantities is shown in kelvin (K), and this
ranges between 326.1K, as indicated in blue to 477.1K, as shown in red coloured. Higher

temperatures are the yellow and red coloured as shown in Fig 3.29.
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Figure 3-29: 3D gas turbine rotor blade total Temperature in Stn Frame
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The 3D high-pressure gas turbine blade mixing plane Mach number distribution is shown in Fig
3.30, and Mach number characteristics are shown in the colour, which ranges from 0, which is
coloured dark blue, to red coloured, which is 1.405. However, the higher Mach number increases
from coloured red, its appearance surrounding the rotor blade, and the flow decelerates
downstream, indicating the lower Mach number area as coloured green to blue.
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Figure 3-30: 3D gas turbine rotor blade Mach Number in Stn Frame

Velocity in Stn Frame
Contour 1

515.661
I 478.828

441.995
405.162
368.329
331.496
294.663
257.830
220.998
| 184.165
147332

110.499 )

I 73.666 —
36.833 ‘
0.000 4

[m s?-1]

[

- 5\\? N

Figure 3-31: 3D gas turbine rotor blade Velocity in Stationary Frame
A 3D high-pressure gas turbine blade mixing plane velocity distribution, in m/s as shown in Fig
3.31. The colour map specifies the velocity magnitude, which varies from 0.00 to 515.661.
However, the velocity zone from nearer to the red and yellow is affected near the condition,
which aligns with the stator inlet condition. Furthermore, the velocity is decreasing, and this is

indicated as the blue and green coloured regions, showing for downstream expansion.
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3.7.1 3D MT- 1 Mixing plane for 10000 RPM

Fig 3.32 shows results at 10000 rpm, for total pressure distribution in the flow domain. This
ranges between 127.1 kPa to 573.1kPa. As the inlet flow accelerates through the stator and rotor
there is a significant pressure drop downstream of both blades, which is represented as blue

regions. Through the high- pressure zone is as defined with yellow and red colours.

Total Pressure in Stn Frame
Contour 1

573.101
== 541.244
— 509.388

477.531
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318.249
286.393
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222.680
190.823
158.967

127.110
[kPa]

Figure 3-32: 3D gas turbine rotor blade total pressure in Stn Frame

The total pressure distribution varies, from 69.8 kPa to 466 kPa. This flow visualisation illustrates
that high-pressure areas have red and orange hues. In contrast, low-pressure areas such as blue and

cyan surround the rotor blades, which is presented in Fig 3.33.

Total Pressure
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381.123
352.817
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296.207
267.901
239.596
211.291
182.985
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69.764
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Figure 3-33: 3D gas turbine rotor blade total pressure
Fig 3.34 represents the static pressure distribution, which has values of 106.935 (kPa) to 461.455
(kPa). The red colour represents the static pressure as higher upstream, and the flow passed from
the stator to the rotor blade during the process; the pressure is decreased in the given colours,

which were green to blue regions.
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Figure 3-34: 3D gas turbine rotor blade static pressure

The total temperature distributions as shown in Fig 3.35, with a temperature range between
324.7K and 476.750K, which was coloured as red and blue. This stator and rotor blade flow
patterns and the temperature is raised upstream, which is yellow to red and reduces as the flow

accelerates through the stator and downstream, which is shown in green to blue areas.
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Figure 3-35: 3D gas turbine rotor blade total Temperature in Stn Frame

Fig 3.36 illustrates the total temperature distribution of a 3D high-pressure gas turbine blade
mixing plane. This is indicated as the value of temperature is Kelvin, which is presented as K,
and the temperature distribution ranges from 444.407 K to 302.492 K. However, the inlet
temperature increases from the stator blade, which gradually drops from the rotor blades inlet.
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Figure 3-36: 3D gas turbine rotor blade static temperature
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The absolute Mach number distribution of the 3D mixing plane as shown in Fig 3.37. This has a
values range between a 0.000 to 1.356, which is shown as dark blue and red. This is near the stator
(NGV) blade, and Mach number is increasing from stator to rotor blades. However, this Mach

number increases near the stator outlet and rotor blades, as shown in red areas.
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Figure 3-37: 3D gas turbine rotor blade Mach Number in Stn Frame

Fig 3.38 shows the velocity in the Stationary Frame contour; this value ranges between 0 m/s to
503 m/s, representing different colures varying the velocity within the flow 3D mixing plane of

the stator and rotor blade. However, the flow decreases on the next stator blade.
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Figure 3-38: 3D gas turbine rotor blade Velocity in stn Frame
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3.7.2 3D MT- 1 Mixing plane, for 10500 RPM

Total Pressure in Stn Frame
Contour 1
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Figure 3-39: 3D gas turbine rotor blade total Temperature in stn Frame

Fig 3.39 shows the total pressure distribution in Stationary Frame, a value of the contour range
between 128.888 kPa, which is indicated by the dark blue coloured, and the high pressure, which

is 573.773 kPa on complete red coloured; this varies through the domain.

The total pressure, ranges from high pressure 466.060 kPa, represented in red colours, to low
pressure of 66.791 kPa, indicated by blue. This pressure distribution highlights a zone with

significant pressure variation connecting the two blades of this mixing plane, as shown in Fig 3.40.
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Figure 3-40: 3D gas turbine rotor blade total pressure
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Figure 3-41: 3D gas turbine rotor blade static pressure
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The higher pressure indicates orange and red zones; following these blue and cyan regions are
lower pressure. The total static pressure contour specifies pressure values varying from high

pressure at 461.471 kPa in red to the low 107.311 kPa in blue as shown in Fig 3.41.

Nonetheless, this passage from red to blue presents the gradual pressure drop across the 3D
mixing plane, with the apparent states of different pressures interacting. Furthermore, the green
and yellow regions, indicating mid-range pressure values, are placed between the higher-

pressure region on the red/orange and the lower pressure section on the blue.

Fig 3.42 illustrates a contour plot of total temperature in a stationary frame from the simulation
results. This temperature is denoted in Kelvin (K), with a gradient reaching from red, indicating

a higher temperature of around 476 K, to blue, showing a lower temperature of nearly 323 K.
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Figure 3-42: 3D gas turbine rotor blade total Temperature in Stn Frame
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Figure 3-43: 3D gas turbine rotor blade total Temperature
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Figure 3-44: 3D gas turbine rotor blade static temperature

Moreover, the total temperature and static temperature distribution of the 3D gas turbine blade
mixing plane is as donated as Kelvin (K), which is the range between 313.831 K to

445.035 K and 302.592 K to 444.407 K, which is shown Fig 3.43, and Fig 3.44.

3.8 Quantitative Results

Fig 3.45 (a) shows the Mach number near the axial distance in a nozzle guide vane (NGV) test.
However, this plot contains various simulation models such as k-¢ y+30, k-w _sst y+1, SA y+1,
and y +2 evaluated alongside test data, characterised as orange points. The Mach number
distribution looks to be plotted for two RPMs with rotation velocity cases, such as 10000 and
10500. However, the primary line with rotational velocity is 9500. There is a comparison between
these three speeds, such as baseline, which is 9500, 10000, and 10500. Moreover, there is not
much difference between using these RPMs and using grid independence studies, as mentioned in

Fig 3.45 (b).
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14 Mach no plot (NGV)
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Figure 3-45: Stator Mach number distribution: (a) and (b) are used different RPMs and turbulence
models with GI.

The Rotor Mach number plot on the 3D high pressure turbine blade shows the axial distance in
mm, which includes test data, which is represented in orange. Different simulation results are
presented, for different turbulent models such as k- y" =30, k-w sst y" =1, k-w sst y" =2
RNG y' =30, SA y" =1, SA y" =2 thes all are used the further rest of the RPMs such as
10000_RPM (rotational speed of 10,000 RPM), and 10500 RPM (rotational speed of 10,500
RPM) which is shown in Fig 3.46 (a). Furthermore, Grid independence studies have been shown
in Fig 3.46 (b). The Mach number rises gradually in the axial distance, and there is a tiny decrease

towards the Trailing egde.
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Mach no plot (Rotor)
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Figure 3-46: Rotor Mach number distribution: (a) and (b) are used different RPMs and turbulence
models with GI.

The Difference of Nusselt number (Nu) down the surface distance at 50% span of the Nozzle
Guide Vane (NGV). Furthermore, k-¢ y" = 30 shows a substantially higher surface distance of 0
mm than the other turbulent models. However, the k~~w sst_ y'=1 and k~w _sst_y"=2 specify
more uniform values closely similar the rest of the data in a particular region; moreover, the rest
of the turbulent models, such as RNG y"=30,SA y"=1,SA y"=2, with 10000, and 10500
RPM shows closer to the experimental data as shown Fig 3.47 (a) all through the different types
of grid independence studies such as 0.5x,1x, 2x,3x, and 4x, which is shown in Fig 3.47 (b).
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Figure 3-47: Stator Nusselt number distribution: (a) and (b) used different RPMs turbulence model and GI

The Nusselt number (Nu) distribution of the 3D high-pressure gas turbine blade at 50% rotor
blade span. Which is used to compare with different turbulent models such as k- y" =30, k-
w sst_y =1, k-w SST y"=2,RNG_y '=30,SA_y"=1 and SA_y"=2 with using the 10000,
and 10500 RPM all these simulations validated with experimental test data as shown in Fig 3.48
(a). Furthermore, grid independence studies were used this rotor Nusselt number distribution
such as 0.5x,1x, 2x,3x, and 4x, which is including different type of turbulence models as shown

in Fig 3.48 (b).
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Figure 3-48: Rotor Nusselt number distribution: (a) and (b) used different RPMs turbulence model and GI

Fig 3.49 (a and b) shows a comparison of normalised pressure (P/Po) versus normalised chord
length (x/c) for a Nozzle Guide Vane (NGV). It involves test data, which is signified by dots, and
several computational grids, such as grid independence studies, were used this pressure

distribution, such as 0.5x,1x, 2x,3x, and 4x.

Which is used to compare with different turbulent models such as k-¢_y" =30, k-w sst_y =1, k-
w SST y"=2,RNG_y'=30,SA y"=1and SA y"=2 with using the 10000, and 10500 RPM

all these simulations validated with experimental test data.
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Additionally, Fig 3.49 (c) illustrates the pressure coefficient (P/P0) with the chordwise position
(x/c) for a rotor, comparing various turbulence modules and grid independence studies.

However, Fig 3.49 (d) shows that variation of the turbulence models for rotor blade for mixing

plane.
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Figure 3-49: Pressure distribution: (a) stator with grid independence studies, (b) stator with
turbulence model, (b) rotor with grid independence studies, and (d) rotor with turbulence
models with GL
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3.9 Discussion for flow—induced mixing plane analysis

3.9.1 Grid independent studies with Different types of rotational speed

The different span locations by using the CFD methodology to predict the pressure distribution
and heat transfer around rotor and stator. The research was conducted using a CFD methodology
that was initially developed for the mixing plane to utilise different types of span locations. In this
work there are different turbulence models such as k-w, k-, RNG and SA for different rotational
speed (10,000 and 10500). Different meshes were also used as part of a grid independence study
with key results shown in Table 3.8.

