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Cryogenic cycle power turbines optimised by hub contouring 

by 

Hayder Mahdi Baqer Obaida MSc (Baghdad) 

ABSTRACT 

Improvements in stage isentropic efficiency and reductions in stage total pressure loss are 

sought in a 1.5 stage axial turbine. This is representative of power generation equipment 

used in thermal power cycles, in a cryogenic plants, and in aeroderivative engines. The 

performance of cryogenic installations and of power plants can be enhanced by using 

turbines with a higher isentropic efficiency, by reducing the secondary flow losses. 

Secondary flow loss reduction is achieved by designing a non-axisymmetric end-wall for the 

turbine inlet stator hub. The approach is to use a novel guide groove to direct the pressure 

side branch of the horseshoe vortex away from the blade suction side, using a novel 

parametric end-wall hub surface definition. This delays the onset of the passage vortex and 

reduces its associated loss. The performance of the novel hub profile is compared with that 

from contouring the hub using representative industry best practice. For this, a three-

dimensional steady RANS model with an axisymmetric hub is first validated against 

reference experimental measurements from RWTH Aachen. A Kriging surrogate model 

from the Alstom Process and Optimisation Workbench (APOW) is used to optimise the hub 

surface. Comparative CFD predictions with an optimised non-axisymmetric hub show a 

decrease in the stage total pressure loss coefficient and an increase in the stage isentropic 

efficiency at design and off-design. The potential benefits to a representative Liquefied 

Natural Gas (LNG) cryogenic cycle is assessed by thermodynamic cycle analysis. 

A 1.60 % increase in the axial turbine stage isentropic efficiency is predicted by using a hub 

contoured by the optimised guide groove compared to a 0.19 % increase by using the 

industry best practice. The higher turbine stage isentropic efficiency is predicted to enhance 

the performance of the LNG cryogenic plant by a 3.15 % rise in the Coefficient Of 

Performance. 
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NOMENCLATURE 

 

Roman symbols   

𝐶𝑆𝐾𝐸 Coefficient of secondary kinetic energy  

𝐶𝑝 𝑙𝑜𝑠𝑠 𝐶𝐹𝐷 𝑒𝑥𝑝  Stage total pressure loss coefficient from the 

Computational Fluid Dynamics (CFD) prediction 

 

𝐶𝑝 𝑙𝑜𝑠𝑠 𝑘𝑟𝑖𝑔𝑖𝑛𝑔 Stage total pressure loss coefficient from the Kriging 

surrogate model 

 

𝐶𝑝 𝑙𝑜𝑠𝑠 Stage total pressure loss coefficient  

𝐶𝑟  Turbine rotor chord mm 

𝐶𝑠  Turbine stator blade chord mm 

𝐶𝑥  Turbine stator axial chord mm 

𝑑 Stator 1 hub groove width mm 

𝑑𝑙𝑒  Groove width at stator 1 blade leading edge rad 

𝑑𝑡𝑒  Groove width at stator 1 passage trailing edge rad 

𝑒1 Axial start position of the Aachen Turbine stator 1 passage 

leading edge 

mm 

𝑒2 Axial start position of the Aachen Turbine stator 1 blade 

leading edge 

 

𝑒3 Axial end position of the Aachen Turbine stator 1 blade 

trailing edge 

 

𝑒4 Axial end position of the Aachen Turbine stator 1 passage 

trailing edge 

 

𝑔 Polynomial function of degree four  

ℎ𝑜 Maximum groove depth position as fraction of groove 

length 

 

ℎ 𝑟 − 𝑟ℎ𝑢𝑏  

𝐻 Turbine blade span mm 

𝐿1 Axial distance from the passage leading edge to the first 

curve  

mm 
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𝐿2 Axial distance from the passage leading edge to the second 

guide curve 

mm 

𝐿3 Axial distance from the passage leading edge to the third 

guide curve 

mm 

𝐿𝐶𝑉𝑓𝑢𝑒𝑙  Low calorific value of fuel kJ kg-1 

�̇�𝑓𝑢𝑒𝑙  Fuel mass flow rate  kg s-1 

�̇�𝑔 Natural gas fuel mass flow rate kg s-1 

𝑀 Polynomial operator  

𝑛 Number of discrete points in pitch  

𝑛𝑖  Outward normal unit vector  

𝑁 Number of blades  

𝑝 Pressure Pa 

𝑝𝑜1
 Turbine stator 1 inlet total pressure Pa 

𝑝𝑑  Polynomial degree  

𝑃 Power kW 

𝑃𝑖  Turbine stator 1 hub surface points  

𝑃𝑖𝑗  Mesh of surface control points  

𝑃𝑚  Mechanical power kW 

𝑞𝑝(𝑥) Cubic spline interpolation across corresponding points on 

the pressure side blade 

 

𝑞𝑠(𝑥) Cubic spline interpolation across corresponding points on 

the suction side blade 

 

𝑄𝐻  Heat output kW 

𝑟 Three-dimensional (3-D) radial coordinate  

𝑟𝑐  Vortex radius mm 

𝑟𝑑  Groove radial depth mm 

𝑟ℎ  Turbine stator 1 hub radius mm 

𝑟ℎ𝑔  Turbine stator 1 hub groove radius mm 

𝑟𝑃𝑆1  Radial height of pressure side spline control point mm 

𝑟𝑃𝑆2  Radial height of pressure side spline control point mm 
 

mm 

𝑟𝑆𝑆  Radial height of suction side spline control point mm 

Δ𝑟1 Bezier axisymmetric radius shift mm 
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Δ𝑟2 Bezier phase shift mm 

𝑅 Specific gas constant kJ kg-1K-1 

𝑅𝑑  Maximum groove depth mm 

𝑅𝑒𝐿  Reynolds number  

𝑠 Normalized pitchwise coordinate  

𝑠𝑏  Pitchwise position of maximum groove depth mm 

Δ𝑠 Bezier groove amplitude mm 

𝑆𝑟  Turbine rotor pitch mm 

𝑆𝑠 Turbine stator pitch mm 

𝑇𝑜1
 Turbine stator 1 inlet temperature K 

𝑇𝑔  Natural gas temperature °C 

Δ𝑇ℎ𝑖𝑔ℎ High temperature difference K 

Δ𝑇𝑙𝑜𝑤  Low temperature difference K 

𝑢 Normalized axial coordinate  

𝑢𝑠  Stator 1 normalized axial coordinate  

𝑈 Turbine rotor blade speed m s-1 

𝑈𝑘  Knot vector  

𝑣 Normalized pitchwise coordinate  

𝑣𝑎  Inlet axial velocity m s-1 

𝑣𝑠  Stator 1 normalized pitchwise coordinate  

𝑥 3-D axial coordinate  

𝑥𝑖  𝑥-coordinate of the 𝑖𝑡ℎ point  

𝑦𝑖  𝑦-coordinate of the 𝑖𝑡ℎ point  

𝑧𝑖  𝑧-coordinate of the 𝑖𝑡ℎ point  

Greek symbols   

𝛼 Turbine stator absolute yaw flow angle degrees 

𝛼𝑠  Shape parameter  

𝛽 Turbine rotor absolute yaw flow angle degrees 

𝛽𝑠 Scale parameter  

𝜖1 Pitch angle function across the Aachen Turbine stator 1 

pressure side blade 

 

𝜖2 Pitch angle function across the Aachen Turbine stator 1 

suction side blade 
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𝜂 Minimum distance mm 

𝜂𝑖  Isentropic efficiency  

𝜂𝑖𝑠  Stage isentropic efficiency  

𝜃 3D pitchwise coordinate  

𝜃𝑖  3-D pitchwise coordinate of the 𝑖𝑡ℎ point  

𝜗 Number of degrees of freedom  

𝜇(𝑥) Pitchwise position of the groove maximum mm 

𝜉 Groove path curve  

𝜎 Hub groove width mm 

𝜙𝑚  Refrigerant mass flow rate kg s-1 

𝜑𝑝 Cubic spline interpolation function across the Aachen 

Turbine stator 1 pressure side blade 

 

𝜑𝑠  Cubic spline interpolation function across the Aachen 

Turbine stator 1 suction side blade 

 

𝜓 Relative difference  

Ω𝑥  𝑥 vorticity component s-1 

Acronyms   

𝐶. 𝑂. 𝑃. Coefficient Of Performance  

𝐷𝑜𝐸 Design of Experiment  

LNG Liquefied Natural Gas  

NG Natural Gas  

𝑃𝑆 Pressure side  

𝑆𝑆 Suction side  
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1. INTRODUCTION 

1.1 Motivation 

Axial flow turbines are the main workhorses of conventional power generation, which 

delivers about 80% of the 20 trillion kWh world-wide electricity, and of cryogenic plants as 

the power driving component. Component-level improvements are therefore timely and 

relevant towards achieving CO2 global emission reduction targets. In 2009, the UK used 378 

TWh of electricity, 43% produced by firing 325 TWh of natural gas, in power stations fitted 

with axial compressors and turbines. The impact of improving the thermal efficiency of 

electricity production by natural gas alone by 1% in the UK would give an annual reduction 

of 600 M tons of CO2 emissions and a cost saving of £58.2 M, based on a reference gas price 

of 50 pence/therm. 

Improvements the isentropic efficiency of gas turbines used in power generation and in 

cryogenic plants can be achieved by reducing the secondary flow losses. This is achievable 

by re-designing the turbine end-walls in such a way to improve the three-dimensional flow 

through the passage, as well as by other means. These changes can increase the turbine 

aerodynamic efficiency and reduce the natural gas specific fuel consumption. 

Changing the end-wall shape of a turbomachine from an axisymmetric to a non-

axisymmetric surface is commonly referred to as end-wall contouring. This thesis 

investigates the use of a new end-wall surface definition applied to the hub of an axial turbine 

to reduce the secondary flow losses and improve the stage isentropic efficiency. The 

effectiveness of this novel end-wall contouring technique is investigated on an axial turbine 

that is representative of both a power generation turbine and of the type of turbine used for 

driving axial compressors in a cryogenic plant. 

This study evaluates whether cryogenic applications can benefit from the new end-wall 

design technique. This should be achievable by increasing the stage isentropic efficiency of 

the type of axial gas turbines used for driving axial compressors in a cryogenic plant. The 

liquefied natural gas LNG plant is taken as an example for this application. It is investigated 

how the LNG Coefficient Of Performance can be increased by improving the isentropic 

efficiency of the axial gas turbine, obtained by end-wall contouring. 
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1.2 End-Wall Contouring for Axial Turbines 

This thesis will highlight a polymorphism in the end wall treatments that other authors have 

developed by either experiment or through computation. This polymorphism suggests that a 

flow-structure-based approach to the design of contoured end-walls may benefit the 

effectiveness of the end-wall treatment through an appropriate parameterisation of the end-

wall surface. Such an approach may also lead to some convergence in the surface definition 

framework. 

End wall contouring is typically implemented by prescribing a non-axisymmetric shape to 

the blade row hub and/or to the casing. The wall shape is typically optimised to give a low 

stage total pressure loss coefficient. This stage total pressure loss reduction typically leads 

to an increase in the isentropic efficiency of the stage. The increase in stage isentropic 

efficiency results from the decrease in the heat generated over the blade pressure side. 

Generally, heat is generated as a result of friction between the flow and the blade, in the 

boundary layer, and in the mixing flow, in shear layers. The main source of loss is the entropy 

increase in the flow, in which the entropy sources are viscous effects in boundary layers, 

viscous effects in mixing processes, shock waves, and heat transfer across temperature 

differences (Denton, 1993). 

Three-dimensional treatments, typically informed by targeted computational fluid dynamic 

simulations, are applied. These treatments are particularly relevant for minimizing the loss 

from secondary flows and improve the stage efficiency. A structured programme of 

experiments in linear and rotary cascades and in multi-stage test rigs provides essential 

verification and validation of the aerodynamic performance data, ensuring the robustness of 

the design, both at the component and at the sub-assembly levels. 

The end-wall contouring implemented in this thesis is designed to be applicable to axial flow 

turbines for cryogenic cycles. Such turbines are used in the production of Liquefied Natural 

Gas (LNG). The main concept driving the geometry of the non-axisymmetric end-wall is the 

mitigation of the passage corner vortex by the insertion of a single streamwise channelling 

groove that confines it. 
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1.3 Aims and Objectives 

The main focus of this thesis is on the reduction of the axial flow turbine stage total pressure 

loss and on the increase of the stage isentropic efficiency, by contouring the hub wall by a 

computer-driven geometry definition and optimisation procedure. A fundamental objective 

is to contextualize the end-wall contouring in the full design process of the axial turbine 

stator hub and to find out how end-wall surfaces can be parametrised mathematically so that 

these surfaces merge smoothly with the remainder of the blade passage geometry. This study 

presents a new design technique for parameterising and optimising the turbine stator hub to 

reduce the secondary flow losses in a 1.5 stage turbine. The non-axisymmetric turbine stator 

hub is generated by defining a guide groove running from the blade leading edge to the 

passage trailing edge, exporting it as a group of Non-Uniform Rational B-Spline (NURBS) 

surfaces, and by joining these surfaces with the rest of the 1.5 stage turbine. This procedure 

is then compared with an alternative surface parameterisation method used in industry. This 

is the procedure also followed in Obaida et al. (2016), Obaida et al. (2017), and in Kadhim 

et al. (2017). 

A rigorous programme of tests is run to validate the new surface definition procedure and to 

build confidence towards its adoption in industry. A computational fluid dynamic model is 

developed of the Aachen Turbine (Volmar et al., 1998, Walraevens and Gallus, 1997, Gallus, 

1995), which is used as the main validation test case for the current work. The geometry and 

mesh are generated by ANSYS ICEM CFD. The near-wall region is resolved to a suitable 

value of 𝑦+ on three computational meshes of progressive spatial resolution. Numerical 

predictions are generated using the computational fluid dynamics (CFD) solver 

OpenFoam/2.3.0 and OpenFoam 3.2.-extend version. Flow predictions from the Aachen 

Turbine model are validated using the low steady three-dimensional (3D) stator experimental 

data from Aachen (Volmar et al., 1998, Walraevens and Gallus, 1997, Gallus, 1995), by 

comparing the yaw angle and the meridional, circumferential, and absolute velocity 

distributions with the RWTH measurements. The axisymmetric cylindrical hub of the 

validation test case is then replaced by a non-axisymmetric turbine stator hub, defined using 

a parametric surface that depends on three free parameters. A three-parameter optimisation 

is implemented of the contoured hub using the Alstom Process and Optimisation Workbench 

(APOW). APOW generates a Kriging surrogate model of the total pressure loss response of 

the turbine to the hub shape changes. The Kriging model enables the identification of a 

combination of surface defining parameters that gives low total pressure loss, therefore 
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providing an optimised hub shape. The turbine with the optimised stator hub is then tested 

at off-design conditions to investigate the change in the stage total pressure loss coefficient 

and in the stage isentropic efficiency for off-design operations. 

The predicted isentropic efficiency of the axial turbine with the optimised stator 1 hub is 

used to study the changes in the Coefficient of Performance of the liquefied natural gas 

(LNG) plant of Section 1.1, as this improved turbine type is run at different conditions along 

its operating line. This explores the reductions in the natural gas specific fuel consumption 

and in CO2 emissions that can be achieved by using axial turbines fitted with the optimised 

contoured hub in both power generation and in cryogenic applications. 

 

1.4 Thesis Structure 

The thesis contains the following chapters: 

1. INTRODUCTION – this chapter. 

2. BACKGROUND - this chapter gives a brief introduction to cryogenic cycles, with a 

schematic showing how the turbine-compressor assembly is used in the cycle. The 

significance of the axial turbine performance on the Coefficient of Performance of 

the cycle is highlighted. This motivates studying ways of enhancing the performance 

of representative axial turbines by reducing their loss. Next, this chapter presents a 

review of turbomachinery loss generation mechanisms, of the methods for loss 

reduction by passage shaping, and of published end-wall contour designs, which 

highlights a lack of applications of axial turbines with contoured hubs to cryogenic 

processes. 