Table 3-8: 3D High-pressure gas turbine blade Grid independence studies with RPMs

No of No of Mass flow Expansion
Grid Elements in Elements in pan Efficiency
[kg s"-1]. ratio
stator rotor
0.5x 85608 106996 17.2685 2. 837 0.875
Baseline(1x) 166460 200990 17.2165 2.838 0.8755
2x 332920 409070 17.23 2.832 0.8764
3x 499380 614170 17.2285 2.832 0.8764
4x 665840 806220 17.234 2.832 0.8764

Mesh sizes included the baseline and scaled ones with scaling factors of 0.5x, baseline 1x, 2x,
3x, and 4x. Data in Table 3.8 the number of elements in the stator and rotor, along with the
efficiency, mass flow, and expansion ratio. The mesh independence study has finer a mesh from
0.5x to and all cases; the number of nodes and elements increases; however small variations in
the mass flow in each grid independence studies is reported in [168]. Meanwhile, the expansion
is in the same direction, and there is a slight difference in the expansion ratio connecting each
cell. Furthermore, efficiency increases somewhat with a finer grid but seems constant

surrounding the 2x grid, with the same minor changes afterwards.

In this 3D mixing plane mesh independence study, the 1x baseline mesh gives us a reliable
balance of accuracy, and as the efficiency difference, mass flow, and expansion ratio after all 2x

are very small in [169].
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3.9.2 3D High-pressure gas turbine blade turbulence models with RPMs

Simulation results for numerous turbulence models, with two rotational speed is included in

Table 3.9.

Table 3-9: 3D High-pressure gas turbine blade turbulence models with RPMs

Turbulence No of No of Elements | Mass flow [kg Expansion Efficiency
model Elements in in the rotor sM-1]. ratio
the stator

k- y+30 135100 121862 17.2355 2. 8327 0.87510
k-w sst y+1 226080 270830 17.215 2. 8359 0. 87591
k-w sst y+2 193340 246158 17.2275 2. 8349 0. 87587
k-w _y+l1 226080 270830 17.1815 2. 8378 0. 87558
k-w _y+2 193340 246158 17.1915 2. 8369 0. 87539
RNG y+30 135100 121862 17.2675 2. 8302 0. 87603
SA y+1 226080 270830 17.2435 2.8318 0. 87735
SA y+2 193340 246158 17.256 2.8314 0. 87748

The comparison and wall treatment between each turbulence model (such as k-¢, k-, RNG, and
SA (Spalart-Allmaras), and wall treatment (y"), were calculated in [170]. However, the efficiency
was evaluated from these turbulence modules, k- _sst y" =1 and k- sst y" =2, which showed
efficiencies of 0.87591 and 0.87587, respectively. The k-¢ y" = 30 module, following this,
showed an estimated efficiency of 0.87510. Furthermore, SA (Spalart-Allmaras) models perform
well, specifically for y" values of 1 and 2. SA_y" =1 and SA_y"= 2 have efficiencies of 0.87735

and 0.87748, respectively, locating them among the top-performance models in this investigation.

The efficiencies range from 0.8684 to 0.87748, and SA_y" =2 and SA_y" = 1 models have

matching efficiencies ratings, whereas k- differences perform well at about 0.875.

Table 3-10: 3D High pressure gas turbine blade different RPMs

RPMs No of No of Mass flow [kg s”- Expansion Efficiency
Elementsin  Elements in 1]. ratio
the stator the rotor
10000 RPM 166460 200990 17.231 2.842 0.8684
10500 RPM 166460 200990 17.215 2.846 0.8728

Baseline RPM

k-_sst_y+1 226080 270830 17.215 2. 8359 0. 87591

The 10,000 RPM rotational speed results have a lower efficiency than the 0.8684, and at 10,500
RPM, efficiency increases to 0.8728, showing that raising RPM improves performance but not as
significantly as specific turbulence models: furthermore, increasing stator and rotor element
count in models, such as the k~w_sst_y" = 1 results in enhanced efficiency. The baseline RPM

and turbulence model were considered, and efficiency is increased as shown in table 3.10.
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3.10 Flow physics and numerical limitations

This chapter investigated the MT-1 blade, and the 2D and 3D mixing-plane simulations have
been validated against experimental data. This simulation analysis focuses on the interaction

between the stator and rotor blade.

The pressure distribution along the blade surface reveals the key to aerodynamic performance.
A strong pressure peak is observed near the leading edge of the blades due to the stagnation of
the incoming flow with the fluid accelerating over the suction surface of the leading edge, as
shown in Fig 3.49. The downstream pressure gradient develops, such that the static pressure
reduces and the local velocity increases. This decelerating flow leads to pressure recovery. The
accuracy of this pressure recovery is highly sensitive to near-wall mesh resolutions. The coarse
mesh simulation underpredicted these pressure drops because they are insufficient to resolve the
velocity gradients at the boundary layer interfaces. This was less of an issue for finer meshes

which were used for the main analysis.

Secondary flow structures arise from the interaction between the flow domain and the rotor
blade's rotation during operation. Both the k- and Spalart Allmaras models capture these effects
more accurately than other turbulence models, as shown in the Table 3.9. Meanwhile heat
transfer is enhanced near the leading edge of both blade regions due the mixing between the two
blades which helps increase the wall temperatures gradually. However the downstream blades
development of boundary layers on the downstream blade reduce the heat transfer because of the

associated in convection due to the velocity decrease shown in Fig 3.8.

Mesh independence studies confirm that the finer meshes the improved representation of the
boundary layer around both blades, leading to more reliable predictions of pressure distributions.

Overall, the k- model gives the most consistent agreement with experimental data.
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Chapter 4: Validation of the Experimental Comparison for internal single
stage swirl cooling chambers

4.1 Introduction

This chapter is the second major step in the methodology and it concerns the thermal
performance inside a typical swirl cooling chamber. This gives confidence that the heat transfer
predicted by the CFD method for internal flow, matches well with experimental values it
concerns the pressure drops and heat transfer behaviour is investigated for a single- stage swirl
cooling chamber with five internal nozzles. Each nozzle has a different size and shape which
are tested using CFD simulations and validated with results from literature. The results in this
chapter show how accurate the simulation specifically is for predicting thermal behaviour for

a relevant test case for internal swirl cooling.

4.1.1 The geometry of the experimental swirl cooling configuration

The physical layout of the internal swirl cooling chambers 3D experimental single-stage swirl
cooling gas turbine leading edge is illustrated in Fig 4.1 below. This is a five-nozzle swirl

cooling system with a single channel, measuring 100 mm in length.
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x=21945mm  X*418.75mm

Section A-A

Figure 4-1: 3D EXP swirl cooling gas turbine blade leading edge [171]

[00mm

x=20.15mm

The length, L of the swirl cooling chambers, specifically a circular duct, serves as the inlet (left
side) of the cooling mechanism. Air enters the inlet and outlet in the X and ¥, direction, and
@ are known as radial and angular coordinates; this is used to characterise the swirl cooling
within the duct. Both axial and longitudinal views, dimensional of plenum are as shown in

Table 4.1whcih is related to section sections A- A in Fig 4.1.
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Table 4-1: Specification of the 3D experimental swirl cooling gas turbine blade leading edge

Parts Size
Tube Diameter 50 [mm)]
Tube length 1000 [mm]
Plenum Length 100 [mm]
Plenum width 50 [mm)]
Inlet jet Tube Width 33.3 [mm]
Inlet jet Tube Height 8.5 [mm]
Tube plenum 50 [mm)]

This geometry complete from the specifications, shown in Table 4.1 are illustrated in Fig 4.2,

which is includes inlet jet.

_—
> |

@

-

®)
Figure 4-2: Geometry specifications of the swirl cooling specifications
Simulations are mainly focused on the pressure drop and heat transfer in this internal cooling
passage. However, jet sections are almost flow is stable between the jet along the axial direction
after the heat transfer on the swirl tube, and it will contain swirl with constant swirl intensity;
furthermore, the multi-convergent swirl cooling channels to resist the cross-section flow, which

is preventing heat transfer rate upstream and downstream of the swirl cooling tube.

Compared to a baseline swirl tube, the average Nusselt number increased for the full range of

Reynolds numbers in the experimental studies as shown in the Table 4.2.
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Table 4-2: Validation studies: Reynolds number and Nusselt number increasing

Reynolds Number Nusselt Number Increase (%)
10,000 11.8
20,000 15.5
30,000 194
40,000 233

These experimental observations provide additional insights into the turbulent flow structure
in the swirl channels to help guide the three-dimensional computations. In the swirl cooling
channels, the flow will pass through the plenum, which has adiabatic walls which means there is
no heat transfer across them. Aim enters the chamber through, velocity inlet and a pressure outlet
the plenum and swirl tube of constant diameter, which has an isothermal wall. Five tangential
slots or nozzles allow air to flow from inlet, and they induce swirling motion inside the swirl

tube, see Fig 4.3.

Swirl tube ( Isothermal wall)

N o oy o ot (o SRR S
Tangential jet slots

Plenum channel (adiabatic wall)

Figure 4-3: Geometry specification of the single stage swirl cooling

The air enters the inlet of the plenum and is injected through the tangential swirl cooling tube,
and due to the isothermal wall conditions, the swirl flow enhances the heat transfer under the

rotating swirl conditions.
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4.1.2 Mesh Design for experimental cooling.

+

(b) ©

Figure 4-4: Swirl cooling mesh: (a): full duct mesh, (b) Inlet duct mesh, and (c) cross-sectional mesh
duct.

Table 4-3: Mesh specifications

Mesh Statistics

0.5X Nodes 346400
Elements 1045393

1X Nodes 690345
Elements 2136216

1.5X Nodes 952973
Elements 2988908

2X Nodes 1315811
Elements 4163957

Fig 4.4 illustrates that the mesh generation for this swirl cooling CFD model was performed using
ANSYS Fluent, and an unstructured tetrahedral high-quality mesh was used to fill the domain with
cells. The global element size was set to 2 mm, giving 1.05 million elements within the
computational flow domain. Near the wall, the mesh consists of 10 inflation layers with a growth
ratio of 1.1. Near the wall, smooth layers are present. In this region, the thickness of the first layer
to the non-dimensional wall distance y is around 1 to 1.5, and the overall mesh specification are

presented in the Table 4.3.
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4.1.3 Numerical set-up

In these numerical studies, the heat transfer distribution was validated against experimental data.
Within the domain, the coefficient of heat transfer was calculated using flow and heat transfer
simulations. Computations were conducted using a, coupled CFD solver and the energy
equations to simulate these fluid flows and temperature distributions. From the simulation
results, the swirl cooling walls' local heat flux (q"’) are calculated. The convective heat transfer

is determined by:
Ny = feP 4.1

Were h.. is the convective heat transfer coefficient, D is the characteristic diameter, and £ is
the thermal conductivity. The convective heat transfer for this single stage swirl cooling set -up

as mentioned in Eq 2.4.

The alternative to expanding the local diameter of the swirl tube, the constant tube diameter (50
mm) near the inlet jet is described as the characteristic diameter in the description of the Nusselt
number. Alternatively, the description of the Nusselt numbers of the two swirl tubes is
established on the constant hydraulic diameter, which improves the comparison of the heat transfer
occurrence between the two swirl tubes. According to the processed averaged results, the
differentiation in the Nusselt numbers based on the continuous tube diameter and the local tube

diameter is less than 5.0%.

Furthermore, the relationship between temperatures higher than the reference temperature can be
observed as researched by Sua et al. [11] and Van et al. [19]. In the swirling flow classification
with multiple tangential inlet jets, the temperature distribution in the tube is very complex. In this
numerical validation, according to the inlet jet temperature, 7, was specific as a suitable
reference temperature to establish the heat transfer performance is measured by using the Nusselt
number Nu. It specified actual inlet jet flow to thermal surroundings, and then the heated air is
delivered to each injection slot throughout the plenum, where the plenum's hot and cooling air

mix and hot air-wall heat exchange is produce a downstream

The temperature of the jet flow is diminishing, and according to its convergent structure, the
swirl tube may be categorised into five portions, with the reference temperature for each segment

being the temperature at the upstream jet inlet.
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To investigate the flow structure and heat transfer details of steady-state studies, a three-
dimensional numerical simulation was conducted for a two-swirl cooling tube. Fig 4.3 shows a
schematic of the numerical simulation model and its boundary conditions, which are same to

those in the experiments.

The front and rear surfaces chambers are divided on the swirl cooling, which is set to an
isothermal wall. The experimental data of the front surface chambers are chosen to compare with
the simulation results. All wall surfaces are treated as no-slip boundaries. Suitable for low Mach
number flows (Ma < 0.3), the flow is implicitly assumed to be incompressible, and the fluid

properties are considered temperature-dependent in the computations.

This two-swirl cooling tube numerical simulation was conducted using the ANSYS Fluent 2022
in[171]. The SST k-w turbulence model was preferred due to its good performance in predicting

heat transfer in complex swirl cooling flow regions as reported in [172].

In this study the commercial grid generation software Fluent Meshing 2022 has been
implemented to generate an unstructured mesh for all the validation cases. Fig 4.2 shows the
detailed mesh information for all multi-convergent swirl tubes. The thickness of the first layer is
0.010 mm, and the mesh is concentrated near the wall flow region. This value corresponds to the

first 1 cell and meets the requirements of the SST k- turbulence model.

Meanwhile, grid independence studies were done for the swirling flow heat transfer simulation
with mesh elements approximately ranging between from 2.0 million to 10.0 million. A shown in
Table 4.3 the spanwise averaged Nusselt number is presented for different grids sizes. For the 4.5
million cell mesh and the simulation averaged to a suitable value of the globally averaged Nusselt

number which is less than 1.0% details are in shown in Table 4.4.

Table 4-4: Validation studies: Mesh size and Global Averaged Nusselt number

Mesh size (Million Global Averaged Nusselt
Elements) number
2.0 113.8
35 114.1
45 117.0
7.0 117.4
10.0 117.7
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To further estimate the consistency of the CFD simulation, the widely- recognised grid

convergence index (GCI) method [171] was chosen to calculate the discretisation error.

Table 4.5 indicates the GCI calculation resultsfor the spanwise averaged Nusselt for Re=

40.000. Significant variations are present in the system after the inlet jets; nonetheless, the mean
GCI value of the globally averaged Nusselt numbers is below 1.0%, indicating that the
computational mesh, comprising over 10 million elements, has a minimal impact on the
predictive outcomes. After thoroughly evaluating the computational expenses and grid
verification outcomes, the mesh system, comprising approximately 4.5 million elements, was

selected for all calculations.

Table 4-5: Validation studies: local GCI statistic for Span-wise — Averaged Nusselt Number (Re = 40,000)

Regions Max GCI (%) Min GCI (%)
Inlet Jet Region 35 0.7
First Swirl Chamber 23 0.7
Middle Swirl Region 1.7 0.5
Downstream Cooling Section 1.3 0.2
Entire Computational Domain 34 0.3

The numerical simulations of the multi-convergent swirl tube utilise the SST k- @ turbulence
model and compared with the Standard k- turbulence model, the Realisable k-¢ turbulence

model, and the RNG £-¢ turbulence model with enhanced wall treatment in [100].

All simulations were conducted under identical mesh and boundary conditions and were
compared with experimental data. Evaluating heat transfer and pressure loss findings, the SST .-
o turbulence model offers superior accuracy in forecasting the performance of the swirl cooling

system, the complete set-up of the simulation as shown in Table 4.6.
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4.2 Set up of the experimental single-stage swirl cooling

Table 4-6: Set up of the experimental single-stage swirl cooling

Input

Selections

General

Materials — Air
— Density — Other inputs

Momentum and Thermal
BC’s —

Solution method

Monitors — Residuals

Pressure-based solver Density-based solver usually used for very high mech
No (M=2-3)

However, nowadays, this pressure-based solver uses complex problems
Ideal Gas Law — Constant

The flow is travelling at M > 0.3, hence is compressible (T and p are
coupled).

Cooling passage inlet

Reference frame — Absolute

Mass flow rate (kg/s)- 0.028

Direction Specification Method — Normal to direction.

Total Temperature (K) — 288.15K.

Pressure outlet.

Outlet pressure (bar) — 1 bar

Wall conditions

Tube wall temperature (K) —323.15 As given in the literature

To measure the heat transfer rate and thereby Nusselt number at the cooling
passage walls.

Advection Scheme

High Resolution.

15t order

Reduce no. of iterations by solving pressure and momentum equations
simultaneously.

Better for structured mesh

For stability, 15t order for 300 iterations, then switched

to 2" order for accuracy

1e-6 for all parameters

The main general setting is that the pressure-based solver is ideal for effectively solving complex
problems, and this is in comparison with the density-based solver, can use a very high Mach
number (M=2-3), and a pressure-based solver is suitable for this current application for the
compressible flow (M > 0.3). This setup uses material properties as air, and the density is
modelled as an ideal gas. The, the flow is compressible, with a Mach number constrained to 0.3,
and the Ideal Gas Law accounts for changes density and temperature, which are linked of
thermodynamically. However, inlet is justified because the absolute reference confirms that the
flow properties are specified relative to a fixed coordinate procedure, simplifying the explanation
of results. The solution methodology involved first using 1st order discretisation to help with

stability, then switching to 2nd order to reach convergence with higher accuracy. Residuals are

were required to achieve satisfactory convergence.
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4.3 Quantitative Results

Fig 4.5 indicates the Nusselt number (Nu), and axial distance for different turbulence models,
which displays the five sets of data and compares experimental data which used thermocouples.
The horizontals axis X/D, represents the axial distance to diameter ratio (refer to Figure 4.1) of
the experimental swirl cooling duct. on the vertical axis is the averaged Nu, representing the heat

transfer and convective heat transfer in the duct, which increases the point-to-point values.

Nusselt Number Combined
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Figure 4-5: Nusselt number comparison with grid independence study

The SST k -w model and experimental Nusselt number are in good agreement, mainly at the
heat transfer peaks, showing good predictions for the turbulent intensity to heat transfer.
However, the 1x to 1.5x turbulence is best matched with the experimental data. The 0.5x and 2x

turbulence results shows some noise and overlap with experimental data.

Fig 4.6 indicates the Nusselt number (Nu), and axial distance for different turbulence models,
which displays the five sets of data points and uses the thermocouples for the experimental set
with other turbulence models. The (horizontal axis) X/D represents the axial distance diameter
(refer Fig 4.1) of the experimental swirl cooling duct. The vertical axis is the averaged Nu,
representing the heat transfer and convective heat transfer in the duct, which increases the point-
to-point values. The comparison between experimental data and the results from three turbulence
models. An orange-coloured data in the experimental measurement of the Nusselt number, which
1s compared with other turbulence modules, further shows a good match to that the experimental

data showing the capacity of the SST k -w treatment.
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The heat transfer the peak for the k- and RNG k-e models exhibited flatter distributions, whereas

the SST & -w demonstrated good performance in near-wall flow separation in section 4.4.

Nusselt Number Combined
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Figure 4-6: Nusselt number with different turbulence models
Fig 4.7 shows the prediction for the pressure drop across the all-gird cases of the SST k -w with
experimental data. The 1x and 1.5x cases have closest matches with experimental data, with a

minor unprediction for X/D =0 to slighter over predictions at X/D =20 all cases of the SST k- w.
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Figure 4-7: pressure drop for grid independence study
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Figure 4-8: Pressure drop for different turbulence models

Fig 4.8 shows the pressure loss for different turbulence models by pressure loss, comparing the
pressure loss direction, whereas X is the distance along with the flow direction. The “(P - Pout)/
(1/2 p v?)” is the pressure drop coefficient which is improved for simulation in the vertical
direction. The experimental data in the blue coloured is the showing in the pressure loss, which
is followed by SST, k-¢, and RNG as coloured by orange, grey, and brown. The experimental
data shows in a constant pressure loss from X/D is a 10, which decreases significantly as X/D
gradually decreases. Furthermore, the SST model with experimental data is close; however, it
undervalues the pressure loss, particularly at the initial stage (X/D at 5). It aligns better with the

experimental data as X/D gradually increases.

4.4 Qualitative results - Flow visualisation.

The velocity streamlines and vector plots for a swirl cooling design in the gas turbine blade
leading edge are shown in Fig 4.9. The top view streamline plot shows the velocity distribution
along the cooling passage. Which highlight areas of the high (red/ orange) and low velocity (blue
regions). The swirl cooling motion of the flow is apparent, signifying improved cooling due to
enhanced mixing and heat transfer. Side view vector plots are also shown in Fig 4.9 and they
show a detailed swirl pattern in a cross-section view, with flow circulating within the cooling
channels. The swirl cooling structure increases the turbulence, which improves the heat transfer

coefficients on the cooling channels' walls.
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()
Figure 4-9: 3D swirl cooling results (a) The top view (streamline plot), (b): Bottom views (Vector plots)

The pressure distribution of the swirl cooling is shown in Fig 4.10, with pressure values ranging
from 99,879.99 Pa (blue) to 100,300.94 Pa (red), in Pascal (Pa). The red colour indicates the high
pressure, and the low pressure is shown as the blue colour. The variation of the colour along the
swirl cooling channels means there are low and high-pressure distributions within the channels.
The high-pressure is at the top of the channel regions, and the low-pressure distribution is at the

bottom of the channels. The pressure increased gradually from green to red.

Figure 4-10: Pressure distribution of the cooling channels
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Fig 4.11 shows the temperature distribution of the swirl cooling channels in the ranges of 289.03
K, represented in blue, to 313.70 K, which is in red. This high temperature represents the red
region, and the blue region represents the low-temperature distribution, with the temperature
distribution varying from green to red. The five nozzles produce cooler wall temperature on the
channels wall locations, which indicates peak in local convective heat transfer. Meanwhile, the

hotter regions are present in the nozzle locations which is reflect in the heat transfer value.

Figure 4-11: Temperature distribution of the cooling channels

4.5 Discussion for experimental validation of swirl cooling for the gas turbine blade

leading edge.

The comparison between the experimental and CFD results is shown in Fig 4.12. However, Fig
4.12(a) shows the number of internal tubes Nusselt numbers with normalised axial length (z/D).
The angular range is between 0°to 180° this is half of the circumference, and the localised
enhancement zone is highlighted with the effect of the swirl cooling tube as mentioned in [173].
The colours show from blue (the low Nusselt number) to red (the high Nusselt number),

indicating non — uniform heat transfer swirl cooling flow.

The numerical studies are shown in Fig 4.12 (b), followed by the experimental studies. The side
of the flow pattern views its peak and valley (red/yellow and blue/ green). These experimental
and numerical figures are spatially aligned; meanwhile, the swirl effect between the angled/ high
-Nu area are high, the experimental Nusselt number is range from the 0-300,with the CFD Nusselt
number range from the 0-200 (which is under certain conditions), however the CFD results are

slightly unpredictable.
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(b)
Figure 4-12: Nusselt number comparison of single stage cooling :(a) Exp, and (b) CFD
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Figure 4-13: Comparison between Experimental [171] and CFD comparisons

Based on the above qualitative results (referring Fig 4.12), the CFD and experimental validation
were presented are summarised shown in Fig. 4.13. This shows very good agreement between

CFD and experimental.