 

3. PARAMETERISATION OF THE END WALLS - this chapter presents different 

surface parameterisation approaches for the hub of an axial turbine. The chapter starts 

by reviewing what is available from the literature. It considers the use of the Bezier 

curve, of bumps from an array of control points, of a guide curve defined by the 

Gauss distribution, by the Gamma distribution, by the Chi-square distribution, and 

by the Beta distribution. All these surface definition methods are then implemented 

in MATLAB and their advantages and shortcomings are compared. 
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4. PARAMETERISATION OF THE PASSAGE - this chapter explains the generation 

of 1.5 stage turbine geometry, the parameterisation of the upstream hub using both 

the bumps and the guide groove techniques, and the fully parameterised passage 

description. It then explains how the new parameterised surface is joined to the rest 

of the 1.5 stage turbine geometry. This surface parameterisation and definition 

process is implemented in MATLAB. 

 

5. MODELLING END-WALL CONTOURED PASSAGES BY CFD – this process 

describes how the output from the surface definition process of the previous chapter 

is used to obtain a numerical model of the flow through a 1.5 stage axial turbine with 

a contoured hub. This is achieved by generating a numerical mesh in ICEMCFD, 

exporting the mesh in OpenFOAM, setting the model boundary conditions, solving 

for the flow, and using the predictions to adapt the contoured hub parameters by 

workflow automation in APOW. Finally, this chapter explains how Cycle Tempo 

software can be used gain an insight of the potential of end-wall contoured passages 

for improving the thermal cycle performance in cryogenic applications. 

 

6. RESULTS AND DISCUSSION – by implementing the procedure described in 

Chapter five, this chapter presents and discusses a set of results that show the 

performance of a representative 1.5 stage turbine obtained by contouring the 

upstream stator hub. It then shows how this performance can be further improved by 

the automatic computer-based optimisation of the surface-defining parameters of 

Chapter four. After that, a comparison is made between the optimised results and 

results obtained from using the surface with bumps hub contouring reference 

technique from the literature. Chapter six then presents the performance of the 1.5 

stage turbine contoured by a guide groove at off-design conditions and quantifies the 

potential for improving the cycle performance of cryogenic applications, 

specifically, for a liquefied natural gas cycle. 

 

7. CONCLUSIONS - this chapter reflects upon the outcome of this study, specifically 

on how an appropriate parametrisation of the non-axisymmetric hub surface, which 

is compatible with automatic computer-based optimisation, advances the current 

state of the art in designing axial turbine passages to improve the stage isentropic 

efficiency. It then considers the implications on the design of turbines for power 
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generation and for powering cryogenic applications. Finally, it presents some 

recommendations for further work. 

The parameterisation and optimisation software programs including the scripts in 

MATLAB, ANSYS ICEM CFD reply file, OpenFoam script commands, and running script 

files inside the APOW were written by the author. 
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2. BACKGROUND 

2.1 Introduction 

This chapter provides the relevant background to the work presented in the remainder of the 

thesis. Three main areas are covered, which are industrial cryogenic cycles, the axial turbines 

used within these cycles, and methods for improving the turbine stage performance by 

controlling the hub secondary flows. A brief introduction to the cryogenic cycles is first 

given, supported by a schematic diagram of a Liquefied Natural Gas plant. The turbine-

compressor assembly used in the cryogenic cycle is identified as an improvement 

opportunity area. A literature review is presented of the loss mechanisms in turbomachines, 

in which attention is drawn towards the importance of the contribution to loss by secondary 

flows over the hub. The methods for mitigating such loss are reviewed, based on 

modifications of the hub passage wall. Three main approaches are presented, which are the 

suction and blowing technique, the use of a fence, and the end-wall contouring technique. 

The outcome of this review is the selection of the end-wall contouring approach for reducing 

the turbine loss at design point operations that in turns aims to increase the Coefficient Of 

Performance (C.O.P.) of a representative cryogenic cycle. 

2.2 Cryogenic Cycles 

A cryogenic cycle is defined as the process of extracting heat to reduce the temperature of 

warm gases below the condensation temperature. This process is used for the production of 

Liquefied of Natural Gas (LNG), as well as in other cryogenic applications. Improving the 

LNG process is the target application of the current research. According to both Mokhatab 

and Wood (2007) and Mokhatab et al. (2013), three main refrigeration cycles are used for 

the liquefaction of natural gas. These are the optimised cascade cycle, the mixed-refrigerant 

cycle, and the turbo-expander cycle. More details on all three cycle types are given in in 

Remeljej and Hoadley (2006), Mokhatab and Wood (2007), Meher-Homji et al. (2008), 

Bukholdin et al. (2007), Lin et al. (2010), Alabdulkarem et al. (2011), Mafi et al. (2014), and 

Taher and Meher-Homji (2016). The LNG refrigeration cycle used in this thesis is the 

optimised cascade cycle. The specific optimised cascade cycle that is studied herein was 

developed by Conoco-Philips (Mokhatab et al., 2013). The schematic diagram of the 

Conoco-Philips Optimised cascade cycle is shown in Figure 2-1. This cascade cycle consists 

of three main refrigeration cycles, which are the Propane refrigeration cycle, the Ethylene 

refrigeration cycle, and the Methane refrigeration cycle. Each refrigeration cycle compressor 
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is driven by a separate gas turbine. According to Meher-Homji et al. (2008), the coefficient 

of performance of the complete LNG cycle is dependent on two main factors. The first one 

is the efficiency of its heat exchangers. The second one is the isentropic efficiency of its gas 

turbines. Therefore, improving the turbine that drives the LNG cycles increases the LNG 

coefficient of performance. The increase in isentropic thermal efficiency of the LNG turbine 

can be achieved by reducing the turbine secondary flow losses. This thesis aims to reduce 

the secondary flow losses by end-wall contouring, drawing from the turbine hub wall design 

techniques that are reviewed in the next sections. 

 

Figure 2-1: Simplified flow diagram of the optimised cascade process (Meher-Homji et al., 

2008). 

 

2.3 Loss Generation Mechanisms in Axial Turbines 

Loss in axial turbines arises from a variety of flow mechanisms that increase the flow 

entropy. Viscous effects in boundary layers and in mixing processes, shock waves, windage, 

and heat transfer across temperature differences are some of the mechanisms reviewed in 

Denton (1993), Paniagua et al. (2004), Yoon et al. (2016), Palmer et al. (2016), and in 

Talnikar et al. (2016). They can be manifest in separating corner flows between the blade 

and the end-walls, flow ingress and ejection through stator-rotor wheel gaps, over-shroud 

leakage flows in shrouded rotors, tip leakage flows in unshrouded rotors, windage vortices, 
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passage vortices, horseshoe vortices, laminar separation bubbles, trailing edge vortex 

shedding, trailing edge wake mixing, and by other mechanisms. Changes in the static 

pressure field upstream and downstream of the blade rows may generate significant 

fluctuations in the pressure field around the blades (Kachel and Denton, 2006). Off-design 

operations may see significant shock-boundary layer interaction on the blades, with shock-

induced boundary layer separation and partial shock refractions through the blade trailing 

edge wakes (Rona et al., 2006). This rich and complex variety of entropy-generating 

mechanisms stimulates both fundamental research and the development of new loss 

reduction concepts and techniques. 

According to Denton (1993), Snedden et al. (2009), Philipp (2012), and Yoon et al. (2016), 

turbine losses are typically classified into blade profile losses, end wall losses, and leakage 

losses. Denton (1993) argues that the profile losses generate in the blade boundary layers 

and move away from the end walls, while the end-wall losses are classified as secondary 

losses because they arise from the secondary flows that are generated by the main passage 

flow through a blade row. Finally, the tip leakage flow loss arises from the flow leakage over 

of rotor blade tip clearance and the stator blade hub clearance (Denton, 1993). The leakage 

flow aerodynamic performance of the axial turbine was studied numerically and 

experimentally by Barmpalias (2011), Huang et al. (2013), and by Chen et al. (2016). The 

profile losses arise from the potential flow interaction, the vortex flow interaction, and the 

wake blade flow interaction (Peter, 2009, Philipp, 2012). Fuller descriptions of the profile 

losses are presented by Hodson and Dawes (1996), Rose and Harvey (1999), Chaluvadi et 

al. (2004), Behr et al. (2006), Kachel and Denton (2006), Matsunuma (2007), and Canepa et 

al. (2007). 

The interaction between the main passage flow and a blade row generates secondary flows, 

which are typically prominent over the hub and the casing walls. The losses associated with 

these secondary flows are typically referred to as secondary flow losses or as end-wall losses 

(Denton and Pullan, 2012, Cui and Tucker, 2016). 30% to 50% of the turbomachinery stage 

loss is caused by secondary flow losses in the end-wall region (Sharma and Butler, 1986). 

Nice and Hooper (1977), Sieverding (1984), and Langston (2001) give an extensive survey 

on the generation of the secondary flow losses in axial turbines. An insightful diagram of the 

secondary flow vortex system in a turbine cascade with prismatic blades is reproduced from 

Moon and Koh (2001) in Figure 2-2. Figure 2-2 shows the separation of the inlet boundary 

layer at the blade leading edge into a horseshoe vortex. The blade pressure side vortex arm 
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is denoted as Hp and the blade suction side vortex arm is labelled Hs in Figure 2-2. The 

combination of Hp and Hs with the end-wall cross-flow that is directed from the blade 

pressure side towards the blade suction side generates a larger vortex structure, which is 

named as the passage vortex. Part of the boundary layer that separates at the turbine blade 

leading edge is rotated in the opposite direction to the passage vortex and this vortex type 

runs along the blade root down the pressure side and the suction side corners, as described 

by Langston (2001) and Coull (2017) and shown in Figure 2-2. This vortex type is known 

as the corner vortex. 

 

Figure 2-2: Secondary flow vortex system in a turbine cascade of prismatic blades (Moon 

and Koh, 2001). 

Different techniques for measuring the secondary flow losses are given in Goldstein and 

Spores (1988), Ma et al. (2002), Lin et al. (2002), Praisner and Smith (2006a), Praisner and 

Smith (2006b), Matsunuma (2007), Rezasoltani et al. (2014), and Wang et al. (2014). The 

cost of measuring the loss differs from one author to another for full scale experiments. 

Pichler et al. (2016) state that the design of the next generation of turbomachines will rely 

on accurate numerical Computational Fluid Dynamics (CFD) predictions. CFD can predict 

the aerodynamic losses in turbines using three-dimensional Reynolds Averaged Navier-

Stokes (RANS) equations (Turgut and Camci, 2016). In turbines, the end wall flow in the 

rotor is rather different from that in the stator. This was investigated on identical stator and 

rotor blade profiles using both unsteady calculations and steady calculations with mixing 
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planes by Denton and Pullan (2012). Therefore, this thesis has elected to examine end-wall 

modifications over the stator, following the notion that a mitigated secondary flow outflow 

from the stator may also benefit the subsequent rotor blade row. The next sections present a 

survey of the loss reduction techniques for axial turbomachines. 

2.4 Loss Reduction Techniques 

2.4.1 Suction and blowing 

The main aim of secondary flow control is to reduce the loss that results from the separation 

of the flow over the end wall. Secondary flow control approaches can be classed as either 

active or passive (Philipp, 2012). Both active and passive control technique reduce the 

turbine profile and end-wall losses (Bloxham and Bons, 2014). Injection of air tangentially 

in the opposite direction to the secondary flow using slots leads to a reduction in the mixed 

out losses, but with no reduction in the net loss (Biesinger, 1993). Secondary flow losses can 

be reduced by sucking the working fluid from the end wall (Funazaki et al., 1996). Different 

flow visualization techniques, such as oil flow surface visualization, confirmed this in 

Funazaki et al. (1996). Changes in the flow led to a high value of stage efficiency. 

In a high work turbine, the rotor tip leakage flow was actively controlled by Behr et al. 

(2006) using cooling injection holes from the turbine casing. Active flow control was tested 

experimentally by suction side blowing near the end wall of a highly loaded stator cascade 

with a pitch to chord ratio of 0.6 (Hecklau et al., 2011, Nerger et al., 2012). Five-hole-probe 

measurements in the spanwise and pitchwise direction were taken in addition to performing 

end-wall oil flow visualization. The data allowed the authors to identify changes in the flow 

that led to an increase in the stage efficiency. 

2.4.2 Blade Lean 

An alternative approach to reducing the secondary flow losses through a turbine stator is by 

changing the degree of reaction of the stage along the blade span. This can improve the rotor 

inflow at part-load operations, in low hub/tip ratio turbines (Harrison, 1990, Han et al., 1993, 

Zhongqi et al., 1991). This technique is also referred to as blade lean. Denton and Xu (1998) 

used both straight and compound blade lean to change the radial distribution of the whirl 

velocity. The compound blade lean decreased the blade row static pressure drop at the hub 

and at the casing compared to the mid-span. The use of the compound blade lean increased 

the blade load at the mid-span and decreased it at the stator hub and tip. This approach is 
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particularly suitable to obtain good stage performance at part-load, as it tends to enable the 

further expansion of the working fluid near the hub and casing of the rotor, therefore 

preventing flow separation at part-load. For this, it is known as a positive compound lean. 

Reverse compound lean is also available for controlling the passage flow. With reverse 

compound lean, the suction side of the blade generates an acute angle with the end wall 

(Snedden, 2011). Reverse compound blade lean was tested experimentally by Bagshaw et 

al. (2005) in a linear turbine cascade to achieve a reduction in the secondary flow losses. 

Their results show a reduction in the stage loss by 11% due to the reduction in the mixing 

losses by a more consistent turning angle of the stator outflows. 

2.4.3 Blade twist 

The turbine stage specific work output at the mid-span can be increased by twisting axial 

turbine blades along their span. Blade twist allows to reduce the turbine blade loading. By 

reducing the blade loading at the turbine hub and at the tip, Snedden (2011) reports that end-

wall losses can be reduced. Schiegel et al. (1976) document early work on the effects of 

blade twist in a low aspect ratio axial turbine, by which they changed the radial work 

distribution. Their results show a 1% improvement in efficiency over a broad range of load. 

Both blade lean and blade twist were used by Lampart et al. (1999) in a turbine stage in order 

to decelerate the flow at the end-walls. According to Lampart et al. (1999), the stage 

isentropic efficiency was improved by only 0.4%, probably due to an increase in the profile 

loss. A 2.0% improvement in the stage isentropic efficiency was predicted in a turbine nozzle 

by changing the stacking angle by Watanabe and Harada (1999), who used a 3D inverse 

design method developed by Zangeneh (1991). Their flow analysis showed a reduction in 

the end-wall cross-flow and a suppression of the pressure side horseshoe vortex that forms 

at the turbine blade leading edge. 

2.4.4 Fences 

Secondary flow losses were reduced in a linear turbine rotor cascade by changing the end 

wall conditions, using an arrangement of fences, in the form of flow guide vanes erected on 

the end walls, to avoid the corner flow separation (Kawai et al., 1989, Kawai et al., 1990, 

Moon and Koh, 2001). By optimising the fence height, the pitchwise extension of the 

passage vortex is reduced and its interaction with the blade suction side is removed. A 

reduction in the total pressure loss coefficient of 8% in experiments was tested by Hergt et 
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al. (2011) using fences in a linear compressor cascade at the DLR with an inlet Mach number 

of 0.67. 

2.4.5 End wall contouring 

Contouring the end walls of turbine flow passages has become a relatively well-established 

technique for reducing the secondary flow losses. Example applications are given by Rose 

(1994), Hartland et al. (1998), Harvey et al. (1999), Bagshaw et al. (2008), Schuepbach et 

al. (2010), Dunn et al. (2010), Dunn and Von Backström (2011), Rose et al. (2003), Rose et 

al. (2001), and in Harvey et al. (2002) on a model rig of the Rolls-Royce Trent 500 engine. 