This pressure drop is a comparison between the experimental and CFD results, is shown in
Table 4.7. In this simulation, it is considered that the SST is best for all turbulence models
because there are no changes to the values. In Table 4.7 shows the pressure comparison based on
the cooling chamber nozzle (X/D) variation of the experimental in [171] and simulation. The
experimental data start with high variation at the initial point from 2.15 but it is decreasing

gradually.

Table 4-7: Pressure drop comparison for Experimental [171] and SST

X/D Expt[171] SST
0 2.15 1.55
5 2.01 1.27
10 1.65 0.87
15 0.94 0.1
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4.6 Flow physics and experimental limitations

This second methodology chapter presented a study and validation of single-stage swirl cooling
chambers to compare CFD with experimental data. The single-stage swirl cooling channels
impact pressure drop and heat transfer within fluid, and various turbulence models have been

used such as standard uch as the standard k¢, RNG k—¢, and SST k@ models.

The cooling flow is governed by the interaction between the coolant chamber and the vortex
chamber; however, the coolant chamber has five nozzles that squeeze the fluid through each
section, as shown in Fig 4.3. Convective heat transfer and boundary-layer control is governed by
the flow through the nozzles in each section; each nozzle jet is impinged into the cross-sectional
flow in the vortex chambers, which collapse the hydrodynamic and thermal boundary layers.
This nozzle produces high wall shear stress and intense turbulence, which increases near-wall
momentum and thermal transport, generating a local maximum Nusselt number in each nozzle.
After the fluid passes through the inlet nozzle (impingement), the flow reseparates, and the
boundary layer redevelops downstream of the nozzle until the next nozzle interaction, as shown
in Fig 4.9. In addition, the jet—crossflow interaction generates streamwise vortices and shear
layers that mix and transport high-momentum fluid into the vortex chamber, thereby removing
heated fluid from the chamber surface. These cooling processes explain how the sustained
convective cooling behaviour occurs in both chambers and explain the periodic variation of the

heat transfer along each nozzle passage.

A accurate numerical prediction of cooling requires sufficient mesh resolution to capture the
viscous layers and sublayers, given the strong shear layers generated at each nozzle. If the near
wall mesh is coarse, numerical diffusion smooths velocity and temperature gradients, meanwhile
turbulence modelling impacts vortex formation and turbulent heat transfer, especially in chamber
regions with recirculation. This is a main limitation in turbulence closure, and grid resolutions
can influence the magnitude of predicted peak on the heat transfer, although the simulation

presented in this chapter properly captures each nozzle's cooling behavior.

119



Chapter 5: Internal Swirl cooling chambers of a high- pressure turbine blade

5.1 Introduction
This chapter combines the methods from Chapters 3 and 4 to enable simulation of the flow around

the turbine blade, the cooling through it and the heat transfer through the solid region of the blade.
Internal swirl cooling is applied and embedded in the MT-1 turbine blade to help cool the leading
region. Numerical simulations of single, two, and three-stage swirl cooling chambers edge are
explored using a conjugate heat transfer method. The single-stage chamber is taken as the baseline
geometry with further modifications for two and three-stage swirl cooling designs. The results
focus on the pressure drop, heat transfer and thermal performance of the swirl cooling chamber. It

is found well correspond to past experimental literature.

5.2 Swirl cooling chambers geometries

5.2.1 Single stage cooling chamber

A single-stage swirl cooling chamber was created to fit inside the MT-1 stator (NGV) blade
provides internal cooling. The cylindrical section of the upper part is called the vortex chamber,
the rectangular section is called the coolant chamber, the rectangular nozzles are inter-connected
between both chambers (vortex and coolant). The location of this swirl cooling is to alleviate
thermal load at leading edge as shown in Fig 5.1.

%

2,5

(a) (b)
Figure 5-1: Schematic diagram of single-stage swirl cooling chambers, and geometry sketch

In this system, six tangential nozzles are interconnected to the single stage swirl cooling chamber.
The fluid enters the coolant chambers, through a rectangular section as shown in Fig 5.1 (b). The
geometry is accompanied by the single stage swirl cooling chamber dimensions listed in Table

5.1.

Table 5-1: Single-stage swirl cooling chambers geometry specifications

Parts Size
Tube diameter 9 [mm]
Tube length 43.375 [mm]
Plenum length 40.825 [mm]
Plenum width 9 [mm]
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5.2.2 Two stage swirl cooling chambers

The fluid passes through each nozzle to first chamber then through a passage to the second

chamber which is placed downstream. The two-stage cooling layout has two partitions, as shown

in Fig 5.2. The upstream round tube is also a vortex chamber, and the two stage swirl cooling

specifications listed in Table 5.2.

L fﬂ"
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(b)

Figure 5-2: Schematic diagram of a two-stage swirl cooling chamber

Table 5-2: Two stage cooling chamber specifications

Parts Sizes
Inlet Jet tube Width 2.5 [mm]
Inlet Jet tube Length 3.5 [mm]
Inlet jet Tube length 3 [ mm]

5.2.3 Three stage cooling chambers

Fig 5.3 shows a further iteration for the swirl cooling strategy, a three — stage cooling chamber

1s proposed, and the rectangular tube is also divided into three partitions, which are broken down

into middle of the inlet and outlet. Injections nozzles are connected between these sections as

shown in Fig 5.3 (e). The intel tube width and length of the diagram specification as shown in

Fig 5.3 (D).
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Figure 5-3: Schematic diagram of a three-stage swirl cooling chamber and specifications diagrams
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The three-stage cooling chamber is carefully considered with a proper blade chord and field setup,

as specified in Table 5.3.

Table 5-3: Three-stage swirl cooling chambers geometry specifications

Parts Sizes
Inlet Jet tube Width 2.5 [mm]
Inlet Jet tube Length 3.5 [mm]

5.3 Mesh design for swirl cooling chambers

For the swirl cooling channels, an unstructured mesh with triangular elements in cross section
were used. Figs 5.4, 5.5 and 5.6 (a) show the cross-section of the mesh design, which includes
the cooling chamber and the vortex chamber. The inflation layer is positioned around wall,
resulting in higher refinement and uniformity with a more regular element size for good quality.
The mesh is unstructured tetrahedral in some regions and others contain high density hexahedral

cells, near the blade cooling channels, and outer walls.

These swirl cooling flow paths help enhance internal convective heat transfer. There are two
sections in this swirl cooling geometry the first one is the inlet section, followed by the outlet
section. There are six nozzles for the single stage, seven for two stages and eight for three stages
as shown in Figs 5.4, 5.5 and 5.6 (b). The nozzles linked the vortex chamber to the cooling

chamber.

@ (b)

Figure 5-4: Single stage cooling chamber cross sectional and surface mesh
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© (b)

Figure 5-5: Two stage cooling chamber cross sectional and surface mesh

© ®
Figure 5-6: Three -stage cooling chambers cross sectional and surface mesh
The in the solid region of 3D MT-1 blades Nozzle Guide Vane is unstructured, as indicated by
the irregular pattern of elements. This was composed of tetrahedral elements, which commonly
used for this type of complex turbo machinery-related problems, as shown in Fig 5.7(a).
Furthermore, the cross-sectional external fluid on the NGV blade for the mesh is triangular and
unstructured. However, some parts of the Triangular mesh are compressed in near wall regions

to capture flow separation.

@ (b)
Figure 5-7: blade flow domain and cross-sectional mesh
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Fig 5.8 shows that single stage cooling is inset near the leading edge of this blade. There is an
outlet of the single stage cooling chamber near the leading edge of the blade, and inflation layers

near the wall of the blade itself.

@ (b)
Figure 5-8: NGV full blade and cross-sectional blade

Fig 5.9 shows unstructured rectangular mesh elements in the blade and through the
interconnected cooling chamber. Inflation layer are used in the vortex and coolant chamber which
is single has either single two or three stage cooling chambers, depending on the geometry. Fig
5.9 (a, b and c¢) shows all three design with the swirl cooling chambers, this shown as a horizontal
view between the vortex cooling and coolant chamber six continuously nozzle is attached with
same size, and unstructured mesh has been used in the swirl cooling chambers, and single stage

swirl cooling chamber without nozzle unstructured mesh the mesh specification is as shown in

the Table 5.4.

(@)
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Figure 5-9: Swirl cooling mesh: cross-sectional blade with inside cooling chamber flows

Table 5-4: Single-stage swirl cooling mesh specifications

Geometry/ Model of the mesh specification Nodes Elements
Blade Mesh 628,455 325,789

Single-Stage Swirl Cooling Chambers 333,586 1,203,284

Flow Domain 421,110 1,524,834
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5.4 Numerical set up

The total pressure loss characteristics of fluid friction are defined as follows using the total

pressure loss:

Ptin—Pt (5.1
CP: = Puin
where, Pt is Prandtl number of the averaged total pressure in the vortex chambers in the coolant
inlet. Thermal performance of the swirl cooling chamber is the between the total pressure and
heat transfer in the three stage cooling configurations, and the cooling thermal performance

efficiency () is defined as:

ne = Nu/NulO (5.2)
(F/fo)3
_ Ptin—Prout (53)
f = H(T 3

43(§Pinuin)

fo = (0.790InRep — 1.64) -2 (5.4)
For the cooling temperature ratio calculation using by [75]

_ NGVTy,

TR = Coolant Tgq (5-5)

Thermal performance is carried out for N=1, 2, and 3 with round bend sections to rectangular
sections, at different Reynolds numbers (ReD) = 20,000. The two- and three-stage swirl cooling
configurations with changed rectangular to round bends can provide better heat transfer

improvement.

The thermal performance (1) decreases with each stage (N), from 1.10 to 0.90 for the pressure
loss. Meanwhile, at (Rep) = 30,000 and 40,000, the results vary compressed to Rep =20,000. As
the number of stages increases thermal performance improves. This is the reason, based on
thermal performance, that the Reynolds numbers (Re) at 30,000 and 40,000 result in an
improvement of Nu/Nu0, which is obtained by increasing N and exceeds the cost (f/f0) by 1/3.

The frictional losses increase after modification; as a result, the three-stage configurations afford

a higher thermal performance at all Reynolds numbers (Re).
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5.4.1 Simulation set-up

Table 5-5: shows the MT-1 swirl cooling chamber set up

Input Selections
General Pressure-based solver

Materials — Air — Density — Other inputs Ideal Gas Law — Constant

Momentum and Thermal Bc's — Stator inlet

Pressure inlet stator

Reference frame — Absolute

Guage Total pressure (pa)- 461500

Direction Specification Method — Normal to direction.
Total Temperature (K) - 444.4

Pressure outlet Rotor

Backflow reference frame —Absolute

Guage pressure (pa) — 249.769

Backflow pressure specifications — Total pressure.
Backflow Total Temperature (k)-300.

Wall top —stator — Translations

Wall motion — Stationery.

Cooling passage conditions

Coolant pressure (P;) - 1080 kPa

Coolant temperature (T1) [K] - 296.2

Solution method Scheme

Coupled

Gradient

Green Gauss node based

all 2" orders Upwind

Monitors — le-6 for energy 1e-5 for rest

Residuals

A steady state pressure-based CFD solver is used for all computations. So, this swirl cooling
simulation procedure solution was used. For cooling as mentioned in [75] the conditions are
calculated carefully as described in Eq 5.2. Furthermore, simulation settings for discretisation,

gradient and pressure-velocity coupling schemes match what was used in the previous chapter.
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5.5 Quantitative Results for Cooling Chambers

Fig 5.10 shows swirl cooling chambers data using of the average Nusselt number. This plot
clearly shows the positive linear correlation between the Nusselt (Nu) and Reynolds (Re)
numbers. Higher Reynolds number mean enhanced convective heat transfer as shown in Fig (a)

for a single stage cooling chamber.
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Figure 5-10: Comparison of Average Nusselt number for swirl cooling chambers: (a) single stage, (b) two -

stage, and (c) three- stage
Fig 5.10 (b) shows the two-stage swirl cooling correlation between Reynolds and global Nusselt
number (Nu). Note that, a higher Nusselt number indicates better cooling performance by
enhancing convective heat transfer efficiency.Three different Reynolds numbers were
considered, and it is clear that an increasing the Reynolds number leads to better and stronger heat

transfer, and a relation between the Reynolds and Nusselt numbers.

Fig 5.10 (c) shows data for three-stage swirl cooling chambers with Reynolds ranges from 15000
to 45000, and Nusselt number ranges from 0 to 800. As the Reynolds number increases, the global
Nusselt number also increases, indicating a positive correlation between them. Conventional heat

transfer is measured by the Nusselt number, which clearly increases with the Reynolds number.
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The Reynolds number distribution varies with the Nusselt number, which has approximate points

at 20,000, 30,000, and 40,000, corresponding to Reynolds numbers of 350, 520, and 725.

The performance of single, two and three-stage swirl cooling designs, a multistage chambers has
a much higher Nusselt number distribution, mainly across all Reynolds numbers. The multi-stage
(Two and three- stage) Nusselt-number data is the highest Nusselt number, and three-stage

cooling is a much higher Nusselt number distribution, as shown in Fig 5.10.

In this study, cooling thermal efficiency and pressure drop has been investigated and these how
performance parameters correlate between the heat transfer and the pressure drop penalty. The
efficiency is determined as ratio of the normalized heat transfer and pressure drop as mentioned

in the Equation 5.1, and 5.2.

Next, the pressure distribution of the swirl cooling chambers as a function of Reynolds number is
shown in Fig 5.11. The X-axis shows the Reynolds number increases are an indication of
increases in the flow rate through the chamber. Meanwhile the Y-axis shows the normalised
pressure loss which is an indicator of the total pressure loss driven by the coolant. However, the
Reynolds number 20.000, 30.000, and 40,000 the pressure will be increasing gradually based on
the Reynolds number as shown in the Fig 5.11 (a).

Fig 5.11 (b) shows results for the two - stage design where the pressure loss increases gradually
from 0.05 (5%), to 0.11(11%), and 0.22 (22%), with increasing Reynolds number. A low 20,000
Reynolds number gives the minimum pressure loss, giving by less heat transfer. The midium
Reynolds number of 30,000 gives moderate with pressure loss better thermal performance, and

the high Reynolds number 40,000 gives reasonable heat transfer with a high pressure drop.
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Figure 5-11: Pressure drops comparison for swirl cooling chambers: (a) single stage, (b) two stages,
and (c) three-stage

Fig 5.11 (c) shown results for the three stage swirls cooling design. As the Reynolds number
increases, the global Nusselt number also increases. The Reynolds number distribution varies
with the Nusselt number, which has approximate points at 20,000, 30,000, and 40,000,
corresponding to Reynolds numbers of 350, 520, and 725. The pressure distribution of these
single, two-stage, and three- stage swirl cooling chambers shows a gradual increase in pressure
drop across the Reynolds numbers tested. The pressure drop gradually increases from single to
three stages; however, in the three-stage swirl cooling chamber has a greater pressure drop, as

shown in Fig 5.11.

5.6 Qualitative results swirl cooling chambers flow visualisations.

Fig 5.12 (a) shows streamline of the velocity magnitude of the single stage swirl cooling blade,
which is this range between 13.6 to 458.8 m/s. The flow pattern is shown inside the internal
cooling swirl chamber, which is influenced by thermal gradient increasing along the inside of the
cooling blade. The turbulence intensity influences heat transfer which is convective thermal
activity on the inside the blade surface. The more uniform cooling effect should increase, blade

durability .
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Fig 5.12 (b) shows single stage velocity streamline in the slower range as it approaches the blade
(shown with blue colors) before it then accelerates significantly as it passes the blade which is
expected for turbomachinery. In Fig 5.12 (c) the velocity streamlines are presented for the two-
stage chamber. It can be seen that the region near the inlet has the highest velocity which is shown
by orange/ red streamlines. Meanwhile, velocity decreases in the downstream section as indicated
by the yellow and green colors. The flow in the cooling channel as shown in Fig 5.12 (d) and it
can be seen that each cooling chamber has a clear vortex pattern. The highest velocity magnitude
is 81 m/s and there is strong rotational flow evident. Fig 5.12 (e) shows streamlines through the
domain for the three-stage chamber high speed of the flow occurs in the same location as foe the
others two designs. Fig 5.12 (f) shows the flow inside the three-stage swirl cooling chamber
where the velocity ranges from 1.27 m/s to 89.88 m/s, which is represented by the blue and red
colours. The initial stage (first stage) of flow enters through the first two nozzles, where it flows
from into the top of the chamber. The second stage (middle stage) has a more complex flow,
including recirculation, and the outlet of the two nozzles. The flow is visible at a lower velocity,

which shown in the cyan/light blue colours.

Figure 5-12: Swirl cooling chambers: (a) single stage velocity streamline blade (b) single stage velocity
streamline chambers, (c) two stage velocity streamline blade, (d) two - stage velocity streamline chamber,
(e) three — stage Single stage velocity streamline blade, and (d) three — stage velocity streamline chamber.
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Fig 5.13(a) shows the temperature distribution of the single stage swirl cooling channel within
the turbine blade. The minimum temperature is 296.09 K which relates to the cooling inlet flow
(donated as blue), and the maximum temperature is 444.38 K which occurs in the mainstream,
(red coloured). The effect of the swirl cooling chamber is to noticeably reduce the temperature of
the external flow downstream of the blade, by about 80K, compared to the incoming free-stream
flow. Fig 5.13(b) shows the two-stage swirl cooling temperature distribution, which ranges from
304.67 K to 444.37 K. The air enters the two paths of distinct cooling, which are coloured blue
and light blue which is the external flow. Meanwhile, the temperature falls gradually from the
inlet to the outlet, however there few difference in single and two stage temperature waked in
downstream wake of the. The temperature distribution in the three stage swirl cooling channels,
as shown in Fig 5.13(c) and it has a maximum and minimum temperature range of 444.38 K to
314.04 K, represented by dark red and blue colours, respectively. The mid-range is characterised
by smooth transitions. The colours in the red/orange range represent higher temperatures, while
those in the green/cyan/blue range represent lower temperatures. The swirl tube inside the blade
ranges from 314 to 330 K, and the mixing regions have uniform cooling down to 370 K, which

is represented by the green colour.

©

Figure 5-13: Temperature distribution for the swirl cooling chambers: (a) single -stage, (b) two -stage, and
(c) three- stage.
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Fig 5.14(a) shows that the single-stage swirl cooling channels' average Nusselt number
distributions range between 0 and 180. The colours, from green to yellow, indicate moderate heat
transfer, which ranges between 80 and 130. Furthermore, the colour ranges from cyan to green
corresponds to a Nusselt number between 60 and 100, which exhibits fluctuating patterns inducing
swirl cooling flow inside the chambers. The orange to red colours indicates high heat transfer,

which falls within the range of 140-180.

The average Nusselt number distribution inside coolant tube is as shown in Fig 5.14 (b), with an
Nusselt number variations from 50 to 150 which is on the surface of the coolant tube side wall.
The red and orange zones (Nu = 138 to 150) represent the highest heat transfer near the swirl
cooling zones. Yellow and green zones (Nu = 100 to 130) indicate flow attachment zones. There is

lower heat transfer further down the scale (blue colours).

However, the cooling effectiveness is elongated with the tube wall, and the thermal
characteristics are non-uniform. The Nusselt number distribution of the three-stage swirl cooling
chamber ranges between 50 and 150, coloured blue and red. The highest Nusselt number, 150,
corresponds to the red/orange colours and a moderate Nusselt number, range of between 105.56
and 138.89. The low Nusselt number distribution, range from 50.00 to 94.44, and it is coloured

green and blue, as shown in Fig 5.14(c).
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Figure 5-14: Nusselt Number (Nu) distribution for the swirl cooling chambers: (a) single -stage, (b) two -
stage, and (c) three- stage
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5.7 Results and discussion for all swirl cooling chambers

Fig 5.15 shows a comparison between the N-1, N-2, and N-3 design. Adding further channels
(such as N-4, N-5, etc.) is extremely challenging due to the very constrained physical size of the
MT-1. The plots shown in Fig 5015 presents the Re vs Nu for all three stage designs (single, two
and three stage) which ranges from 0 to 800. The N-1, which is represented by the light blue line,
is the lowest. The Nusselt number comparison shows that the Nu increases at N-1 compared to
other channels, and N-2 is moderately enhanced which is around 20 % as compared to N-1, while

N-3 exhibits the most enhanced heat transfer which is around 55% compared with N-1.
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Figure 5-15: Comparison of average Nusselt number for MT-1 blade swirl cooling chambers

The comparison between the total pressure loss comparison, is shown in Fig 5.16 a relation
between the Reynolds number (Re) vs normalised pressure loss (POin PO ou/ POin ) for these
three cases N-1, N-2, and N-3. The N-1 blue line shows that the lowest pressure loss across all
Reynolds number tested; the curve line remains nearly close to the leading ledge (zero line),

indicating that it minimises losses with highly efficient flow.

The N-1 shows that the medium pressure loss with raises the Reynolds number, in this moderate
pressure losses with higher flow rate and N-3 yellow line indicates the high-pressure losses with
relatively higher Reynolds numbers, these losses significantly more pressure losses then N-1, and
N-2, and indicate the more pressure losses due to the number of stages increasing with higher flow

rates.
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Figure 5-16: Comparison of pressure drop for MT-1 blade swirl cooling chambers
Figure 5.17 shows a comparison of cooling performance between the work in this thesis and
different past studies. These single, two and three stage cooling simulation configuration

concepts, are compared with Yao et al. [75].

Further this investigation validated by Rao et al. [173], studied the used single stage with fixe
nozzle designs. Following this comparison, further investigations were validated with the single-

stage experimental method of Fan et al. [174] and Nuo et al. [175].
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Figure 5-17: Nusselt number comparison of simulation and experiment

The SST k£ — @ was commonly used for all three cases to validate with the experimental methods
such as Fan et al. [159] resulting in a higher heat transfer rate. The three-stage swirl cooling (N3)

involves three stages, each with eight nozzles.

The flow passes through each nozzle and stage, enhancing flow mixing and steepening the

temperature gradient in each nozzle and chamber.
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This will effectively increase the surface area and thus thermal behaviour. These consistently
outperform all other cases, exhibiting best heat transfer behaviour. Single- and two-stage cooling
(N1-N3) outperforms both swirl cooling studies with correlations, confirming their superior

performance.