Contouring is implemented by parameterising the non-axisymmetric end walls between 

blades using different surface definition methods. The reduced losses lead to a decrease in 

the total pressure loss across the turbine stages and to an increase in the turbine isentropic 

efficiency. 

Several authors applied non-axisymmetric end walls to reduce the extent of secondary 

flows, with the aim of reducing their associated loss. A reduction in the end-wall cross-flow 

can be achieved by modifying the end wall design to affect the radial pressure gradient 

(Snedden et al., 2009, Snedden, 2011). This approach was tested on a 1.5 stage low speed 

turbine and its performance was compared to that from an axisymmetric cascade at Durham 

(Snedden, 2011). A 1.5% improvement in the mixed-out stage efficiency was achieved at 

the design condition. With increasing load, the rotor flow is shown to be more uniform in 

the presence of the profiled end walls. The overall effectiveness of contoured end walls was 

tested experimentally by Mensch and Thole (2016) on turbine blades using a large-scale, 

low-speed, closed loop wind tunnel. The details of the wind-tunnel are given in Lynch et 

al. (2011). Mensch and Thole (2016) took flow field measurements on the contoured end 

walls. Their experimental results show a delay in the development of the passage vortex 

and in other passage secondary flow losses. These improvements reduced the area-averaged 

heat transfer coefficient and improved the film cooling effectiveness. 

These early successes prompted the scaling up of end-wall contouring towards full engine 

applications. Non-axisymmetric end walls were tested on a linear cascade of turbine vanes 

by Nagel and Baier (2005). They used a transitional Navier-Stokes flow solver to perform a 

three-dimensional optimisation procedure on the turbine blades and on the end walls. The 

secondary flow losses in both an axial compressor and in a turbine were reduced by the end 

wall contouring using an adjoint Navier-Stokes solver. The adjoint was developed in terms 
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of the circumferential Fourier transform of axisymmetric and non-axisymmetric end walls 

at the inlet Mach number of 0.59 (Corral and Gisbert, 2008, Roque and Fernando, 2005). 

The adjoint end-wall contouring method was also used by Luo et al. (2011a), Luo et al. 

(2011b) on low aspect-ratio turbine blades. Their contoured design produced both loss 

reduction and an increase in the overall turning flow angle. 

Several types of turbine hub and casing end-wall shapes were studied experimentally and 

numerically, defined by a variety design shape parameters. Inter-platform steps were added 

at the hub and shroud of the 1.5 stage Aachen Turbine by Kluxen et al. (2017). The separation 

of the inlet boundary layer of the stator was redirected by the steps. The steps generated 

sharp edges on all platform borders that reduced the combination of the separated boundary 

layers with the end-wall cross-flow. The URANS simulation by Kluxen et al. (2017) 

predicted a decrease in the hub entropy production rate from varying the platform geometry, 

which reduced the level of vortex formation at appropriate combinations of step shape and 

height. 

Many researchers used turbine casing and hub curved walls to control the static pressure 

distribution. Various parameterisation methods were used to define these end-walls. End 

walls with bumps were designed and optimised using B-spline curves through a set of 

radially adjustable control points by Tang et al. (2016), Bezier curves were used by Hu and 

Luo (2014), cubic splines by Lynch et al. (2011), Praisner et al. (2013), Schobeiri and Lu 

(2014), Lynch and Thole (2016), and Kim et al. (2016), trigonometric functions by Sun et 

al. (2014a) and by Sun et al. (2014b), a cosine function at different axial positions by Li et 

al. (2015), optimised bumps with 28 free control points by Chen et al. (2012), a concavity in 

the the blade leading edge region by Inozemtsev et al. (2012), and a concavity near the blade 

suction and a convexity at the blade pressure side by Ingram (2003). Germain et al. (2010), 

Schuepbach et al. (2010), Taremi et al. (2013), Turgut and Camcı (2011), Dunn et al. (2014), 

and Turgut and Camci (2015) parametrised their end walls using the procedure detailed in 

Harvey et al. (1999). The streamwise bumps redirected the separation of the inlet boundary 

layer flow at the turbine blade leading edge and the endwall cross flow. In Ingram (2003), 

the corner separation was suppressed resulting in a more spanwise uniform exit flow. Loss 

reduction was obtained at large flow turning angles and the stage isentropic efficiency was 

improved due to the reduction in the static pressure that results from the flow acceleration 

through the concavity. 
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Other researchers tested geometrically sharper features on the end walls with some success. 

A sudden-jump groove near the blade pressure side was experimentally tested by Schwab et 

al. (2013) and Zimmermann et al. (2017) on the hub and shroud of a two-stage turbine. The 

maximum groove depth position was located at 0.5 axial chords from the blade leading edge. 

Their results show that the isentropic efficiency was improved by 0.34 % at the design 

conditions. A turbine blade with variable height fillets was designed and tested by Sangston 

et al. (2016). The turbine blade was designed with a high stagger angle at the mid-span 

transitioning to a low stagger angle near the end walls. The resulting end-wall flow structure 

combined with the good low Reynolds number blade profile performance at the mid-span to 

reduce the total pressure loss. Finally, an optimisation methodology based on an adjoint 

sensitivity analysis and a multipoint approximation method by Polynkin et al. (2010) was 

used by Shahpar et al. (2017) to design non-axisymmetric hub and tip end walls of a modern 

high-pressure (HP) turbine stage. The results showed that the stage efficiency was 

significantly increased by the reduction in the sealing flow required by the turbine. 

 

2.5 Summary 

The coefficient of performance of a liquefied natural gas cycle can be increased by increasing 

the thermal efficiency of the gas turbines that drive the cycle axial compressors. The thermal 

efficiency of an axial flow turbine can be increased by decreasing the stage total pressure 

loss. The turbine stage total pressure loss can be decreased by reducing the secondary flow 

losses. The secondary flow losses can be reduced by hub modifications including fences, 

slots, fillets, and grooves. Specifically, non-axisymmetric contoured end-walls reduce the 

flow separation in the pitchwise direction. From the literature review, the groove approach 

was found to be attractive because it does not require additional gas passages, unlike with 

wall slots. The fences redirect the separated boundary layer at the passage inlet but generate 

two passage vortices, whereas an end-wall groove sinks the separated flow and mitigates its 

interaction with the main passage flow. Another disadvantage of fences as compared to a 

groove is that they increase the shear stress of the flow boundary layers due to the fence 

sharp edges, unlike the smooth edges of a groove. This increases the flow disturbance and 

generates the second passage vortex, unlike the groove smooth edge. The procedure by 

Praisner et al. (2013) and Kim et al. (2016) is in current use in industry for designing 

parametrised contoured end-walls. This is used in this thesis as the reference 
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parameterisation for comparing its results against the author’s own from a novel end-wall 

contouring technique, which is introduced in the next chapter. 
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3. CONTOURED HUB DESIGN BY PARAMETRIC SURFACES 

3.1 Introduction 

This chapter presents a new surface parameterisation approach for designing a contoured 

axial turbine hub. In general, the hub shape can be regarded as a composite geometrical 

surface 𝑓(𝑟, 𝑠, 𝑥) = 0 depending upon the hub radius 𝑟, the pitch fraction 𝑠 between two 

blades in a passage, and the axial coordinate 𝑥. End-wall surface definitions for 𝑓(𝑟, 𝑠, 𝑥) =

0 from past axial turbomachinery studies are reviewed. This provides the contextual 

background for presenting the author’s new surface parametrisation approach. Overall, the 

surface definition methods considered in this study are the Bezier curves, two-dimensional 

cubic splines from an array of control points, to form a hub with ‘bumps’, and continuous 

and discrete statistical distributions surfaces, to form a hub with a ‘groove’. These parametric 

surface definitions all feature free parameters that are typically determined by a computer-

based optimisation process, like the one described in Chapter Five, Section 5.4. In this work, 

the surfaces 𝑓(𝑟, 𝑠, 𝑥) = 0 are coded and rendered graphically by MATLAB. The review of 

published end-wall surface definition and the author’s new parametric hub definition 

described in this chapter are published in Obaida et al. (2016). 

3.2 Survey of Contoured End Wall Surface Definitions 

Reutter et al. (2009) performed a study with a 4-stage axial compressor in which the shape 

of the end wall hub was reshaped to minimize the secondary flow losses using an automated 

optimisation in terms of fillets and grooves for the fourth stage, by which a non-

axisymmetric hub shape was obtained. The fillets and groove shapes were parameterised by 

14 and 13 parameters, respectively, using Gauss probability density function curves. To 

contain the computational cost, they considered only the optimisation of the stator 3, rotor 

4, and stator 4. In the optimisation, they monitored two performance indicators: the 

aerodynamic design point (ADP) and the operating point near the surge limits (OPSL). Due 

this end wall design, a significant reduction in entropy and corner flow separation led to a 

decrease in the total pressure loss. According to Reutter et al. (2009), there was no adverse 

effect on the total pressure characteristics of the stage due to the non-axisymmetric shaping 

of the rotor hub, which led to highly efficient blading. 

Heinichen et al. (2011) studied a two-stage low speed axial compressor with a shrouded 

stator. They parameterised a non-axisymmetric end wall for the stator hub to reduce the hub 
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corner stall that was caused by the separation of the end wall boundary layer. Two sets of 

results were compared for qualifying the improvement in the stator performance. The first 

set used an axisymmetric end-wall and the second set a non-axisymmetric end-wall. The 

parameterisation details are reported in Section 3.3. According to Heinichen et al. (2011), a 

polytropic efficiency increase of 0.9% was gained by hub contouring. 

Dorfner et al. (2011) parameterised the geometry of an axial compressor contoured hub and 

casing over the area from blade row entry to the exit, between the suction and pressure side 

of two adjacent blades. This parameterisation is defined by a matrix of control points that 

implement a groove between the blades. These control points are adjusted in the 

circumferential direction. This surface definition has 33 free parameters that require 

optimisation. The main features of this surface definition are a separation edge upstream of 

the leading edge and a groove running streamwise through the passage. In Dorfner et al. 

(2011), only the flow near the hub is reported to be influenced by the separation edge. 

Schwab et al. (2013) designed and tested a tangential end-wall contouring (TEWC) in a two-

stage steam turbine. TEWC is a rather complex geometry and needs a lot of care during the 

manufacturing process. TEWC is defined as a groove at the pressure side blade root. Both 

the hub and shroud of the stator and rotor turbine are contoured with TEWC. This groove is 

defined by a parabolic curve in the axial direction starting from the blade leading edge and 

ending at the blade trailing edge. In the pitchwise direction, the groove profile displays a 

monotonic depth increase followed by a sharp jump to zero depth, which forms a sharp edge 

or ridge. The groove width increases monotonically in the positive axial direction. TWEC 

was reported to increase the stage isentropic efficiency by 0.34% at the turbine design point. 

Reutter et al. (2014) considered a different approach to contouring the hub of a two-stage 

turbine by first adding variable radius fillets to an axisymmetric hub and then by varying the 

remainder of the hub surface shape using interpolated splines. This method was implemented 

using non-rational B-spline surfaces (NURBS) in which the fillets are defined using 12 free 

parameter. Reutter et al. (2014) take six splines, one at the passage leading edge, one at the 

blade leading edge, two in the passage between two pitchwise consecutive baldes, one at the 

blade trailing edge and the last one at the passage trailing edge. Each spline is defined by 

five control points in the circumferential dirction. Their results showed a more homogenous 

flow structure and a reduction in the total pressure loss with the contoured hub. 
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Sun et al. (2014a) and Sun et al. (2014b) parameterised and optimised non-axisymmetric 

turbine end-walls. The non-axisymmetric design was applied to the stator and rotor hub and 

shroud surfaces. In the circumferential direction, the shroud was contoured by a sine curve 

and the hub surface by a cosine curve of half-period. In the axial direction, the amplitude of 

the cosine curve was changed from zero to its maximum and back to zero by a non-uniform 

B-spline curve. This B-spline curve was defined by 7 control points in the axial direction 

starting from the blade leading edge axial coordinate and ending at the blade trailing edge 

axial coordinate. With these contoured end-walls, the CFD and experimental results showed 

a reduction in the stage total pressure loss coefficient of 0.21%. 

A key aspect of effective end wall design is in the use of computer-based optimisation, for 

compressing the design time-scales. An optimisation methodology based on an adjoint 

sensitivity analysis and a multipoint approximation method by Polynkin et al. (2010) was 

used by Shahpar et al. (2017). The parameterisation of the end walls are defined by Harvey 

et al. (1999). The countoured surface is defined by B-spline curve with six control points in 

the circumferential dirction. The amplitude of the B-spline curve at the axial dirction is 

defined by the first three terms in the Fourier series. This technique reduced the losses of a 

modern high-pressure (HP) turbine stage through the use of non-axisymmetric hub and 

casing walls. Shahpar et al. (2017) showed that the stage efficiency was significantly 

increased by the reduction in the sealing flow through the turbine rotor.  

Finally, Praisner et al. (2013) and Kim et al. (2016) parameterised and optimised the non-

axisymmetric nozzle hub and shroud of a single-stage high-pressure transonic turbine. Their 

parameterisation is based on cubic spline curves with a matrix of control points. Further 

details of this parametrisation are given in Section 3.4. They drove the surface definition 

using Kriging. This design improved the stage efficiency by 0.39%. 

3.3 Bezier Curves 

The Bezier surface is formulated following the approach reported in Heinichen et al. (2011). 

The shroud platform edges at the rotor-stator axial plane interfaces define the start and end 

positions of the 3-D contours. Pitchwise periodicity defines the lateral extent of the 3-D 

contours. Three main parameters are used to control the Bezier surface shape. These 

parameters are the axisymmetric radius shift ∆𝑟1, the groove amplitude ∆𝑠, and the phase 

shift of the first order perturbation ∆𝑟2. The Bezier surface is defined according to Piegl and 

Tiller (1997). Specifically, the 𝑛𝑡ℎ degree Bezier curve is defined by 
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 𝑅(𝑢) = ∑𝐵𝑖,𝑛(𝑢)𝑃𝑖             0 ≤ 𝑢 ≤ 1

𝑛

𝑖=0

 
(3.1) 

where, for a unit square, 

 
𝐵𝑖,𝑛(𝑢) = (

𝑛

𝑖
) 𝑢𝑖(1 − 𝑢)𝑛−𝑖 

(3.2) 

in which the Bernstein polynomial 

 (
𝑛

𝑖
) =

𝑛!

𝑖! (𝑛 − 𝑖)!
 

(3.3) 

The Bezier surface is defined as the product of two Bezier functions, starting from zero to 

one: 

 𝑆(𝑢, 𝑣) = ∑∑𝐵𝑖,𝑛(𝑢)𝐵𝑗,𝑚(𝑣)𝑃𝑖,𝑗        0 ≤ (𝑢, 𝑣) ≤ 1

𝑚

𝑗=0

𝑛

𝑖=0

 
(3.4) 

For 𝑢 = 𝑥 (the axial coordinate) and 𝑣 = 𝑠 (the pitchwise coordinate), equation (3.4) 

becomes: 

 𝑆(𝑥, s) = ∑∑𝐵𝑖,𝑛(𝑥)𝐵𝑗,𝑚(s)𝑃𝑖,𝑗   0 ≤ (𝑥, s) ≤ 1

𝑚

𝑗=0

𝑛

𝑖=0

 
(3.5) 

Expression (3.5) can be re-cast in the matrix form: 

 

𝑆(𝑥, s) =

[
 
 
 
 
1
𝑥
𝑥2

⋮
𝑥𝑛]

 
 
 
 
𝑇

[
 
 
 
 
 
𝑎0,0 𝑎0,1 𝑎0,2

𝑎1,0 𝑎1,1 𝑎1,2

𝑎2,0 𝑎2,1 𝑎2,2

     

… … 𝑎0,𝑚

… … 𝑎1,𝑚

… … 𝑎2,𝑚

⋮ ⋮ ⋮
⋮ ⋮ ⋮

𝑎𝑛,0 𝑎𝑛,1 𝑎𝑛,2

     

⋮ ⋮ ⋮
⋮ ⋮ ⋮
… … 𝑎𝑛,𝑚]

 
 
 
 
 

[
 
 
 
 
1
𝑠
𝑠2

⋮
𝑠𝑚]

 
 
 
 

 

(3.6) 

 

which can be also stated using a more compact notation as 

 
𝑆(𝑥, s) = [𝑥𝑖]

𝑇
[𝐴1][𝑠

𝑗] (3.7) 
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Figure 3-1: Bezier surface. 