Comparison of Pressure loss
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Figure 5-18: pressure drop comparison simulation and experimental

The compression of the pressure loss as shown in Fig 5.18. The x-axis represents the Reynolds
number (Re), which ranges from 20,000 to 40,000. Yao et al.,[75] present single-stage cooling
(N-1) which shows the medium pressure drop rising with Reynolds number (Re) ranging from
0.15 to 0.28.

The simulation for single, two and three stage swirl cooling design (N-1, N-2, and N-3) are
validated through comparison between to the work of Rao et al. [75], and these numerical
simulation have higher pressure drop in the single stage (N-1), and lowest and moderate cooling
are in the single and two stage (N-1, and N-2) cooling chambers. Meanwhile, the Re increases
with the pressure drop, which also increases in parallel due to the higher frictional rate, resulting
in higher pressure losses. The N-3 studies exhibit higher pressure losses than the N-lones.

Meanwhile, the simulation three-stage swirl cooling chamber (N-3) has the most pressure loss.

5.8 Discussion for CFD analysis of the MT-1 blade swirl cooling chambers

The Fig 5.19 represents the surface average temperature on the leading edge with three stages of
Reynolds numbers (20k, 30k, and 40k) for four configurations such as single, two, and three

stage without round and with 6 mm round (N1, N2, N3, and N3 with round 6 mm).
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The Reynolds number increases, resulting in a decrease in the average temperature of a single
stage (N-1), which is the highest surface temperature; two stages (N-2) have a slightly lower
temperature than the single stage (N-1) [176].

Three-stage cooling (N-3) reduces the temperature further than single-stage (N-1) and two- stage
(N-2) cooling, and three-stage cooling (N-3) with a 6 mm round shape achieves the lowest
temperature distribution with good cooling performance. The modification for a 6 mm round

shape (N3 Round 6 mm) offers the best cooling and thermal performance at the leading edge.

1.8

1.6
g 14
= .
5 B N=1
5 12
2
= 1 HN=2
=
g 0.8
) B N=3
= 06
20
% 04 B N=3 (R6mm)
o)
O 02

0
Re 20k Re 30k Re Re 40k
Figure 5-19: Comparison of the thermal performance for swirl cooling channels
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Figure 5-20: Average temperature distribution on the leading

The thermal performance (1) of the leading edge across the Reyolds number (Re) in shown in
Fig 5.20. Here four swirl cooling configuration are shown including single (N-1), two (N-2), three
(N-3) and three stage with round (N-3) with 6mm round, and Reynolds number 20k, 30k, and

40k are across the four configurations.
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The single N-1 consistently has the highest efficiency values, nearly 1.65, which is the highest
and strongest thermal performance, and the two-stage (N-2) maintains nearly 0.9, which is the

moderate performance.

Furthermore three (N-3) stage 0.78 at Reynolds number (Re) 20k and improve to 1.0 at Reynolds
number (Re) 40k, indicating the thermal efficiency is improved and three stage round (N-3 with 6
mm) will starts 0.82 with 20k which is increase the 1.0 at 40k, which is indicating the thermal

efficiency gradually enhancing with this 6 mm modified design.

Due to the highest efficiency at N=1 flow is the least constrained and more elements of the N=2,3
with their increasing turbulence, flow separation and pressure losses and less efficiency. For the
three stage (N 3) 6mm rounded which is flow separation were reduced, this makes cause the
improves the pressure loses and efficiencies in particularly at higher Reynolds number as shown

in Fig 5.20.
5.9 Flow physics and modelling limitations

In this chapter, the observed reduction in pressure drop is attributed to increasing the number of
cooling stages in the primary chambers and to the redistribution of momentum, with flow
acceleration reduced in each cooling chamber section. However, the multi-stage configurations
promote a more uniform velocity profile with reduced flow separation at the turbine blade leading
edge, thereby improving hydraulic performance. The cooling efficiency trends are influenced by
balancing the pressure loss and increasing the turbulence intensity. Meanwhile, the single-stage
configuration exhibits higher local heat transfer; multi-stage arrangements provide improved
overall thermal performance by enhanced mixing over a longer flow path. The simulations
assume constant fluid properties and neglect potential temperature-reliant viscosity effects at
higher operating temperatures. Additionally, the steady-state method does not capture swirl flow,

which may impact local heat transfer under real engine conditions.

The cooling flow divides the passage into different regions, each dominated by distinct physical
mechanisms that control heat transfer and pressure drop. In the inlet regions of the cooling
chamber, the flow enters, increasing the Reynolds number. As a result, the inlet regions of each
chamber, such as single-, two-, and three-stage chambers, exhibit a rise in wall stress, and the
thermal boundary layer becomes more susceptible to disruption from each nozzle. However, in
the two- and three-stage nozzle regions, the boundary layers are weakly cooled due to the

increased number of stages, and mixing of each physical parameter remains limited.
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Chapter 6: Best design analysis of the internal swirl cooling chambers

6.1 Introduction

This is the final results chapter which builds on the conjugate heat transfer from chapter 6.
Changes in the shape of the cooling chambers are explored to investigate whether a improved
design can be found. However, a three-stage cooling chamber is taken forward in this chapter
for further analysis. A parametric study is conducted to investigate the effect of chamber corner
radius on the fluid dynamics and thermal performance. A range of turbine operating
temperatures are considered to try and find an effective design which works in different

scenarios.

6.2 Three stage swirl chambers round shapes

The three-stage swirl cooling configuration CAD geometry, as shown in Fig 6.1(a),
corresponds to the technical drawing shown in Table 6.1. A series of channels with R 6 mm
(referred to as R6) rounded semicircles, and a 1mm gap between each stage. However, the
design features include three Imm-spaced semicircular slots with their narrow chambers,
rounded fillets (R = 0.5 mm), including the nozzles, with radii (R = 6 mm). The spaced
chambers are 12.9 mm apart from centre to centre, as shown in Fig 6.1 (b) and specification of

the blade as shown in Table 6.1.
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Figure 6-1: Geometry: (a) the 6 mm round shape chamber, (b) specification for the three-stage swirl cooling
chamber

Table 6-1: Geometry specification for the three-stage swirl cooling 6 mm round shape

Feature Dimension/ Value
Hole diameter (Q) 09 mm
Semicircle radius R6mm
Corner radius RO.5mm
Wall thickness between features Imm
Horizontal distance between semicircle centres 12.9 mm
Horizontal distance from edge to first semicircle centre 3.5 mm
Section width (Right view) 9 mm
Offset of section from edge (Right view) 2.5 mm
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The three-stage 4mm round chamber CAD model as shown in Fig 6.2 (c). In this geometry, there
are six nozzles attached to cooling channels and vortex chamber. These nozzles have three stages
(also known as multi-stage), and a 1 mm gap between each nozzle on the vortex and coolant
chambers. The drawing of the swirl cooling in Fig 6.2 (d), which consists of the parameters as

shown in Table 6.2.

RO,5
R S /99 T @9
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Figure 6-2 Geometry: (¢) swirl cooling 4 mm round shape chamber, (d) specification for the three-
stage swirl cooling chamber.

Table 6-2: Three-stage swirl cooling 4mm round shape chamber parameters

Feature Dimension
Slots bottom radius R4
Wall thickness between slots Imm
Vertical offsets 2.5 mm

The 2 mm round CAD swirl cooling chamber, as shown in Fig 6.3 (a) features a semicircular
nozzle connected to both cooling chambers. The coolant chamber, located between the slots,
contains the regions that maximise the flow. A drawing for these swirl cooling chambers, with

complete parameters as shown in Fig 6.3 (b) and the parameters are listed in Table 6.3.

1
RO.5 - ROS g @9

© ®

Figure 6-3: Geometry: (a) swirl cooling 2 mm round shape chamber, (b) specification for the
three-stage swirl cooling chamber
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Table 6-3: Swirl cooling chamber 2mm round parameter specifications

Feature Dimension
Top corner radius RO.5
Hole diameter @9
Slot bottom radius R2
Slot spacing 12.9 mm
Left edge to first slots 3.5 mm
Wall thickens between slots 1 mm
Vertical slots dimension 9 mm
Vertical offset 2.5 mm

6.2 Mesh Design for three stage swirl cooling chambers

Fig 6.4 (a) shows cross-sectional view of the three-stage 6 mm swirl cooling chambers mesh, the
vortex chamber, and the coolant chamber, with attached nozzles. This mesh is composed of
quadrilateral and triangular elements, and Fig 6.4 (b) shows the cross-sectional swirl cooling
chamber, consisting mainly of triangular elements. These meshes are well-sized to capture the
curved semicircular geometry. However, the higher mesh density is at the curved semicircle

edge. The mesh statistics are shown in Table 6.4.

(@) (b)

Figure 6-4: Mesh design: (a) the swirl cooling channels, (b) Cross-section mesh for swirl cooling channels

Table 6-4: Mesh statistics for the 6 mm round swirl cooling chambers

Mesh Statistics

Nodes 297653
Elements 1051642
Skewness 0.75

Number of layers 5
Total thickness 0.05 [mm]
Element size 03 [mm]
Maximum Element size 0.4 [mm]
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The swirl cooling chamber, featuring a 4 mm mesh semicircular design for vortex generation
and a coolant chamber, is connected to nozzles as well as a circular block and a triangular mesh
with an inflation layer around the cooling chambers, as shown in Fig 6.5 (a). Further Fig 6.5(b)
shows the cross-sectional mesh for the coolant and vortex chambers with attached six three-
stage 4 mm nozzle round shapes. A quadrilateral mesh is used throughout the swirl cooling

chamber.

(@ (b)

Figure 6-5: Mesh design: (a) the swirl cooling channels, (b) Cross-section mesh for swirl
cooling channels

These three-stage swirl cooling chambers, with a 4mm round shape, have mesh statistics as

shown in Table 6.5.

Table 6-5: Mesh statistics for the 4 mm round swirl cooling chambers

Mesh Statistics
Nodes 339139
Elements 1184679
Skewness 0.80
Number of layers 5
Total thickness 0.05 [mm)]
Average Quality 0.59107
Element size 03 [mm]
Maximum Element size 0.4 [mm]
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The cross-sectional chamber for the mesh, as shown in Fig 6.6 (a) consists of the unstructured
triangular mesh covering the entire domain, with inflation layers attached near the edge of the
vortex and coolant chambers. The mesh is completely unstructured and triangular, with higher
density near the round shape of the nozzles. Furthermore, Fig 6.6 (b) shows the vortex and
coolant chambers without nozzles, which are unstructured with a triangular mesh statistic as

shown in Table 6.6.

(a) (b)

Figure 6-6: Mesh design: (a) the swirl cooling channels, (b) Cross-section mesh for swirl cooling
channels

Table 6-6: mesh statistics for the 2 mm round swirl cooling chambers

Mesh statistics

Nodes 345084
Elements 1207508
Skewness 0.75

Number of layers 5
Total thickness 0.05 [mm]
Element size 03 [mm]
Maximum Element size 0.4 [mm]

143



6.3 Quantitative results flow visualisations

The computational simulation model applied in this study is based on the stages work plan as
mentioned in on chapter 5. This definition of the computational domain, mesh generation and
discretizational geometries for these swirl cooling chambers as well as the materials properties are
allocated based on method Table 5.6. The three- stage swirl cooling features a 6 mm round

streamline flow pattern, as shown in Fig 6.7.

chamber enhances the heat transfer

Figure 6-7: Velocity streamline of the flow domain for 6 mm round shape
The flow through the cooling channels and the velocity ranges from low speed to high as speed
indicated in red which is where the flow is compressible flow. As flow enters the domain of the
blade, Fig 6.8, swirl cooling chamber velocity streamlines indicates a maximum velocity up to
90 m/s. The streamlines display a complex recirculation pattern inside the tube slots. A flow enters
each semicircular chamber, it is observed that a high pressure drops coincides with these

streamline.

2.098
[m s*-1]

Figure 6-8: Velocity streamline for the swirl cooling chamber for 6 mm round shape
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The velocity streamline inside the 4 mm round three — stage swirl cooling chamber is shown in
Fig 6.9. Here the inlet velocity has been very high, peaking around channels, which is shown in
red colour. The streamlines accelerate as they pass through the narrowing, and the flow enters
with a moderate velocity of 24 m/s, which is indicated by the blue colour. Meanwhile, the

green/yellow zones are the obstructions within the separation of the flow domain.

Figure 6-9: Velocity streamline of the flow domain for 4 mm round shape

Figure 6-10: Velocity streamline for the swirl cooling chamber for 4 mm round shape

Fig 6.10 is an indicates that the flow enters from the top, passes through four semicircular vortex
chambers, and then reaches the coolant chambers. The maximum velocity is around 95 m/s,
which is indicated by the red region near the coolant chamber slots. Meanwhile, inside the slots,

the flow slows down to 2 m/s, which is blue coloured.
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The velocity streamline for the 2 mm round size swirl cooling domain, as shown in Fig 6.11. The
streamline shows the flow pattern for the flow entering domains. This domain, the velocity is
increase with red and yellow, as well as the fluid passing through smooth and dense areas, also

known as laminar and turbulent streamlines.

Figure 6-11: Velocity streamline for 2 mm round flow domain

Another internal velocity stream for cooling chambers, as shown in Fig 6.12, and it has a velocity
range between 1.28 m/s and 99.23 m/s, which is coloured blue and red. A strong recirculation
pattern in the internal chambers and high velocities are indicated by the yellow/blue streamline
visible for narrow paths in these chambers. Some of the streamlines are separated over the vortex

formations.

Figure 6-12: Velocity streamline for 2 mm round cooling chambers
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6.4 Quantitative Results for the all-around shape of cooling channels

Fig 6.13 shows the pressure loss (POin - POout)/P0i of the swirl cooling gas turbine blade leading
edge versus Reynolds number (ReD), with each of the different cooling chamber configurations

such as N=1, N=2, and N = 3 by using these Eq 6.1.

P in_P ou
AP,y =" POi" ¢ (6.1)

where, 47, is the total relative pressure, Zy;;, is the total inlet pressure of the swirl chamber

channels, P, is the total average pressure in intel vortex cooling chambers, and Z,,, is the total
outlet pressure. There is a comparison to the result by Rao et al. [75] with the present
investigation simulation variations, such as N=3 with rounded values of 2 mm, 4 mm, and 6 mm.
All pressure losses increase with the Reynolds number. Fig 6.13 shows that the papers N=1,

N=2, and N=3 have a higher ratio of pressure loss with simulation values.
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Figure 6-13: Pressure losses comparison of the swirl cooling chambers

However, there is a difference between the rounded N=3 simulation data and the standard non
rounded designs. The effect of N=3 with all-rounding is significantly reduced, particularly with
the 4 mm N=3 rounded, which exhibits the lowest pressure losses, resulting in smoother and

more efficient flow as shown in Table 6.7.

Table 6-7: Pressure drop comparison: cooling chamber round and without round shape

Re N1 N2 N3 N3- Rounded_2mm N3 -Rounded_4mm N3 -Rounded_6mm
20000 0 0.06 0.12 0.116 0.13 0.107
30000 0.00056  0.13  0.286 0.287 0.275 0.264
40000 0.0011 023 0410 0.402 0.397 0.37
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As shown in Fig 6.14, the pressure losses for the turbine blade leading edge are in proportion to
the averaged Nusselt number distributions, which show that the Reynolds number increases as
the Nusselt number also increases. The rounded N=3, 6 mm, 4 mm, and 2 mm are the highest
Nusselt numbers (Nu) values, which indicate that the convective heat transfer performance is
superior. However, the high Nusselt numbers were maintained in these all-rounded swirl cooling
designs across all values of Reynolds number (700+ at Re 40,000). Meanwhile, the N3, N2, and

N3 designs show moderate Nusselt numbers are present; however, N=3 is leading these designs.
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Figure 6-14: Global average Nusselt number for swirl cooling chambers

The N= 3 with 4 mm rounded are superior in terms of heat transfer with low pressure loss (Fig
6.13). At the all Reynolds numbers such as 20,000, 30,000, and 40,000 the N=3 4 mm the is the
highest Nu numbers, however the 2 mm and 6 mm are limited increasing. The convective
performance is better and increasing for the 4 mm design these Nu gain and correlation with the
CFD temperature regions, which is showing decreases the temperature with A, has been
measured. In this region, as 4 mm around has improved the flow and optimal heat transfer
comparison with other investigations as shown in Table 6.8. These global Nusselt numbers are
validated with experimental studies of the swirl cooling with five nozzles by Rao et al. [173],
further Fan et al. [174] for helical merge single stage tube with five nozzles and as researched the

single cooling chamber axial flow inside the vortex chamber Nuo et al.[175].
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Table 6-8: Nusselt number comparison; different types of the Reynolds number with N-3 -2mm,4mm and 6
mm round shapes

Re N1 N2 N3 N3 _Rounded 2mm N3 _Rounded 4mm  N3_Rounded_6mm
20000 180000 300000 346000 330000 340000 350000
30000 270000 420000 530000 520000 450000 540000
40000 340000 580000 700000 720000 580000 720000

6.5 Three-stage swirl cooling best design for Nusselt number

Table 6-9: Three-stage swirl cooling chambers: 2 mm, 4 mm, and 6 mm round shape details studies

Reynolds number 20k
2mm 4mm 6mm
280 [K] 333.32 335.81 345.74
296.2 [K] 335.31 339.37 348.52
310 [K] 337.04 33991 351.07
Reynolds number 30k
280 [K] 504.18 512.94 524.34
296.2 [K] 508.83 517.40 528.71
310 [K] 515.51 521.54 534.07
Reynolds number 40k
280 [K] 693.99 701.17 712.31
296.2 [K] 697.78 708.51 722.75
310 [K] 707.52 716.80 726.93

Table 6.9 shows the analysis of the heat transfer data for various Reynolds numbers (20,000,
30,000, and 40,000), and the temperature (280K, 296K, and 310K) with the three-stage swirl
cooling chamber nozzles, the diameters are 2 mm, 4 mm and 6 mm. The effect of the Reynolds
number from 20,000 to 40,000, shows that simulation results increase the amount of heat transfer
performance, across the 2 mm, 4 mm and 6 mm round shapes and temperature for these three-
stage swirl cooling chambers. However, the high Reynolds number will cause a higher turbulent
flow; further, this turbulence enhances the fluid's behaviour later in each turbulent region, which
reduces the boundary layer of each model and, as a result, improves the convective heat transfer.
For example 280K with the 2 mm diameter, these values increase from 333.32 to 504.18 to 693.99
for respective Reynolds number of 20,000, 30,000, and 40,000. In this case, further designs of 4

mm and 6 mm will affect the Reynolds number and temperature.
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At 280K and 310K temperatures, this leads to a constant and moderate increase in the heat
transfer at 20,000, 30,000 and 40,000 Reynolds numbers (Re) with three-stage swirl cooling
round shape diameters. In case, at Re = 30k and 6 mm diameter, the values increase from 524.34
at 280 K to 528.71 at 296.2 K, then to 534.07 at 310 K, which is a gradual increase of ~ 3% to
4% across the cooling range. However, the heat transfer effect of 2 mm, 4 mm, and 6 mm radii
gives some improvements, but 4mm to 6mm produces a somewhat slight incremental advantage.

At Re 40k, for all cases with a temperature of 310K, the cost for 2 mm is 707.52. 4 mm is 716.80.

6.6 MT-1 swirls cooling focused on the best design

The N=1,2,3 with 6mm round size was taken from chapter 5 to continue for further investigation;
however, Figs 6.15 show that N-1 gradually increases and has a higher temperature at all
Reynolds numbers. Meanwhile, the N=3 geometries have a larger edge round shape, with the 4
mm and 6 mm design showing the lowest averaged temperatures. As the Reynolds number
decreases, the surface temperature indicates higher heat transfer. The round shape significantly

reduces the average temperature, particularly at higher Reynolds numbers as shown in Fig 6.15.
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Figure 6-15: Swirl cooling chamber: averaged temperature on the leading edge with different
Reynolds numbers

Fig 6.16 shows that the thermal performance of the swirl cooling gas turbine blade leading edge
is higher at N = 1, across the 20,000, 30,000, and 40,000 Reynolds numbers. However, N=2

and N=3 has the lowest thermal performance. N=3 with a round 6 mm is the best thermal

performance improvement region.
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A higher Reynolds number (40k), it reaches and the thermal performance increases with the
Reynolds numbers for all given model configurations, particularly N=3 with rounded shapes,

which improve the thermal performance.
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Figure 6-16: Thermal performance for swirl cooling chambers
Fig. 6.16 indicates that the N = 3 R 4 mm configuration provides better thermal cooling
performance than the N = 3 R 6 mm and N=3 R 2 mm configurations. However, these
improvements are based on changes to the flow structure in swirl cooling chambers, and N=3
R 2 mm is the swirl intensity at this N= R 2 mm, which is excessively high. Which is affected
by increasing turbulence, but this also results in very low heat transfer and higher-pressure
losses. Further, N=3 R 6mm are low and weak swirl intensities, indicating insufficient mixing
in the swirl flow. In contrast, N=3 R 4mm has a higher swirl intensity, which enhances both
swirl strength and flow stability; in this N=3 R 4mm rounding offers the optimum equilibrium
between pressure drop and heat transfer reinforcement. This does not represent maximal thermal
efficiency, but rather a relative index that improves cooling performance within the examined
parameter range. In this study, cooling thermal efficiency (7) is characterised as a relative
performance parameter that associates heat transfer reinforcement with the corresponding
pressure drop penalty. This efficiency is determined as the ratio of normalised heat transfer
performance to normalised pressure drop. This efficiency indicator provides a qualitative
assessment of the relationship between pressure drop and heat transfer. These elevated values
indicate setups that enhance convection heat transfer without a commensurate rise in pressure
drop. The metric is used exclusively for the comparative evaluation of the configuration

examined, as shown in Eqs 5.1 and 5.2. and Figures 5.19 and 6.16.
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6.7 Design interpretation and limitations

In this chapter, the parametric studies for a three-stage cooling chamber were studied, with each
nozzle's size (radius) changing. The flow behaviour inside the multistage cooling chamber is
dominated by curvature-induced secondary motion and nozzle cross-section flow interaction,
which control both heat transfer and pressure distributions. The inlet bend regions generate
centrifugal forces that turn the flow, driving the fluid towards the vortex chambers, which produce
strong velocity gradients and local acceleration in each round-shaped region. The radii enhance
mixing, leading to thicker thermal boundary layers and a higher Nusselt number in the all-around
shape configuration. However, in the three-stage round-shaped cooling chambers, the flow
develops recirculation zones and bends. These secondary motions continuously flow toward the
vortex chambers and, during this process, remove heat from the chambers' surfaces, sustaining
convective cooling. However, the velocity streamline plots show intensified swirling motion and
recirculation within each chamber, which is responsible for the observed Nusselt number increase
with Reynolds number. As the Reynolds number rises, turbulence intensity and secondary flow

also increase together, which causes increased pressure losses.