Figure 3-1 shows a sample Bezier surface obtained by evaluating expression (3.7) using 

MATLAB for the input parameters (∆𝑟1 = 1.05, ∆𝑟2 = 0.55, ∆𝑠 = 0.42). This example 

highlights some of the limitations of the Bezier surface technique. Pitchwise periodicity is 

achieved in terms of the radial height whereas pitchwise symmetry, rather than periodicity, 

is obtained for the radial height gradient. At the pitchwise boundaries, the radial gradient is 

non-zero in pitch and this requires some consideration where the Bezier surface interfaces 

with the blade root fillets, which may flare locally to a zero radial gradient surface. 

3.4 Surface with Bumps from Cubic Splines by an Array of Control Points 

An alternative to the use of the Bezier surface for defining a contoured end wall is to use the 

hub geometry definition method in Praisner et al. (2013) and in Kim et al. (2016). The end-

wall shape is defined by two-dimensional cubic splines in the axial and pitchwise 

coordinates. A set of control points are used for the definition of the cubic spline curves. The 

control points are distributed between the camber lines of two pitchwise consecutive blades 

as shown in Figure 3-2. Five cubic splines (𝑃1 − 𝑃5) are set at equal pitchwise distances 

between the blade camber lines. Each cubic spline is defined by five control points (𝑅1 −

𝑅5) spaced evenly one-quarter axial chords apart. The 𝑃1 and 𝑃5 control points on the two 

blade camber lines are set as fixed points. The middle cubic splines have two fixed points 
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and three variable points each. Therefore, nine variable control points are available to modify 

the hub surface. The nine control points are restricted to vary in the radial direction to within 

± 3 mm of the radial height of the corresponding fixed points on each spline. 

 

Figure 3-2: Schematic of end-wall control points (Kim et al., 2016). 

Figure 3-3 shows the cubic spline curves between 5 control points. The first and end control 

points are kept constant while the remaining three middle points are displaced radially. The 

maximum height of the cubic spline is shown to occur between two control points. Kim et 

al. (2016) shows that the cubic splines 𝑃4 and 𝑃2 are the most significant splines for 

generating a performing hub surface with bumps, from the locations of the hub surface 

extrema determined by the optimisation process reported in Kim et al. (2016). On the basis 

of this observation, in this thesis, the variation of the nine control points was further 

restricted. On 𝑃4, two points out of the three variable control points are constrained to having 

the same radial height, as shown in Figure 3-3. This gives a two-dimensional 

parameterisation of 𝑃4. On 𝑃2, only the middle control point is kept as a free parameter. 

Therefore, in this work, the stator hub surface definition of Kim et al. (2016) is constrained 

to three free parameters. 
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Figure 3-3: Cubic spline curves between five control points. 

Using the MATLAB function ‘spline’, a cubic spline was fit between the selected control 

points. The change in the stator hub radius is obtained by interpolation between the five 

cubic splines (𝑃1 − 𝑃5) as shown in Figure 3-4. By adding the radial height changes of 

Figure 3-4 to the reference axisymmetric hub, the contoured stator hub surface is obtained 

between the camber lines of two pitchwise consecutive blades, as shown in Figure 3-5.  
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Figure 3-4: Changes in stator hub radius 

 

Figure 3-5: Stator hub surface using reference bump parameterisation by Kim et al. (2016). 
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3.5 Surface Generated by the Guiding Curve Technique 

The guiding curve technique generates an end wall surface between two pitchwise 

consecutive stator blades with a groove that runs across the passage. The groove starts from 

the pressure side blade leading edge and ends at the suction side passage trailing edge. Six 

conditions are specified to obtain a smooth and performing non-axisymmetric end wall. 

These conditions are: 

1. A groove is to be made over a sector of a cylinder of stator hub radius 𝑟ℎ and axial 

chord 𝑥. 

2. The groove radial depth is small compared to 𝑟ℎ. The extent of the groove is further 

limited both in the axial direction and in the pitchwise direction. The axial limits are 

the passage leading edge and the passage trailing edge. The pitchwise limits are the 

suction and pressure sides of the blades. With 𝑁 blades, the geometry in 𝑛 periodic 

in pitch. 

3. The groove should be a continuous analytical function 𝑟𝑑 = 𝑓(𝑥, 𝑠) so that it can be 

arbitrary sampled at any position between two consecutive blades. 

4. The groove depth should be a real number, subject to the constraint of 𝑟𝑑 ≪ 𝑟ℎ and 

in practice ℎ ≅ 3 mm. It should not be an integer number or otherwise step-varying 

number. The machining tolerance in specifying the groove is 10−4 mm. 

5. The groove radial depth 𝑟𝑑 has to be zero at both the hub blade leading edge and the 

hub passage trailing edge over the full blade pitch. The groove radial depth slope has 

to be zero at the passage leading edge and it should be smooth up to the blade trailing 

edge. 

6. The pitchwise maximum groove depth ℎ0 = max(𝑅𝑑) in 𝑠𝑏. 𝑅𝑑 = 𝑓(𝑥) increases 

monotonically from the pressure side blade leading edge to the suction side blade 

trailing edge and then it needs to meet the passage trailing edge end constraint stated 

in condition 5. 

The following surface parametrization defines an end wall satisfying conditions 1 to 6. The 

end wall surface with a groove is designed with a set of free parameters using three guiding 

curves as shown in Figure 3-6. The first curve is located between the passage leading edge 

and the blade leading edge. The second curve is located in the middle of the end wall surface. 

The third curve is located between the passage trailing edge and the blade trailing edge. The 

first surface groove parameter 𝐿1 is the axial distance from the passage leading edge to the 
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first curve. The second surface groove parameter 𝐿2 is the axial distance from the passage 

leading edge to the second curve. The third parameter 𝐿3 locates the third guiding curve from 

the passage leading edge. Each guiding curve is parameterised using two further parameters 

as shown in Figure 3-7. 

 

 

 

 

 

 

Figure 3-6: End wall design using three guiding curves. 

 

Figure 3-7: Guiding curve parameters. 

These two parameters are the pitchwise position of the groove maximum 𝜇(𝑥) and the 

groove maximum depth 𝑅𝑑. At the upstream bulkhead and at the downstream bulkhead, the 

groove depth is zero so that the stator-rotor abutting hubs are axisymmetric. 

The pitchwise position of the groove maximum 𝜇(𝑥) increases gradually from the pressure 

side blade leading edge towards the suction side passage trailing edge as a polynomial 

function in 𝑥, where 𝑥 is the axial coordinate. The groove depth starts as zero at the pressure 

side blade leading edge, it gradually increases to a maximum value < 3 mm at the suction 
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blade trailing edge, and then gradually decreases to zero at the passage trailing edge. The 

groove is symmetric about 𝜇(𝑥) and its width 𝜎 = 𝑓(𝑟𝑐) = 𝑔(𝑅𝑑). 𝜎 could be determined, 

for instance, as the inscribed circle of radius 𝑟𝑐. 𝑟𝑐 represents the idealised axial cross-section 

of the pressure side branch of the horseshoe vortex over the hub accommodating itself into 

the guide groove. In this section, the graphical rendering of 𝑟𝑑 = 𝑓(𝑥, 𝑠) uses a constant 

value for 𝜇(𝑥), for simplicity. 

The hub surface contour, stated as 𝑟𝑑 = 𝑓(𝑥, 𝑠), is determined using polynomial curve 

fitting. The three guiding curves are interpolated along the axial distance 𝑥, starting from the 

passage leading edge and ending at the passage trailing edge, at constant pitch fraction s. 

This is done using the MATLAB functions polyfit and polyval, which fit polynomial curves 

through discrete points. According to Adrian and Moshe (1996), the ployfit function in 

MATLAB determines the coefficients of the polynomial running through a given set of 

points, which, in this application, are (𝑟𝑑, 𝑥) points at constant 𝑠. The polyval function 

evaluates this polynomial at 𝑥 values located between the three guiding curves, based on 

these coefficients. The polynomial curve fitting equation is defined as:  

 
𝑓(𝑥) = 𝑎𝑜 𝑥

𝑀 + 𝑎1 𝑥
𝑀−1 + 𝑎2 𝑥

𝑀−2 + ⋯+ 𝑎𝑀−1 𝑥 + 𝑎𝑀, on s planes (3.8) 

The value 𝑀 of the polynomial degree is equal to the number of data points minus one. In 

this case, five data points (𝑟𝑑, 𝑥) are used at constant 𝑠 and 𝑀 = 4. These points are 𝑟𝑑 = 0 

at the passage leading edge, the three guiding curves evaluated at constant 𝑠, and 𝑟𝑑 = 0 at 

the passage trailing edge. 

To produce the three guiding curves, two different analytical representations were 

considered. These were continuous and discrete statistical probability density functions. The 

discrete functions were the Binomial and the Poisson probability density functions. The 

continuous functions were the Gauss, Gamma, Chi-squared, and the Beta curves. It is to be 

noted that, in this work, the statistical probability density functions are not used to express 

any stochastic variable but just as analytical functions, or curves, describing 𝑟𝑑 as function 

of 𝑠 at constant 𝑥. Three parameters define each guiding curve: the pitchwise position of the 

groove maximum 𝜇(𝑥), the groove maximum depth 𝑅𝑑, and the groove width 𝜎. 
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3.5.1 Discrete statistical distribution functions 

The discrete probability density functions represented by both the Binomial and the Poisson 

distributions have the ability of generating a zero value at both tail ends of the curve. This is 

an advantage for joining up the groove surface and the blades edges. However, in this work, 

the parameterisation of the axial turbine by discrete statistical distributions is not used. The 

discrete points of these probability density functions are not evenly distributed, as shown in 

Figure 3-8. The curve sampling points are not arbitrary and this constrains the spatial 

discretization of the surface, with an adverse impact on the generation of any computational 

mesh for the numerical modelling of the flow. According to this, the parameterisation using 

the Binomial and the Poisson curves have been considered but then discarded in favour of 

using continuous analytical functions. 

 

Figure 3-8: Comparison between continuous and discrete distributions.  
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3.5.2 Continuous statistical distributions 

3.5.2.1 The Gauss distribution 

The Gauss probability density function, or Normal distribution, is a popular statistical 

distribution used in many applications (Ma, 2011). Following the procedure in Reutter et al. 

(2009), the three guiding grooves are defined using the general equation of the Gauss 

probability density function: 

 𝑓2(𝑠) = (2𝜋𝜎)
−1

2⁄  𝑒
−

(𝑠−𝜇)2

2𝜎2  
(3.9) 

where 𝜎 represents the pitchwise width of each groove and 𝜇 the pitchwise position of the 

groove maximum depth on the axial plane. Equation (3.9) defines the groove depth, that is, 

the change in the hub surface radius with respect to the non-contoured axisymmetric hub in 

the (𝑥, 𝑠) plane along each of the three guiding grooves, along 𝑠 at constant 𝑥. The parametric 

form of equation (3.9) used in this work is: 

 
𝑓2(𝑠; 𝑥, 𝜇, 𝜎, 𝑅𝑑) = 𝑅𝑑 [

𝑒
−

(𝑠−𝜇(𝑥))2

2𝜎2/√𝑛

0.4
] (3.10) 

 

where 𝜇(𝑥), 𝜎, and 𝑅𝑑 are the parameters of each guiding groove, 𝑥 is the axial plane of each 

groove, and 𝑛 is an arbitrary number of equispaced points in pitch at which 𝑓2(𝑠) is 

evaluated, as shown in Figure 3-8. Once the three guiding grooves are defined as 𝑓2(𝑠) 

parametric functions, the groove depth in the (𝑥, 𝑠) plane is obtained by performing the axial 

interpolation among the three guiding curves according to the procedure in section 3.5. This 

gives the depth distribution of a smooth groove starting from the passage leading edge to the 

passage trailing edge, as shown by Figure 3-9. 
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Figure 3-9: Depth distribution of hub groove generated by three Gauss guiding curves. 

 

3.5.2.2  The Gamma distribution 

According to Devore (2015), the general form of the Gamma distribution is defined as: 

 𝑓2(𝑠) =
1

𝛽𝑠
𝛼𝑠Γ(𝛼𝑠)

𝑠𝛼𝑠−1𝑒
−

𝑠
𝛽𝑠                                                   𝑠 ≥ 0 

(3.11) 

  

 
where: Γ(𝛼𝑠) = (𝛼𝑠 − 1)! (3.12) 

The Gamma distribution depends on two main factors, the shape factor 𝛼𝑠 and the scale 

parameter 𝛽𝑠. 𝛽𝑠 > 1 either stretches or compresses the Gamma probability density function 

in the 𝑠-direction. Equation (3.11) can be used for generating a groove guide curve: 

 
𝑓2(𝑠, 𝛼𝑠, 𝛽𝑠) = 𝑅𝑑

[
 
 
 
  

1

𝛽𝑠
𝛼𝑠Γ(𝛼𝑠)

𝑠𝛼𝑠−1𝑒
−

𝑠
𝛽𝑠    ∗ 𝜎

0.4

]
 
 
 
 

                            𝑠 ≥ 0 (3.13) 
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 𝛼𝑠 =  𝜇2𝜎−2 (3.14) 

 𝛽𝑠 =   𝜎2𝜇−1 (3.15) 

where 𝜇(𝑥), 𝜎, and 𝑅𝑑 are the groove parameters on a given axial plane. This leads to an 

approximate match between the Gamma distribution and the Gauss distribution for 𝜎 = 𝜇 

only. The Gamma distribution has the ability to get to zero at one bounded tail (the left tail) 

which means that 𝑓2(0, 𝛼𝑠, 𝛽𝑠) equals to zero. Equation (3.13) includes the multiplying factor 

𝜎, which is the variance of the Gamma probability density function. This scaling factor gives 

the same normalized maximum groove depth of 0.4 as with a Gauss probability density 

function (Figure 3-8), as shown in Figure 3-10. 

3.5.2.3 The Chi-square distribution 

The Chi-square distribution is a special case of the Gamma distribution. The Chi-square 

shape depends on the number of degrees of freedom 𝜗 that is equal to the double of the shape 

parameter 𝛼𝑠 of the Gamma distribution. In the Chi-square distribution, 𝜗 is integer and 𝛽𝑠 =

2. These produce the curve shown in Figure 3-10. 

In both the Gamma and the Chi-squared probability density functions, the number of degrees 

of freedom and the shape parameter cannot be varied independently from one another. This 

restricts the choice of spatial discretization available for a given shape. Due to this restriction, 

both the Gamma probability density function and the Chi-squared probability density 

function are not used. 



  

32 

 

 

Figure 3-10: Gamma and Chi-squared probability density functions. 

 

3.5.2.4 The Beta distribution 

Devore (2015) defines the standard Beta distribution as a function of the shape factor (𝛼𝑠  >

 0) and of the scale factor (𝛽𝑠  >  0) over the finite range (0 < 𝑠 < 1). The general standard 

formula of the Beta distribution is: 

 𝑓2(𝑠) =
Γ(𝛼𝑠 + 𝛽𝑠)

Γ(𝛽𝑠). Γ(𝛼𝑠)
𝑠𝛼𝑠−1 (1 − 𝑠)𝛽𝑠−1                                     0 < 𝑠 < 1 (3.16) 

By scaling equation (3.16), the parametrised groove curve 

 
𝑓2(𝑠; 𝛼𝑠, 𝛽𝑠, 𝑅𝑑) = 𝑅𝑑 [

𝜎 ∗
Γ(𝛼𝑠 + 𝛽𝑠)
Γ(𝛽𝑠). Γ(𝛼𝑠)

𝑠𝛼𝑠−1 (1 − 𝑠)𝛽𝑠−1

0.4
]        0 < 𝑠 < 1 (3.17) 

is obtained, where the shape factor 𝛼𝑠 and the scale factor 𝛽𝑠, 

 𝛼𝑠(𝜇, 𝜎) =     
(1 − 𝜇 −  𝜎2𝜇−1) 

𝜎2𝜇−2
 

(3.18) 
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𝛽𝑠(𝜇, 𝜎) =   

 𝛼𝑠 (1 − 𝜇 )

𝜇
 

(3.19) 

are related to the pitchwise position of the groove bottom, 𝜇, and to the groove pitchwise 

width, 𝜎, as defined in Figure 3-7. For 𝛼𝑠 = 𝛽𝑠, the Beta distribution approximates the 

normal distribution. The Beta distribution generates zero values of groove height at the left 

and right bounds 𝑓2(0, 𝛼𝑠, 𝛽𝑠) = 0 and 𝑓2(1, 𝛼𝑠, 𝛽𝑠) = 0. The maximum groove depth is 

0.4 𝑅𝑑 at 𝜇(𝑥) and this matches the maximum groove depth obtained with either the Gauss 

or the Gamma curves, in Figure 3-8 and Figure 3-10. Figure 3-11 can be calculated by 

multiplying equation (3.17) by the variance of the Beta distribution. 

 

Figure 3-11: Depth distribution of hub groove generated by the Beta function. 

Figure 3-11 shows a sample end wall surface generated using the Beta probability density 

function for the parameters 𝛼𝑠 = 12, 𝛽𝑠 = 47, 𝑅𝑑 = 1. From the perspective of their use 

as guide curve for end-wall contouring in axial turbines, an important difference between 

the normal probability density function and the Beta probability density function is the 

support, or domain, of these functions. The normal probability density function is defined 

over the interval (−∞,∞) whereas the Beta probability density function is defined over the 

finite interval (0,1). As an axial turbine row of 𝑁 blades is 𝑛-periodic in pitch, the interval 
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(−∞,∞) is less amenable to be folded into a finite 𝑛-periodic pattern than the finite interval 

(0,1). 

The support of the Beta probability density function (0,1) appears to be a more natural fit 

for an 𝑛-periodic geometry, as it can be scaled to match one period exactly, without 

resorting to truncating the tails of the distribution function. Furthermore, the Beta 

probability density function generates zero values of groove height at the left and right 

bounds, 𝑓2(0, 𝛼𝑠, 𝛽𝑠) = 0 and 𝑓2(1, 𝛼𝑠, 𝛽𝑠) = 0. This enables mating with either the blade 

surface at the blade root, on the hub, and at the blade tip, on the casing, without the aid of 

additional geometry patches. 

The parametrisation of the contoured end-walls using the Beta probability density function 

appears to offer some attractive advantages over other analytical formulations considered 

in this thesis, including the normal probability density function that was used in previous 

work. This analysis provides the foundations for experimenting with end walls contoured 

using the Beta probability density function and testing this end wall treatment, for instance 

by computational fluid dynamics, for its effect on the stage total pressure loss and the flow 

structures. The end goal is to obtain an increased stage isentropic efficiency. 

3.6 Summary 

This chapter reviewed surface definition techniques used by past authors for designing 

turbomachinery passages with contoured end-walls. Three main surface definition 

approaches were studied in detail. The first approach used a Bezier surface. This approach 

was found to have the drawback of not generating a zero radial gradient slope at the perimeter 

of the contoured surface, to provide a smooth transition with the remainder of the passage 

geometry. The second approach was the use of cubic splines for generating surface “bumps” 

through an array of control points. The third method used three pitchwise guiding curves 

that were interpolated axially by fourth-order polynomials. The three guiding curves were 

defined using both discrete and continuous probability density functions. After considering 

the advantages and disadvantages of the different surface definition methods, two surface 

parametrisation methods are retained for application and testing in the forthcoming chapters. 

These are the method of cubic splines, which can be argued represents the state of the art in 

use in current turbomachines, and the guiding curve technique that uses a Beta probability 

density function, which represents a novel application of the Beta probability density 

function to end wall contouring. Both methods produce parametric surfaces of type 𝑟𝑑 =
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𝑓(𝑥, 𝑠) with no restriction in spatial resolution. Both methods have been coded in MATLAB 

and their surfaces rendered graphically, for selected parameter values. 
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4. TURBINE FLOW PASSAGE WITH PARAMETRISED HUB 

4.1 Introduction 

This chapter describes the implementation of the parametrised hub surface from Chapter 3 

to the 1.5 stage Aachen Turbine. The change to hub surface is applied to stator 1. The design 

of the contoured hub is implemented by specifying a guide groove between pitchwise 

consecutive stator 1 blades. This groove starts from the stator 1 blade leading edge and ends 

at the stator 1 passage trailing edge. The groove path is defined by interpolation between the 

blade root suction side and the blade root pressure side profiles, offset from the blade surface. 

The groove depth is defined by using the Beta probability density function. Three user-

defined parameters define the parametrised guide groove. The contoured hub is exported as 

a NURBS surface and mated with the remainder of the 1.5 stage Aachen Turbine geometry. 

The hub surface parameterisation is implemented in MATLAB. A second parametrised 

geometry of the 1.5 stage Aachen Turbine is generated using the hub contouring surface 

definition by Praisner et al. (2013) and Kim et al. (2016). This second parametrisation, which 

uses a more conventional technique involving a set of control points and cubic splines, 

provides a state of the art contoured hub definition, for turbine performance comparison 

purposes. This reference contoured hub surface is also exported as a NURBS surface. 

4.2 1.5 Stage Turbine Geometry Test Case 

The main validation test case “Aachen Turbine” was provided by the Rheinisch-

Westfälische Technische Hochschule (RWTH) Aachen (Volmar et al., 1998), (Walraevens 

and Gallus, 1997), and (Gallus, 1995). The measurements on the test case “Aachen Turbine” 

were carried out at the Institute of Jet Propulsion and Turbomachinery at RWTH Aachen, 

Germany. These low steady three-dimensional (3D) stator experimental data were used to 

validate the numerical flow predictions in the current work. 

The turbine stator and rotor blade profiles are given by Gallus et al. (1990) and by 

Walraevens and Gallus (2000) as a cloud of points of the pressure and suction sides. Both 

the stator and the rotor consist of untwisted blades. The stator and rotor blade points are 

imported as 𝑥, 𝑦, and 𝑧 coordinates in ANSYS ICEM CFD, where 𝑥 is the axis of rotation 

of the turbine in the direction of the flow expansion. The 1.5 stage has cylindrical end walls 

with hub and tip radii of 245 mm and 300 mm respectively. The stator blades are pitchwise 

stacked at the trailing edge while the rotor blades are pitchwise stacked at their centroid, 
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which is located at 𝑥 = 25.265 mm and 𝑦 = 13.456 mm from the rotor blade leading edge. 

The stator blade chord 𝑐𝑠 is 62 mm, the stator axial chord 𝑐𝑥 is 44.25 mm, and the pitch to 

chord ratio 𝑠𝑠/𝑐𝑠 is 0.77, which gives 36 blades around the cascade. The rotor chord 𝑐𝑟 is 60 

mm and the pitch to chord ratio 𝑠𝑟/𝑐𝑟 is 0.67, which gives 41 blades around the cascade, as 

shown in Figure 4-1 and Table 4-1. The passage leading edge extends axially 486 mm 

upstream of the stator leading edge in order to develop the boundary layers on the passage 

end-walls as shown later on Section 5.3.2. The turbine blade span 𝐻 is 55 mm. The inlet 

flow angle 𝛼1 is 90° relative to the axial plane, so that the inflow is axial. The downstream 

row of stator blades is clocked by 3° in the positive direction of rotation of the rotor, with 

respect to the upstream row of stator blades. 

 

Figure 4-1: Schematic of turbine stage on the cascade plane (Gallus et al., 1990). 

 

Table 4-1: Turbine stage design data. 

 Cascade Stator Rotor 

Aspect ratio, 𝐻/𝑠 variable 0.887 0.917 

Pitch (midspan), 𝑠 50 mm 47.6 mm 41.8 mm 

Blade number, 𝑁 7 36 41 

Reynolds number, based on chord 

and exit velocity 

6.8 × 105 6.8 × 105 4.9 × 105 

Mean radius - 272.5 mm 272.5 mm 

Rotational speed - - 3500 rpm 

Working fluid air air air 

 

 

Rotor Stator Stator 
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4.3 Design of a Contoured Hub with a Guide Groove 

A procedure for designing contoured end-walls was created using the Alstom Process and 

Optimisation Workbench (APOW) software. This required representing the end-wall 

geometry by a small set of parameters, so that the optimisation becomes treatable. To 

accomplish this goal, four main activities were undertaken. 

The first activity consisted in identifying a surface definition approach from classical 

analytical surface theory that could represent the contoured end wall of a turbomachine 

stage. The generalized surface definition as parametrisation 𝑠(𝑢, 𝑣) was selected as it can 

describe a continuous function in ℝ3. The second activity consisted in constraining the 

parametrisation 𝑠(𝑢, 𝑣) so that it satisfies a range of desirable characteristics, such as 

matching the passage perimeter along the passage leading and trailing edges, at the blade 

pressure and suction sides, and at a pitchwise periodic plane. At a later stage, the function 

will be including non-axisymmetric flow features. At this stage, the 𝑠(𝑢, 𝑣) parametrised 

surface is constrained to be axisymmetric, so that the process of surface definition and 

surface rendering in combination with computational fluid dynamics can be tested in its 

entirety. The third activity is to import the 𝑠(𝑢, 𝑣) parametrised surface in a computational 

fluid dynamics mesh generator, which only recognizes a finite set of input geometries, such 

as points, facets, and non-uniform rational B-splines (NURBS). The fourth and the final 

stage is to check the difference between the hub surface generalized by this process against 

a benchmark surface that is not imported but is generated directly inside ICEM CFD using 

current best computer aided design (CAD) drawing practices. 

To maximize the compatibility of the optimisation workflow, surfaces are defined 

analytically and parametrically in MATLAB, imported in the CFD mesh generator ANSYS 

ICEM CFD, and the flow model is solved by OpenFOAM. APOW is used to automate this 

process by executing this workflow in batch mode. 

4.4 Application of the Guide Groove Design to the Upstream Stator Hub 

The upstream stator hub surface forms the floor of one of the hexahedral computational 

domain blocks inside the structured multi-block domain of Figure 4-1, which models one 

flow passage through the 1.5 stage turbine from RWTH Aachen. 16 points define the 

vertices of the multi-block domain structure. Eight of these points are the vertices of the 

stator hub block. The geometry, including these vertices, is defined in the RWTH Aachen 

dataset with respect to the cylindrical reference system (𝑥, 𝑟, 𝜃), where the 𝑥 axis coincides 
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with the axis of rotation of the rotor, pointing towards the outlet, 𝑟 is the radial distance 

from this axis, and 𝜃 =  0 is through the prismatic stator blade trailing edge. Four of the 

eight vertices define the stator 1 passage leading edge and the remaining four define the 

stator 1 passage trailing edge. As ANSYS ICEM CFD uses a 3D Cartesian reference system, 

each turbine stator 1 passage vertex 𝑃𝑖 on the hub is translated in 3D Cartesian coordinates 

as: 

 

 
𝑃𝑖 = (𝑥𝑖 , 𝑟ℎ cos 𝜃𝑖 , 𝑟ℎ sin 𝜃𝑖) (4-1) 

 

where: 𝑥𝑖 is the 𝑥 −coordinate of the 𝑖𝑡ℎ point. The resulting coordinates of point 𝑃𝑖 are 

shown in Table 4-2. The azimuthal angle θ is defined as positive from A to B. 

 

Figure 4-2: Aachen Turbine stator geometry created using ANSYS ICEM CFD showing 

the stator 1 hub vertices. 
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Table 4-2: Coordinates of the Aachen Turbine stator 1 hub vertices. 

points 𝑟ℎ (m) θ 

(rads) 

x-coordinate 

(m) 

y-coordinate 

(m) 

z-coordinate 

(m) 

A 0.245 1.3947 -0.486 0.04292951 0.2412096 

B 0.245 1.5645 -0.486 0.001547395 0.2449951 

C 0.245 1.3947 0 0.04292951 0.2412096 

D 0.245 1.5645 0 0.001547395 0.2449951 

E 0.245 1.5708 0.04397504 0 0.245 

F 0.245 1.7406 0.04397504 -0.0414052 0.2414759 

G 0.245 1.5708 0.155575 0 0.245 

H 0.245 1.7406 0.155575 -0.0414052 0.2414759 

 

The turbine stator 1 blade profile in the 𝑥 − 𝑦 plane is defined as a tabulated set of 116 

points in Walraevens and Gallus (2000). The stator blade pressure side edge, denoted by 

CE in Figure 4-9, is defined by 65 points, while the suction side edge, denoted by DF, is 

defined by 47 points, on the 𝑥 − 𝑦 plane. These points are projected on the cascade plane 

by a prismatic extrusion in 𝑧. Specifically, the vertices CDEF delimiting the hub of one 

flow passage between the suction and the pressure sides of two pitchwise consecutive 

blades were projected on the cascade plane by: 

 

 𝑃𝑖 = (𝑥𝑖,
𝜋

2
− arctan (

𝑦𝑖

𝑧𝑖
)) 

(4-2) 

 

The projected points that define the pressure side edge of stator 1 were interpolated using a 

smoothing cubic spline, as shown in Figure 4-3. The coefficients of the smoothing cubic 

spline 𝜑𝑝 were obtained by the MATLAB functions csaps and ppval. The same procedure 

was repeated for the stator 1 suction side edge, to obtain the smoothing cubic spline 𝜑𝑠 

shown in Figure 4-4. 
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Figure 4-3: Interpolation function 𝜑𝑝 across the Aachen Turbine stator pressure side blade 

coordinates. 

 

Figure 4-4: Interpolation function 𝜑𝑠 across the Aachen Turbine stator suction side blade 

coordinates. 
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The axisymmetric Aachen Turbine stator cylindrical hub surface was defined by the points 

ABCD, CDEF, and EFGH as: 

For ABCD:  

 

𝑠1(𝑢, 𝑣) = (

(1 − 𝑢)𝑒1

𝑟ℎ cos [𝜃1(1 − 𝑣) + 𝜃2𝑣]

𝑟ℎ sin [𝜃1(1 − 𝑣) + 𝜃2𝑣]

) 

(4.3) 

For EFGH: 

 

𝑠2(𝑢, 𝑣) = (

(1 − 𝑢)𝑒3 + 𝑢𝑒4

𝑟ℎ cos [𝜃3(1 − 𝑣) + 𝜃4𝑣]

𝑟ℎ sin [𝜃3(1 − 𝑣) + 𝜃4𝑣]

) 

(4.4) 

For the blade passage, the pitch angle functions were defined by the interpolation functions 

𝜑𝑝 and 𝜑𝑠 as: 

 𝜖1(𝑢) = 𝜑𝑝(𝑢𝑒3) (4.5) 

 

 𝜖2(𝑢) = φ𝑠(𝑢𝑒3) (4.6) 

 

The blade passage surface defined by points CDEF is 

 

 

𝑠3(𝑢, 𝑣) = (

𝑢𝑒3

𝑟ℎ cos [𝜖1(𝑢)(1 − 𝑣) + 𝜖2(𝑢)𝑣

𝑟ℎ sin [𝜖1(𝑢)(1 − 𝑣) + 𝜖2(𝑢)𝑣]
]) 

(4.7) 

 

The parametric surfaces generated by MATLAB for the passage leading edge, the blade 

passage, and the passage trailing edge are shown in Figure 4-5, Figure 4-6, and Figure 4-7 

respectively. The complete Aachen Turbine axisymmetric cylindrical hub is shown in 

Figure 4-8. 