The relative performance assessment determines that a rounded multi-stage configuration achieves
lower pressure loss by reducing the rectangular edges that turn and by suppressing separation at
chamber sections. However, the enhanced thermal performance observed for the N-3 rounded
configurations is attributed to improved swirl stability and sustained turbulence generation, which
enhance convective heat transfer while maintaining acceptable pressure losses. Design and
modelling limitations of the optimisation conclusions are based on a constrained range of
geometric parameters and Reynolds numbers. Meanwhile, the predictable three-stage (N-3)
configurations demonstrate enhanced performance within the investigated range. However,
additional investigation is required to assess scalability under full-engine operating conditions and

transient loading scenarios.
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Chapter 7: Conclusion

This chapter evaluates how well the research achieved, the objectives that were set at the outset.
The aim of this research was to study thermal analysis of the design of internal swirl cooling
configurations applied to a high-pressure turbine blade, focusing on the leading-edge region. This
involved the design of a standard MT-1 and use of a blade mixing plane CFD set up. Following
range of parametric studies, the performance of a novel swirl cooling design was tested through a
series of structured objectives.

A review for each objective is described here:

Objective 1- Using literature, to get the important characteristics of turbine blade operation,

cooling methods and approaches to modelling and simulating fluid dynamics and heat transfer.

The first objective is successfully completed. The literature review covered the understanding of
basic turbine operation and blade design characteristics. Further literature contain the identified
high temperature operating conditions, which is the most challenging, with necessities for more
efficient cooling strategies to balancing turbine blade operation conditions. As described in the
literature review, convective internal cooling such as film, impingement, and swirl cooling are
widely applied in high-pressure turbine blades applications for improved thermal efficiencies,
heat transfer and pressure drop. Computation modelling approaches were explored to show an
understanding of thermal behavior, heat transfer, and aerodynamic concepts. Computational
modelling was explored for the use of different types of turbulence models conjugate heat transfer

approaches, which is allowed the detailed studies for thermal activities in certain regions.

A major finding was that steady — state RANS turbulence models are well suited to these kinds
of simulations. Further insights were obtained linking concepts to the coherent framework of
turbine blade operations, including new and existing cooling strategies by using well- established
simulation modelling methods. Nevertheless, the contribution of these methods aligns with gaps
inknowledge internal swirl cooling strategies, with fluid and thermal activities behaviour able to
be accounted for. A novel area of work identified was for the evaluation of internal swirl cooling
techniques by applying computational fluid dynamic CFD. This can sufficiently demonstrate the
performance of internal swirl cooling behaviour, especially in the leading edge regions of turbine

blade.
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Objective 2 - To develop and validate a CFD modeling approach to accurately and reliably
simulate the aerodynamic flow around a generic high pressure blade, the MT-1 blade design,

including the effect of rotor — stator interaction, using experimental data.

This objective is successfully met. The generic MT-1 turbine blade provided a baseline design,
from which to base the analysis. The aerodynamic performance was robustly tested under
various operation conditions such as baseline configurations. Initially 2D simulations were made
possible by taking slices of the 3D domain are the 50% span location to enable the modelling
approach to be developed. Using, mixing plane between rotor and stator regions was shown to
be effective for simulating the interaction between these two blades. Different types of turbulence
model were explored, and grid independence was investigated. Both pressure distribution and
heat transfer were investigated by using the following turbulence models RNG k-¢, SSTk-w,
Spalart-Allmaras (SA) model. This was done for a number of meshes as part of the grid

independence study.

It was found that the SST k- model gave the best predictions of pressure and heat transfer
behavior compared to other turbulence models. This also applied for cases of different rotational
velocities. Accounting for all results, including pressure distributions and heat transfer behaviour
the baseline SST k-w model gave the best efficiency around 0.88. This compared well to the
experimental data for efficiency pressure and heat transfer distributions from validation Chana
et al. [166]. These results are described in Chapter 3.

Objective 3 - To develop a separate CFD approach to accurately model internal flow and heat

transfer through a swirl cooling chamber by validating with available experimental data.

This objective is also successfully achieved. It was important to develop an accurate simulation
approach for single stage swirl cooling, through validation of both pressure drop and heat transfer
behavior. This involved past literature on experimental research to guide simulation work. This
aspect of the work presented in this thesis underlined the importance of validation approaches to
provide clear understanding of the heat transfer activities and pressure drop characteristics. A
single stage cooling chamber comprising of five nozzles was identified suitable validation case,

this also contained vortex and coolant chambers as shown in Chapter 4.

Rao et al. [171] provided validation date to compare the CFD modelling approach. Important
aspects of the CFD method include mesh design, turbulence model selection and using
appropriate solver settings to simulate this thermal and flow characteristic. Good agreement
between CFD results and experimental data was presented in which provided the foundations for

the novel work in Chapter 5 and 6.

154



Objective 4 - Combine the results from objectives (2) and (3) to simulate conjugate heat transfer
within a generic high—pressure turbine blade. This will involve the design of internal swirl cooling

channels, including validations in the number of cooling stages.

This objective was also successfully met. Chapter 5 set out to investigate two-stage and three-
stage concept for internal swirl cooling within the generic gas turbine blade. This objective was
to overcome the drawbacks of conventional internal swirl cooling with single- stage chambers

and to investigate whether enhancement in heat transfer could be achieved with extra stages.

Earlier research finding have shown that single-stage swirl cooling chambers can effectively be
modelled numerically in [180] [181]. These traditional cooling technologies are work but they do
not fully address the need to achieve both high cooling efficiency and temperature uniformity
within a turbine blade. The investigation revealed a design with only three-stages (N=3) as
necessary to improve thermal performance. One three-stage design incorporated modifications
through rounding in the corners of the cooling chambers with a rounding radius 6 mm. This
design was compared to standard single, two and three stage (non-rounding) to determine which
design yielded the best thermal effect, without a significant pressure drop. The three-stage
cooling configuration (N=3) delivered the greatest benefit, achieving up to 60% of the Nusselt
number and over 40 K of temperature distribution improved overall compared to the baseline
single stage swirling chamber design. However, this came at a cost of greater pressure drop (i.e,
losses). The application of 6 mm rounding described above improved the situation leading to of

pressure drop.

Overall, It has been established that multistage swirl cooling as a concept can be applied in a
systematic way to design suitable arrangements of cooling chambers. Confidence in this finding

was gained from good comparison to further experimental validation as outlined in Chapter 5.

Objective 5- Investigation of the impact of parametric changes, such as critical channel radii, on

the design of swirl cooling channels within the turbine blades.

This objective was successfully met. In this objective detailed research was carried out to focus
on the key factors based on the swirl cooling configuration for the baseline MT-1 high pressure
turbine blade with a focus on leading edge cooling. Extending the work from Chapter 5, the three
stage (N =3) swirl cooling chamber design was again studied but with comparisons between the
standard rectangular design and round nozzles of with rounding diameters of R = 2, 4, 6 mm.
Based on this all the data the R 4mm round design is the best between each other’s designs. In

terms of minimising pressure drop, whilst delivering effective, heat transfer.
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This performance was confirmed to occur for a range of Reynolds numbers varying between
20,000 and 40,000. Furthermore, these results compare favorably with work [75, 173, 174]
because the pressure drop is less in the novel work presented in Chapter 6. Nevertheless, when
the Reynolds number increases, the parallel efficiency also changes. Also considered was the
effectiveness of changing the temperature distribution as boundary conditions to rest how robust
the best design is. It was found that increasing the temperature gradually will result in increased
heat transfer and pressure drop for all three stages with rounded nozzles. All the obtained results
were compared with Comeau et al. [158] and Wang et al. [172] and were also investigated with
multiple cooling configurations. In general, the work in Chapter 6 matched well with their

investigation, particularly in terms of heat transfer and pressure drop.

Overall, this investigation is dominated by thermal behavior and pressure drop across a range
using the Reynolds number. The research outcomes demonstrated that pressure drop and thermal
performance across the Reynolds number range were reliable and consistent with previous
researched by Fan et al. [174] and Rao et al. [173]. It is clear from the results that modification
of three-stage designs improves performance both in terms of the pressure drop and thermal
behaviors. However, the 4 mm is considered the best design operation at 296K, with a 5.3%
decrease in pressure losses and an overall thermal efficiency of 2.5%, which is better than all

rounded models.

As a general observation, the constant increase in inlet temperature enhances the heat transfer for
rounded nozzles, resulting in better overall heat transfer distribution. These outcomes were
compared with [158] and [172]. This is a novel concept of addressing overall thermal

performances.

The research concludes that the different types of rounded nozzles are best for thermal
efficiencies, heat transfer, and pressure drop, thereby improving cooling performance in high-
pressure gas turbine engineering solutions. These three-stage configuration results outcome are
significant because they indicate improved the cooling and increased robustness of thermal
behaviour. These outcomes are compared with published data one multistage swirl cooling
configuration by Yao et al. [75], single-stage swirl cooling with five nozzles by Rao et al. [173],
further single-stage experimental studies with Fan et al. [174], and single-stage correlation with
double helical numerical and experimental studies, by Nuo et al. [175].

These validated results support the conclusion that enhanced cooling occurs due to the design of

swirl cooling chambers.
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7.1 Future work

The first part is the 2D mixing plane, which was researched to establish a baseline for the mixing
plane. The research aimed to find the basic behaviour of the pressure distribution and heat transfer
in the high-pressure turbine blades. Followed by the 2D mixing plane, further carried out the 3D
mixing plane which is mainly focus in the used different type of spam location with varying types
of RPMs to find the pressure distribution and heat transfer behaviour by adding these pressure
distribution P/P0 , in this investigation used the different type of the turbulence models and Grid
independence studies were used the grid independence studies k-w, k- y+30, and
NGV_RNG y+30 turbulence models to investigate the better flow performance of the mixing
plane these investigation is validates with Chana et al. [166].

Further investigated the experimental validation forsingle stage swirl cooling with this numerical
single stage simulation, in this investigation used the long swirl cooling duct with nozzles attached
with vortex and coolant chamber was used to find the pressure drop and heat transfer of thissingle-
stage ductswirl cooling channels.

In this work, several further work opportunities, such as changing the grids, may be possible to
affect this validation. The second area of research in this current research were carried out entirely
high-pressure gas turbine blade internal swirl cooling chambers, in this investigation design the
different type such as single, two and three stage swirl cooling chambers based on the gas turbine
blade specifications, in this mainly investigated the pressure drop, heat transfer, thermal
performance of the of the each cooling chambers which is in the Chapter 5.

To continue the cooling chamber best design. In this design, took the three-stage cooling chamber,
where changed the round shapes to 2 mm, 4 mm, and 6 mm as mentioned in chapter 6. Following
these round shape to find the best design to find the pressure drop, heat transfer and thermal
performance of this model. Further changed the boundary conditions for each design and found
the pressure drop and heat transfer with thermal behaviours. In the swirl cooling chamber, there
are more research opportunities, such as merging swirl cooling and impingement cooling, which

can affect the pressure drop and thermal activitie
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