 



  

43 

 

 

Figure 4-5: Aachen Turbine passage leading edge. 

 

Figure 4-6: Aachen Turbine stator 1 blade passage. 
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Figure 4-7: Aachen Turbine passage trailing edge. 

 

Figure 4-8 Axisymmetric hub surface of the Aachen Turbine stator passage half-stage 

rendered as a composite of three 𝑠(𝑢, 𝑣) = 0 parametrical surfaces. 
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The three 𝑠(𝑢, 𝑣) parametrised surfaces were exported from MATLAB into ANSYS ICEM 

CFD. Three different approaches were tested for exporting each 𝑠(𝑢, 𝑣) parametrised 

surface from MATLAB. The first approach was to export each surface as a sampled cloud 

of points in Cartesian coordinates (𝑥, 𝑦, 𝑧). ANSYS ICEM CFD imported these points and 

built the hub surface by interpolating through them. The second approach was to export 

each surface as a sampled carpet of triangles, using the Standard Triangle Language (.stl) 

format. An STL file describes a surface by the unit normal and vertices ordered by the right-

hand rule of the triangles in the 3D Cartesian coordinate system. This type of file format is 

supported by ANSYS ICEM CFD. The cylindrical hub surface saved in the .stl file format 

was imported in ANSYS ICEM CFD as a faceted surface covering the full hub and was 

connected to the passage leading and trailing edges, to the pitchwise periodic boundaries, 

and to the blade roots without any geometry mismatch error. 

The third approach was to use a NURBS surface for exporting the 𝑠(𝑢, 𝑣) parametrised 

cylindrical hub by rendering it in a format ANSYS ICEM CFD can read as input. Each of 

the three parametrised surfaces are exported as separate NURBS surfaces in ANSYS ICEM 

CFD. To export the 𝑠(𝑢, 𝑣) parametrised hub as a composite of three NURBS surfaces, the 

knots and control points of each NURBS surface were defined from the corresponding 

𝑠(𝑢, 𝑣). For these NURBS surfaces, non-periodic knot vectors were used. The number of 

knots and of the control points on a NURBS surface are related as: 

 𝑚 = 𝑛 + 𝑝𝑑 + 1 (4-8) 

 

where 𝑚 + 1 are the number of knots, 𝑛 + 1 are the number of control points, and 𝑝𝑑 is the 

polynomial degree of the NURBS surface which, in ANSYS ICEM CFD, is restricted to 

𝑝𝑑 = 2. The knot vector is defined as: 

 

 𝑈𝑘 = {𝑎1, … , 𝑎𝑝𝑑+1, 𝑢𝑝𝑑+2, … , 𝑢𝑚−𝑝𝑑−1, 𝑏𝑚−𝑝𝑑
, … , 𝑏𝑚} (4-9) 

 

where (𝑎1, … 𝑎𝑝𝑑+1) = 0 and (𝑏𝑚−𝑝𝑑
, … , 𝑏𝑚) = 1. One of the advantages of rendering the 

stator 1 hub by a composite of three NURBS surfaces is the ability of representing a conic 

section and circles exactly. To obtain a conical surface, the control points 𝑢𝑖, with (𝑝𝑑 +
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2) ≤ 𝑖 ≤ (𝑚 − 𝑝𝑑 − 1), are defined according to Piegl and Tiller (2012) using the 

parametrisation weight 𝑤1 = cos(2𝜋/𝑁). This is a necessary and sufficient condition for 

the resulting surface to be geometrically an arc in the 𝑢 direction of 𝑠(𝑢, 𝑣). The NURBS 

surfaces were exported as an IGES file, which is a supported input file format of ANSYS 

ICEM CFD. Each NURBS surface was saved in the IGES format as four main points, four 

curves, and one smooth surface. Figure 4-9 shows the top view of the stator 1 surface 

imported in ANSYS ICEM CFD, mated with the passage inlet hub and the passage outlet 

hub that were also imported as NURBS surfaces. A good contiguity between the three 

surfaces is shown in Figure 4-9, with no discernible gap at the stator 1 leading edge and at 

the stator 1 trailing edge, where the NURBS surfaces join. 

The ability of using a NURBS surface to represent exactly a conical or a cylindrical surface 

makes this third approach attractive for turbomachinery applications in which the hub and 

casing are typically axisymmetric, like for the 1.5 turbine stage from RWTH Aachen. This 

avoids introducing uncertainties in the geometry by the application of surface interpolation 

techniques as it is ported from MATLAB to ANSYS ICEM CFD. For this reason, this third 

approach is used for the remainder of the work. 

 

Figure 4-9: Cylindrical hub surface of the stator 1 half-stage rendered as a composite of 

three 𝑠(𝑢, 𝑣) parametrised surfaces imported in ICEM CFD as a composite of three 

NURBS surfaces. 
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The next step in the modelling process is to develop a variant of the stator 1 hub surfaces 

𝑠(𝑢, 𝑣) that is contoured. Contouring is herein obtained by adding a groove, as shown by 

Figure 4-12. 

The groove path is constrained to be mainly dependent on the blade profile, on the 

assumption that the horseshoe vortex may find easier accommodating itself into a groove 

with such a path and running along it. The groove path is defined with respect to the profiles 

of turbine blades ‘inflated’ in the cascade plane. This ‘inflation’ process consists in 

offsetting the blade perimeter by a set distance, normal to the blade perimeter, which is 

varied linearly from the stator blade leading edge, where this distance is minimum, to the 

stator blade trailing edge, where this distance is maximum. A linear interpolation between 

the ‘inflated’ profiles of two pitchwise consecutive blades defines the groove path as shown 

in Figure 4-10. 

 

Figure 4-10: ‘Inflating’ the upstream stator blade profile to generate the groove path line. 

The salient analytical steps of this curve path definition process are as follows: Recall that 

the blade profile on the cascade plane is defined by 116 points 𝑃𝑖. Each point 𝑃𝑖 is allocated 

a corresponding point 𝑄𝑖 on the cascade plane offset by a user-defined offset distance 𝑏 and 

located at: 
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 𝑄𝑖 = 𝑃𝑖 + 𝑛𝑖𝑏 (4-10) 

 

where 𝑛𝑖 is the outward normal vector to the blade perimeter. 𝑛𝑖 is evaluated by the secant 

between the lines defined by (𝑃𝑖−1, 𝑃𝑖) and (𝑃𝑖, 𝑃𝑖+1). Two smoothing cubic splines 𝑞𝑠(𝑥) 

and 𝑞𝑝(𝑥) on the 𝑟 = 𝑟ℎ plane then interpolate the subset of 𝑄𝑖 points lying respectively on 

the suction side and on the pressure side of the blade. The curve path 𝜉𝑎(𝑥) is defined as 

the arithmetic mean of 𝑞𝑠(𝑥) and 𝑞𝑝(𝑥) from the suction side and pressure side of two 

pitchwise consecutive blades. For each point 𝑃(𝑥, 𝜃) on the 𝑟 = 𝑟ℎ plane, its normal 

distance to the groove path is determined as: 

 𝜂(𝑥, 𝜃) = 𝐹𝑖𝑛𝑑𝑀𝑖𝑛𝑉𝑎𝑙𝑢𝑒(∥ 𝜉𝑎(𝑥) − 𝑃(𝑥, 𝜃) ∥) (4-11) 

 

The groove width 𝑑 is a user-defined free parameter. The groove depth 𝑔(𝑑, 𝜂) is 

determined as 

 

 
𝑔(𝑑, 𝜂) = −ℎ𝑜

(𝜂2 − 𝑑2)2

𝑑4
 

(4-12) 

 

on the (𝑥, 𝜃) plane, in the area delimited by |𝜂| ≤ 𝑑. The groove depth ℎ𝑜 along the groove 

path 𝜉𝑎(𝑥) is defined using a Beta distribution function, as explained in Section 3.5.2.4. 

The change in the groove depth along the groove path follows one of the Beta probability 

density functions shown in Figure 4-11, selected by the user. 
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Figure 4-11: Family of Beta probability density functions obtained by prescribing the 

maximum groove depth position between 60% and 80% of the total groove length. 

From the above, the stator 1 hub radius with groove is defined as: 

 

𝑟ℎ𝑔(𝑥, 𝜃) =  {
𝑟ℎ                                   |𝜂| > 𝑑 

𝑟ℎ + 𝑔[𝑑, 𝜂(𝑥, 𝜃)]    |𝜂| ≤ 𝑑
} 

(4-13) 

 

The turbine stator 1 hub surface with groove is defined as: 

 

 𝑠𝑐(𝑢𝑠, 𝑣𝑠) = [𝑢𝑠, 𝑟𝑠ℎ𝑔(𝑢𝑠, 𝑣𝑠) cos(𝑣𝑠) , 𝑟𝑠ℎ𝑔(𝑢𝑠, 𝑣𝑠) sin(𝑣𝑠)] (4-14) 

 

This generalized surface is exported as a NURBS surface from MATLAB to ANSYS ICEM 

CFD, by an IGES file, where it is mated to the remainder of the 1.5 stage turbine domain as 

shown by Figure 4-12. 
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Figure 4-12: Non-axisymmetric stator 1 hub surface imported in ANSYS ICEM CFD as a 

NURBS surface. 

 

4.5 Application of the Hub Contouring Technique by Praisner et al. (2013) and Kim 

et al. (2016) to the Upstream Hub 

The contoured hub surface from Praisner et al. (2013) and Kim et al. (2016), obtained by 

MATLAB, is imported in ANSYS ICEM CFD as a NURBS surface. This contoured surface 

spans between the camber lines of two pitchwise consecutive stator 1 blades, as shown in 

Figure 4-13. It therefore requires trimming to confine it between the blade suction and 

pressure sides, so it can be mated with the remainder of the 1.5 Aachen Turbine geometry. 

The stator 1 blade profile is projected prismatically onto the contoured hub surface as shown 

in Figure 4-13. The hub surface between the blades is then trimmed along the intersection 

between the projected blade profile and the contoured surface, using the Segment 

Trim/Surface function in ANSYS ICEM CFD. This produces a hub surface spanning from 

the blade pressure side to the blade suction side, as shown in yellow in Figure 4-14. 
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Figure 4-13: The contoured hub surface from Praisner et al. (2013) and from Kim et al. 

(2016) imported in ANSYS ICEM CFD as a NURBS surface. 

 

Figure 4-14: Contoured hub surface from Praisner et al. (2013) and from Kim et al. (2016) 

trimmed by the blade pressure side surface and the blade suction side surface. 
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Then, the passage leading edge hub surface and the passage trailing edge hub surface are 

imported as axisymmetric NURBS surfaces and are joined to the contoured hub surface 

between the blades. The resulting stator 1 hub with the contouring from Praisner et al. (2013) 

and from Kim et al. (2016) is shown in Figure 4-15. 

 

Figure 4-15: Aachen Turbine geometry with stator 1 contoured according to Praisner et al. 

(2013) and Kim et al. (2016). 

 

4.6 Summary 

This chapter described the process for generating a digital geometry of the 1.5 stage Aachen 

Turbine suitable for the computational fluid dynamics pre-processor ANSYS ICEM CFD. 

The first geometry that was created was that of the Aachen Turbine with an axisymmetric 

hub. Then, the digital geometry was altered by contouring the stator 1 hub. A contoured hub 

with a parametrised guide groove was defined. The guided groove parameters were the 

groove width at the stator 1 blade leading edge, the grove width at the stator 1 passage trailing 

edge, and the groove maximum depth position. The groove path was defined using an 
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‘inflation’ process. A second contoured hub surface was produced by implementing the 

method of Praisner et al. (2013) and Kim et al. (2016), for turbine performance comparison 

purposes. The both surfaces were created in MATLAB and exported as NURBS surfaces. 

These were imported in ANSYS ICEM CFD as IGES files and mated with the remainder of 

the Aachen Turbine geometry. 
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5. MODELLING END-WALL CONTOURED PASSAGES BY CFD 

5.1 Introduction 

This chapter describes the software chain that is used for modelling and optimising end-wall 

contoured passages. A CFD base flow with axisymmetric end-walls is first computed to 

validate the CFD component of this chain. This is obtained by discretising the geometry into 

an unstructured computational mesh using the commercial CFD pre-processor ANSYS 

ICEM CFD 18. The mesh is then exported to OpenFOAM, which solves the flow for a set 

of boundary conditions. Four validation cases are considered. The first one is the Aachen 

Turbine first stator that is modelled by OpenFOAM/2.3.0. The second, third, and fourth 

validation cases are the 1.5 stage Aachen Turbine tested at three different inflow/outflow 

conditions. The 1.5 stage Aachen Turbine is modelled by OpenFOAM/3.2-extend. This 

OpenFOAM version allows the use of mixing planes between the first stator and the rotor, 

and the rotor and the second stator. Grid independence tests are performed to determine 

sensitivity of the solution on the level of the computational mesh spatial refinement. Having 

validated the CFD model in the software tool chain, the optimisation of the hub by wall 

contouring is pursued. This optimisation is performed using APOW, which seeks to improve 

the turbine stage isentropic efficiency. The commercial software Cycle – Tempo is finally 

used to predict the effect of the improved turbine stage efficiency on the Coefficient Of 

Performance of a representative Liquefied Natural Gas (LNG) cryogenic cycle. 

5.2 Computational Mesh Generation 

To reduce the computational modelling effort, the flow is assumed pitchwise periodic so that 

only one blade pitch around the annulus is modelled, using mixing planes at the rotor-stator 

interfaces. This results in the flow passage geometry shown schematically in Figure 5-1 and 

Figure 5-2, which is decomposed in an assembly of contiguous hexahedral blocks for ease 

of meshing. Each block is discretized by a structured hexahedral mesh using the commercial 

mesh generator ANSYS ICEM CFD 18. The upstream stator near-wall mesh is designed to 

give a first interior cell size of 𝑦+ ≈ 30 in the wall-normal direction, from which the mesh 

is inflated using a stretching ratio of 1.05. The 𝑦+ ≈ 30 near-wall mesh spacing makes the 

process of optimising the non-axisymmetric hub surface treatable using the available 

computational resources. In the optimisation process, it is sufficient to determine the gradient 

of the penalty function rather than predicting its accurate value, for which a relatively coarse 

near-wall mesh is used. The mesh is first saved as an unstructured mesh in ANSYS FLUENT 
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format, then converted to OpenFOAM format, and finally it is imported in OpenFOAM, 

where it is used for obtaining a converged RANS solution of the baseline flow pattern. 

Details of the turbulence closure model, of the differentiation and of the numerical 

integration schemes used in the RANS solver are given in Section 5.3.1. 

 

Figure 5-1: Schematic of the stator flow passage. An extended upstream bulkhead is used 

for growing the stage inlet boundary layers over the stator hub and casing walls. The flow 

runs in the positive 𝑥-direction. 

 

 

Figure 5-2: Schematic of the 1.5 stage turbine flow passage. An extended upstream 

bulkhead is used for developing the stage inlet boundary layers. The flow runs in the 

positive 𝑥-direction. 
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5.2.1 Turbine stator grid independence test 

A grid independence test is performed with three different levels of mesh refinement. The 

details of these three unstructured meshes are listed in Table 5-1. The mesh quality index in 

all cases is 0.85. The uniformity of the mesh quality was investigated by evaluating the cell 

volume skewness using the normalised equiangle deviation method by Moraes et al. (2013). 

Figure 5-3 shows the frequency plot of the cell volume skewness, which indicates that 90% 

of the cell volumes have a skewness of less than 0.2. The radial profiles of circumferential 

velocity component and of yaw angle are selected to compare the CFD output from the three 

meshes. The results are shown in Figure 5-4 and Figure 5-5 respectively. The boundary 

conditions used are the one listed in Table 5-2 and denoted as Stator 1. This is referred to as 

the first validation test case, in which the turbine stator 1 modelled flow is validated against 

the Aachen Turbine experimental measurements. 

 

Figure 5-3: Frequency plot of cell volume skewness. 
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Table 5-1: Grid independence test results using three meshes of increasing spatial 

resolution. 

Mesh type Nodes  Aspect Ratio  Average 

Circumferential 

Velocity 

Average Yaw angle 

Mesh A 5,656,782 42.5 140.6915              

(0.28988 %) 

70.11922                

(1.86 %) 

Mesh B 11,313,564 34.4 140.1354 

(0.6839 %) 

69.8638                 

(2.22 %) 

Mesh C 22,126,128 34.4 140.9426 

(0.1119 %) 

70.12715                

(1.85 %) 

 

 

Figure 5-4 and Figure 5-5 show that the difference between meshes B and C is small 

compared to the difference between the coarse mesh A and the intermediate mesh B. This 

change with the mesh resolution gives confidence that the resolution of the intermediate 

mesh B is appropriate for the purposes of this study. The remainder of the CFD simulations 

is based on the spatial discretization of mesh B. These are shown later on Section 5.3.1. 

 

Figure 5-4: Spanwise profile of the circumferential velocity component traversed 8.8 mm 

chords downstream of the stator 1 trailing edge. Predictions using three progressively 

refined computational meshes. 
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Figure 5-5: Yaw angle distribution along blade span, traversed 8.8 mm axial chords 

downstream of the stator 1 trailing edge. CFD predictions using three incremental levels of 

meshes refinement. 

 

5.2.2 1.5 stage turbine CFD mesh convergence test 

A second independent grid convergence test is performed with three different levels of mesh 

refinement for the 1.5 stage turbine model. The mesh quality index in all cases is 0.85. The 

uniformity of the mesh quality is as reported in section 5.2.1. The predicted radial profiles 

of the circumferential velocity component and of the meridional velocity component 

downstream of the rotor exit plane are shown in Figure 5-6, using progressively refined 

meshes, denoted as mesh A, mesh B, and mesh C. Mesh A is the coarsest mesh, with 

4,007,940 nodes and an aspect ratio of 58.8. Mesh B is a mesh of intermediate spatial 

resolution. It is made by 8,808,228 nodes and has an aspect ratio of 41.1. Mesh C is the most 

spatially refined mesh. It has 19,242,318 nodes and has an aspect ratio of 27.9. The mesh-

refinement ratio is 1.3 in each linear dimension. 
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Figure 5-6: Spanwise profiles of circumferential and meridional velocity components 

traversed 8.8 mm downstream of the rotor trailing edge. Predictions using three 

progressively finer computational meshes. 

Figure 5-6 shows that the discrepancy in the radial distributions of circumferential velocity 

obtained with mesh B and mesh C is smaller than the one between the velocity predictions 

obtained with the coarser mesh A and mesh B. The same trend is displayed by the predicted 

distributions of meridional velocity profiles 8.8 mm downstream of the rotor exit plane. This 

indicates qualitatively that the spatial resolution provided by mesh B is adequate for 

predicting the main aerodynamic performance characteristics of the 1.5 stage turbine with 

an appropriate mesh independence, for the purpose of the current study. This is confirmed 

quantitatively by computing the grid convergence index based on the circumferential 

velocity component at 8.8 mm downstream of the rotor exit. The grid convergence index for 

mesh A and B is 0.15461% while for mesh B and C is 0.35076%. The mesh convergence 

index gives further confidence that the spatial resolution provided by mesh B is appropriate 

and the remainder of the numerical predictions presented in this thesis is obtained using the 

spatial resolution of mesh B. The boundary conditions used for performing the grid 

convergence test reported in Figure 5-6 are the ones of the ‘Rotor’ measurements listed in 

Table 5-2. 



  

60 

 

 

Table 5-2: Boundary conditions of the validation test case. 

VALIDATION TEST 

CASE 

INLET TOTAL 

PRESSURE 

OUTLET STATIC 

PRESSURE 

ROTOR SHAFT 

SPEED 

STATOR 1 152776.55 Pa 99000 Pa 3505.24 r.p.m. 

ROTOR 155055.45 Pa 105000 Pa 3628.73 r.p.m. 

STATOR 2 153846.05 Pa 110100 Pa 3498.24 r.p.m. 

 

5.3 Numerical Method and Model Validation 

5.3.1 Turbine stator with OpenFOAM/2.3.0 

The selected structured mesh from the grid independence test is mesh type B. The mesh is 

imported in OpenFOAM 2.3.0 by transforming it from ANSYS FLUENT to OpenFOAM. 

The use of OpenFOAM instead of ANSYS FLUENT as the solver for CFD enables to 

increase the number of threads used in a parallel flow computation beyond 16, which is in 

the current limit of the ANSYS FLUENT academic license. This enables to increase the 

number of elements in the CFD mesh in order to improve the flow predictions. The CFD 

solver inside OpenFOAM/2.3.0 used in this study is rhoSimplecFoam. This was run on the 

University of Leicester 4800-core High Performance Computer (HPC) cluster Alice2, using 

Message Passing Interface (MPI) software and domain decomposition. The OpenFOAM 

MPI implementation enabled computations to complete within an acceptable wall time. 

rhoSimplecFoam is a compressible RANS flow solver based on realizable k-ε turbulent 

model. The inlet stator pressure boundary condition is set to total pressure with the inlet 

value of 152761.8625 Pa. The outlet stator pressure boundary condition is set to static 

pressure with the outlet value of 133793.64 Pa. These numerical inputs were converted from 

measurements and up to four additional figures were carried forward for numerical accuracy. 

The stator inlet velocity is set in the 𝑥-direction, which gives an axial inflow with the 

absolute inlet flow angle 𝛼1 = 900. The stator outlet velocity boundary condition is set as 

the InletOutlet boundary condition, which is by default zeroGradient for an outflow and 

changes to a fixedValue where the velocity vector direction aims inside the computational 

domain. The pitchwise stator boundaries are taken as a periodic rotational about the 𝑥-axis. 

Stationary walls for the axisymmetric hub, the casing, and the stator blades are used. 
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The inflow turbulence quantities were specified in terms of the turbulence intensity (𝐼) and 

of the hydraulic diameter (𝐿). Empirical correlations for fully developed pipe flow 

(Adebayo, 2012) estimate the turbulent intensity, the specific turbulent kinetic energy, and 

the dissipation rate and the specific dissipation rate of specific turbulent kinetic energy as: 

 𝐼 = 0.16(𝑅𝑒𝐿)
−

1
8 

(5.1) 

 

 𝑘 =
3

2
(𝑈𝑏𝐼)

2 
(5.2) 

 

 𝜀 = 𝐶𝑀

3
4⁄
𝑘

3
4⁄

𝑙
 

(5.3) 

 

 𝜔 =
𝑘

𝜀
 

(5.4) 

 

where 𝑈𝑏 is the bulk flow speed, 𝐶𝑀 is equal to 0.09, and 𝑙 = 0.07 𝐿 is the mixing length 

scale, based on the hydraulic diameter of the stator. The hydraulic diameter of the stator is 

estimated as: 

 𝐿 =
2𝐻𝑠𝑠

𝐻 + 𝑠𝑠
 

(5.5) 

 

Where 𝐻 = 55 mm is the blade span (height) and 𝑠𝑠 = 47.6 mm is the blade spacing (pitch) 

at the blade mid-span. The value of the turbulence intensity estimated according to equation 

(5.1) is 0.027333. The inlet values of 𝑘 and ε are 1.925203 m2/s2, and 131.6523 m2/s3, 

respectively. The SIMPLEC pressure-velocity coupling scheme estimates the pressure field 

and the velocity vector field. 

The convergence criterion used in this computation is the reduction of the residuals by five 

orders of magnitude from their values at the start of the computation. The converged CFD 

solution takes 11 hours of CPU time with 50 processors. After the solution is converged, it 

is post-processed by OpenFOAM 2.3.0 and by Tecplot 2015 in two stages. The 3D geometry 
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and the flow solution in this validation were solved in Cartesian coordinates and then 

projected in cylindrical coordinates by post-processing. The first stage of post-processing 

was done inside the OpenFOAM 2.3.0 using the Sample dictionary. The Sample dictionary 

extracted 17 circumferential probe lines in the axial plane located at ∆𝑥𝑖 = 8.8 mm behind 

the stator 1 blade trailing edges. Each probe line has 38 radial positions starting from 

(𝑦1 , 𝑧1) = (𝑦ℎ𝑢𝑏 , 𝑧ℎ𝑢𝑏) at 246 mm radius to (𝑦38 , 𝑧38) = (𝑦𝑡𝑖𝑝 , 𝑧𝑡𝑖𝑝) at 299 mm as stated 

in Table 5-3. The 38 radial position are evenly spaced in 𝑟 between (𝑦ℎ𝑢𝑏 , 𝑧ℎ𝑢𝑏) and 

(𝑦𝑡𝑖𝑝 , 𝑧𝑡𝑖𝑝). The change from the Cartesian coordinates to cylindrical coordinates was done 

by the coordinates transformation matrix: 

 [
𝑈𝑥

𝑈𝑟

𝑈𝜃

] = 𝐴2 [

𝑈𝑥

𝑈𝑦

𝑈𝑧

] 

(5.6) 

 

where:  𝐴2 = [
1 0 0
0 cos 𝜃 sin 𝜃
0 − sin 𝜃 cos 𝜃

] 
(5.7) 
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Table 5-3: Pitchwise distribution of flow monitoring points on the axial plane 8.8 mm downstream of the turbine stator 1 blade trailing edges. 

𝜽 / 𝒓𝒂𝒅 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

1.571 1.581 1.592 1.603 1.613 1.624 1.634 1.645 1.656 1.666 1.677 1.688 1.698 1.709 1.719 1.730 1.741 

 

𝒚𝟏 /𝒎𝒎 0 -2.61 -5.22 -7.83 -10.44 -13.05 -15.65 -18.26 -20.86 -23.47 -26.06 -28.65 -31.24 -33.83 -36.41 -38.99 -41.57 

𝒛𝟏 /𝒎𝒎 246 245.98 245.94 245.87 245.77 245.65 245.50 245.32 245.11 244.8 244.6 244.3 244.0 243.6 243.2 242.8 2424.6 

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ 

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ 

𝒚𝟑𝟖 

/𝒎𝒎 
0 -3.17 -6.34 -9.52 -12.68 -15.85 -19.03 -22.19 -25.35 -28.52 -31.67 -34.83 -37.97 -41.12 -44.26 -47.40 -50.53 

𝒛𝟑𝟖 

/𝒎𝒎 
299 298.98 298.93 298.8 298.7 298.5 298.3 291.7 297.9 297.6 297.3 296.9 296.5 296.1 295.7 295.2 294.6 
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Figure 5-7 and Figure 5-8 compare respectively the turbine stator 1 pitch-averaged exit 

velocity components and the flow angle between the experimental measurements on the 

Aachen Turbine stator 1 and the predications from the converged CFD solution obtained by 

using the unstructured mesh B. The velocity profiles show a dominant circumferential 

velocity component across the blade span and the end-wall boundary layer thickness is lower 

at the hub. 

 

Figure 5-7: Radial distribution of meridional, circumferential, and absolute velocity 

components 8.8 mm behind the stator 1 blade row. 

 

Figure 5-8: Radial distribution of yaw angle at 8.8 mm behind the stator 1 blade row. 
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The 1.5 stage turbine CFD model requires defining mixing planes between the stator 1 outlet 

and the rotor inlet and between the rotor outlet and the stator 2 inlet. OpenFOAM /2.3.0 

does not include any mixing plane model. To build a full 1.5 turbine stage CFD model, 

OpenFoam/3.2 –extend version is used. The flow conditions across stator 1 were monitored 

to compare the results from OpenFOAM/3.2 against the ones from the first validation test 

case, which was solved by OpenFoam/2.3.0. The details are presented in the next section. 

5.3.2 1.5 stage turbine with OpenFOAM-Extend/3.2 

The OpenFoam-3.2-extend version software is the main CFD solver for the rest of the 

validation and optimisation processes. SteadyCompressibleMRFFoam is a compressible 

RANS flow solver inside OpenFOAM that uses the realizable 𝑘-ε and the 𝑘-ω SST 

turbulence closure models. Both models were tested for this simulation. 

The rotor CFD model assumes a sealed rotor with zero tip gap. This is because the aim of 

the thesis is the optimisation of the non-axisymmetric stator 1 hub wall, which mainly affects 

the near-hub region. As such, the tip leakage flow is considered to be sufficiently remote not 

to influence significantly the loss change observed with and without the contoured hub end 

wall. This geometrical simplification is desirable for keeping the computational cost of 

modelling hub end wall modifications within the limits of the computational resources 

available to the author. The 1.5 turbine stage was tested in dry air, which enables modelling 

the flow as an ideal gas with the constant property specific heat ratio 1.4 and the specific gas 

constant 287 J kg-1 K-1. The computational domain inlet upstream of the first stator row is 

set as a total pressure boundary condition. The computational domain outlet downstream of 

the second stator row is defined as a static pressure boundary condition. At the computational 

domain inlet, the velocity is set in the 𝑥-direction to give an axial inflow and an absolute 

inlet flow angle 𝛼1 = 90°. Figure 5-9 shows the radial distributions of the meridional 

velocity component 143 mm upstream of the stator 1 blade row. The velocity distributions 

obtained from both the realizable 𝑘-ε and the 𝑘-ω SST turbulence closure models show a 

good agreement with the experimental measurements from RWTH Aachen Turbine. The 

passage inflow boundary layer is clearly shown in Figure 5-9 over the height fraction range 

0.018 ≤ ℎ/𝐻 ≤ 0.165 near the hub and 0.84 ≤ ℎ/𝐻 ≤ 0.98 near the tip. 
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Figure 5-9: Radial distribution of meridional velocity component 143 mm upstream of the 

stator 1 blade row 

The computational domain outlet velocity is set as the OpenFOAM InletOutlet boundary 

condition, which is by default zeroGradient. The pitchwise boundaries upstream of the first 

stator, downstream of the second rotor, and between blade rows are taken as a rotational 

periodic about the 𝑥-axis. Stationary walls for the axisymmetric hub, the casing, and the 

stator blades are used. The rotor blades are modelled as walls that are stationary in the rotor 

frame of reference, which rotates at the rotor shaft speed. Mixing planes are defined between 

the outlet of the first stator and the inlet of the rotor, 10 mm downstream of the stator exit, 

and also between the outlet of the rotor and the inlet of the second stator, 10 mm downstream 

of the rotor exit (Jasak and Beaudoin, 2011). At each mixing plane, the flow is averaged in 

the pitchwise direction according to Beaudoin et al. (2014). Area averages of the pressure, 

of the specific kinetic energy, of the specific kinetic energy dissipation rate, and of the 

temperature are performed over circumferential rings one unit cell wide in the radial 

direction. The mixing planes are located closer to the downstream blade row to enable the 

monitoring of the exit flow at the same axial location as at RWTH Aachen. 
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Measurements are reported in the RWTH Aachen validation data from three experiments, 

documenting respectively the first stator, rotor, and the second stator exit flow. Small 

changes in the ambient conditions and in the rig set-up resulted in three different sets of the 

inlet total pressure, rotor speed, and exit pressure recorded in experiment. Each experiment 

therefore provides a separate validation test case for the CFD model. The boundary 

conditions of the validation test cases are listed in Table 5-2. 

The CFD solutions for the validation test case, converged to 10−5 of the initial value of the 

residuals, typically take 10 hours of computer wall time with 50 HPC cores. After the 

solution is converged, it is analysed using the OpenFOAM 2.3.0 post-processing tools and 

rendered graphically by Tecplot 2015. The 3D geometry and the flow solution, which are 

defined in Cartesian coordinates, are projected in cylindrical coordinates by the Sample 

dictionary of OpenFOAM 2.3.0. The Sample dictionary allows exporting 17 circumferential 

probe lines in the axial plane located 8.8 mm behind the stator 1 trailing edges. Two 

additional identical sets of probe lines are exported at the same axial distance of 8.8 mm, 

respectively behind the rotor trailing edges and behind the stator 2 trailing edges. Each probe 

line has 38 radial positions, ranging from 246 mm radius to 299 mm radius as stated in 

Table 5-4 and Table 5-5 respectively. 

The first validation test case is Stator 1. Both the realizable 𝑘-ε turbulence model and 𝑘-ω 

SST model showed good agreement in the predicted circumferential, meridional, and 

absolute velocity components with corresponding experimental measurements from RWTH 

downstream of the stator 1, as in the OpenFoam/2.3.0 simulation. These results are shown 

in Figure 5-10. The same trend is shown in Figure 5-11 for the predicted yaw angle 

downstream of the stator 1. 
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Table 5-4: Pitchwise distribution of flow monitoring points on the axial plane 8.8 mm downstream of the turbine rotor blade trailing edges. 

𝜽 / 𝒓𝒂𝒅 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

1.524 1.533 1.543 1.552 1.561 1.571 1.583 1.589 1.599 1.608 1.618 1.627 1.636 1.646 1.655 1.664 1.673 

 

𝒚𝟏 /𝒎𝒎 11.50 9.20 6.90 4.60 2.30 0.01 -2.95 -4.59 -6.89 -9.19 -11.49 -13.79 -16.08 -18.38 -20.67 -22.96 -25.20 

𝒛𝟏 /𝒎𝒎 245.70 245.80 245.87 245.93 245.96 245.97 245.96 245.93 245.87 245.80 245.70 245.58 245.44 245.28 245.10 244.90 244.67 

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ 

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ 

𝒚𝟑𝟖 /𝒎𝒎 7.47 4.67 1.88 -0.92 -3.71 -6.51 -9.30 -12.10 -14.89 -17.68 -20.47 -23.26 -26.05 -28.83 -31.61 -34.39 -37.00 

𝒛𝟑𝟖 /𝒎𝒎 298.91 298.96 298.99 299.00 298.98 298.93 298.86 298.76 298.63 298.48 298.30 298.09 297.86 297.61 297.32 297.02 296.68 

 

Table 5-5: Pitchwise distribution of flow monitoring points on the axial plane 8.8 mm downstream of the turbine stator 2 blade trailing edges. 

𝜽 / 𝒓𝒂𝒅 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

1.624 1.633 1.644 1.655 1.665 1.676 1.687 1.697 1.708 1.718 1.729 1.740 1.750 1.761 1.771 1.782 1.793 

 

𝒚𝟏 /𝒎𝒎 -12.98 -15.43 -18.04 -20.65 -23.25 -25.85 -28.45 -31.05 -33.64 -36.23 -38.81 -41.39 -43.96 -46.53 -49.10 -51.66 -54.21 

𝒛𝟏 /𝒎𝒎 246.00 245.85 245.67 245.47 245.23 244.97 244.69 244.37 244.03 243.66 243.26 242.83 242.38 241.90 241.39 240.86 240.29 

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ 

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ 

𝒚𝟑𝟖 /𝒎𝒎 -15.70 -18.87 -22.04 -25.21 -28.38 -31.54 -34.70 -37.85 -41.00 -44.15 -47.29 50.42 -53.55 -56.68 -59.79 -62.90 -65.90 

𝒛𝟑𝟖 /𝒎𝒎 299.00 298.82 298.60 298.35 298.06 297.75 297.39 297.01 296.59 296.14 295.65 295.14 294.58 294.00 293.38 292.73 292.05 
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Figure 5-10: Radial distribution of meridional, circumferential, and absolute velocity 

components 8.8 mm behind the stator 1 blade row. 

 

Figure 5-11: Radial distribution of yaw angle 8.8 mm behind the stator 1 blade row. 
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The second validation test case described in this section is the Rotor case. The 𝑘 − 𝜔 SST 

model showed a better agreement with experiment for the rotor exit flow than the realizable 

𝑘 − 𝜀 turbulence model, as shown in Figure 5-12 and Figure 5-13. Figure 5-12 and 

Figure 5-13 compare respectively the pitch-averaged rotor exit velocity components and the 

flow angle between the measurements from RWTH Aachen and the predications from the 

converged CFD solution. The velocity profiles show a dominant circumferential velocity 

component across the blade span. In the experiment, the end wall boundary layer thickness 

is lower at the hub than at the casing. In the simulation, the rotor tip leakage flow is not 

resolved as the rotor is modelled with zero tip clearance. This simplification leads to different 

velocity and yaw angle trends between experiment and computation over the blade height 

fraction range 0.9 ≤ ℎ/𝐻 ≤ 1, close to the casing. As this thesis focuses on evaluating a 

new end wall contouring technique at the hub, which mainly affects the near-hub region, the 

tip leakage flow is considered sufficiently remote not to influence significantly the loss 

change observed with and without the contoured hub end wall. A similar difference in trends 

between the measured and modelled yaw angle distributions is observed in Figure 5-13. 

 

Figure 5-12: Radial distribution of meridional, circumferential, and absolute velocity 

components 8.8 mm behind the rotor blade row. 
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Figure 5-13: Radial distribution of yaw angle at 8.8 mm behind the rotor blade row. 

The third validation test case in this section is the Stator 2 case. Figure 5-14 and Figure 5-15 

compare the predicted stator 2 downstream velocity components and the yaw angle against 

the corresponding experimental data from RWTH Aachen Turbine. The 𝑘-ω SST model 

show a better agreement with experiment for the stator 2 exit flow rather than the realizable 

𝑘-ε turbulence model. The remainder of the CFD simulations will therefore be performed 

with the 𝑘-ω SST model. The optimisation task uses the Rotor validation test case as the 

baseline flow prediction. From this, it computes the stage pressure loss and the stage 

isentropic efficiency with different hub geometries. 
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Figure 5-14: Radial distribution of meridional, circumferential, and absolute velocity 

components 8.8 mm behind the stator 2 blade row. 

 

Figure 5-15: Radial distribution of yaw angle at 8.8 mm behind the stator 2 blade row. 
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Notwithstanding the difference between the experiment and the computation close to the 

casing, Figure 5-12 and Figure 5-13 show that the experimental and the numerical profiles 

both display a central region, about the blade mid-height, where the velocity and the yaw 

angle change slowly with the radial distance. This is located between near-casing and near-

hub regions that feature larger radial gradients in velocity and in yaw angle. This is 

suggestive of a more complex flow pattern developing through the 1.5 stage turbine along 

the hub. To investigate this inference, limit streamlines were generated from the numerical 

solution over the hub, approaching the upstream stator blade leading edge, in the area 

indicated by the inset on the top left of Figure 5-16. 

Figure 5-16 shows these near-surface limit streamlines together with iso-colour levels of the 

axial velocity component. These streamlines are broadly equivalent to a surface (oil) flow 

visualisation in an experiment. The streamlines show that the boundary layer, which grows 

along the 486 mm long passage leading edge, approaches the stator 1 blade towards the 

leading edge pressure side, in the direction indicated by the arrows on the bottom left of 

Figure 5-16. The boundary layer separates before it reaches the blade surface, as indicated 

by the cruciform saddle point of streamlines centred approximately at 𝑥 = −0.0008 mm and 

𝑦 = 0.0412 mm. The boundary layer separation line is the vertical branch of the cluster of 

streamlines stemming from the cruciform saddle point. Downstream of this line, the 

boundary layer rolls up, forming a horseshoe vortex that wraps around the blade leading 

edge. The downstream trajectories of the horseshoe vortex pressure side and suction side 

branches are shown in Figure 5-17, by near-surface ribbons through the stator vane passage. 

The ribbons show that, whereas the suction side branch of the horseshoe vortex runs tightly 

around the blade suction surface, the pressure side branch moves across towards the suction 

side, driven by the pitchwise pressure gradient. The two branches combine from about 0.5 

axial chords downstream of the blade leading edge, forming a larger structure, denoted as 

the passage vortex. The passage vortex is shown in Figure 5-17 to lift off the hub surface 

and move progressively towards the blade mid-height with increasing axial distance. The 

passage vortex, by size and position, appears to affect a larger area of the main passage flow 

than the individual branches of the horseshoe vortex. 
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Figure 5-16: Flow visualisation near the stator blade pressure side leading edge showing 

the separation of the oncoming hub wall boundary layer on approach to the blade. 

 

Figure 5-17: Flow visualisation over the stator 1 axisymmetric hub showing by the 

ribbons the horseshoe vortex pressure side branch combining with its suction side branch. 
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At the casing, the pattern of secondary flows described in Figure 5-16 and Figure 5-17 is 

essentially repeated, mirrored about the blade mid-height. These vortices are shown at the 

turbine stator 1 blade suction side near hub and tip in Figure 5-18. 

 

Figure 5-18: Flow visualisation over the stator 1 blade suction side showing by the ribbons 

and streamlines the horseshoe vortex pressure side branch combining with its suction side 

branch, on the hub (bottom) and on the casing (top). 

The main aim of the thesis is to reduce the total pressure loss that results from these 

secondary flows. This is pursued by delaying the merger between the suction and pressure 

sides of the horseshoe vortex over the hub, by introducing a non-axisymmetric stator hub as 

shown in Figure 4-12. The non-axisymmetric hub is characterized by a groove running 

between the stator 1 blades. The hub groove starts from the turbine stator 1 blade leading 

edge and ends at the turbine stator 1 passage trailing edge, where the end wall regains its 

axial symmetry. The end-wall groove aims to guide the horseshoe vortex pressure side 

branch farther away from the blade suction side and thereby reduce the secondary flow 

losses. 
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5.4 Optimisation of the Grooved Hub Geometry with APOW 

A non-axisymmetric hub is designed by cutting a groove through the passage running from 

the stator 1 leading edge to the stator 1 passage trailing edge. The workflow for designing 

the non-axisymmetric hub is created in the Alstom Process and Optimisation Workbench 

(APOW) software environment, available through the industrial partner GE. This workflow 

is shown in Figure 5-19. APOW includes the Optimal Latin Hypercube method for the 

designing of experiments (DoE) with a well-sampled parameter space. The hub groove is 

optimised on three free parameters, which are the groove width at the stator 1 blade leading 

edge, 𝑑𝑙𝑒, the position of the maximum groove depth, ℎ𝑜, and the groove width at the stator 

1 passage trailing edge, 𝑑𝑡𝑒. Two optimisation tasks are defined to permute among the three 

parameters. In each task, two parameters in the optimiser are changed and the third parameter 

is kept constant, as shown in Figure 5-20. The object of the optimisation is the stage total 

pressure loss coefficient, which is the cost function that is minimized. 

 

Figure 5-19: APOW flow diagram. 
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(a)                  (b) 

Figure 5-20: (a) DoE for optimisation task one. (b) DoE for optimisation task two. 

 

The first step of the workflow entails loading a fresh set of groove parameters from the DoE 

matrix. In the second step, MATLAB is used to translate these parameters into a 

parametrised stator 1 hub surface 𝑠(𝑢𝑠, 𝑣𝑠) for the Aachen Turbine, as a continuous function 

in ℝ3, where 𝑠 designates stator 1. The corresponding contoured hub surface with groove is 

then defined by the procedure in Section 4.4. 

The contoured variant 𝑠𝑐 of the parameterised hub surface 𝑠(𝑢𝑠, 𝑣𝑠) is exported as three 

non-uniform rational B-spline (NURBS) surfaces without any additional surface re-

approximation. These are imported directly in ANSYS ICEM CFD via an IGES file. There, 

they are mated to the remainder of the 1.5 stage turbine domain as shown by Figure 5-21. 

The three surfaces are labelled ABCD, CDEF, and EFGH in Figure 4-9.  

The third step in the APOW workflow uses the mated domain with the grooved hub and 

generates/re-generates a computational mesh by ANSYS ICEM CFD, saving it as an 

ANSYS FLUENT unstructured mesh. The fourth step changes the format of the mesh from 

ANSYS FLUENT to OpenFOAM, applies the boundary conditions, solves the flow by 

OpenFOAM 3.2-extend to a converged solution, and finally post-processes the solution to 

compute the stage total pressure loss coefficient.  
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Figure 5-21: Non-axisymmetric upstream stator hub surface imported in ICEM CFD as a 

NURBS surface. 

In the first task of the DoE optimisation, 𝑑𝑙𝑒 is varied over the range 0.002 rad to 0.005 rad, 

𝑑𝑡𝑒 is varied over the range 0.037 rad to 0.05 rad, and ℎ𝑜 is kept constant as 68 % of the 

total groove length. Within this envelope of parameters, CFD predictions indicate the 

largest reduction in the stage total pressure loss coefficient is 2.67 % by using 𝑑𝑙𝑒  = 0.005 

rad and 𝑑𝑡𝑒 = 0.05 rad. The second task of the DoE optimisation considered 𝑑𝑡𝑒 ranging 

between 0.037 rad and 0.05 rad, ℎ𝑜 ranging between 60 % and 70 % of the total groove 

length, and a constant 𝑑𝑙𝑒 = 0.005 rad. Within this second envelope of parameters, the 

highest reduction in the stage total pressure loss coefficient is predicted to be 2.36 %, by 

using 𝑑𝑡𝑒 = 0.05 rad and ℎ𝑜 = 64 % of the total groove length. 

The automatic optimisation process outcome is a contoured hub with groove of 𝑑𝑙𝑒 = 0.005 

rad, 𝑑𝑡𝑒 = 0.05 rad, and ℎ𝑜 = 70 %. With this configuration, the stage total pressure loss 

coefficient is reduced by 2.72 % compared to the benchmark axisymmetric hub CFD 

prediction. 
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5.5 Cryogenic Cycle Analysis 

The author’s research sponsor requirement for developing techniques for improving 

cryogenic cycles is captured by a specific application to a LNG cycle. Improvements to any 

LNG cycle are achieved either by improving the heat exchangers used, by improving the 

efficiency of the compressors, or by improving the gas turbine stage isentropic efficiency. A 

change in the stage isentropic efficiency of the turbines used in a cryogenic cycle will reduce 

the amount of natural gas burnt for driving the cycle. This fuel consumption is necessary to 

generate mechanical power output from the gas turbines that is used to drive the refrigeration 

axial compressors. Reducing this fuel burn will reduce the cost of producing LNG. 

The optimised stator 1 hub is used for the cryogenic cycle gas turbines to increase the 

𝐶. 𝑂. 𝑃.𝐿𝑁𝐺. A LNG plant was modelled using the Cycle-Tempo software to perform a 

cryogenic cycle analysis. The Conoco-Philips cycle was used, as representative of current 

industry practice. The schematic cycle generated by Cycle-tempo is shown in Figure 5-22. 

The modified gas turbines are labelled as items 23, 32, and 38 in the schematic of 

Figure 5-22. The three gas turbines worked with a stage isentropic efficiency of 84.82 % and 

a mechanical efficiency of 95 %. All the refrigeration cycle axial compressors worked with 

an optimistic 95 % mechanical efficiency. The Conoco-Philips LNG cycle consists of three 

main refrigeration cycles, the Propane refrigeration cycle, the Ethylene refrigeration cycle, 

and the Methane refrigeration cycle. Each refrigeration cycle axial compressor is driven by 

a gas turbine. The natural gas, NG, is cooled and liquefied from an inlet temperature of 37 

°C to a liquefied temperature of -162 °C. Three main heat exchangers are used. The Propane 

refrigeration cycle job is to absorb heat from three fluids, the superheated Ethylene, the 

superheated Methane, and the NG by heat exchangers (12), (13), and (6) respectively. The 

Ethylene refrigeration cycle job is to remove heat by heat exchangers (25), from the 

superheated Methane, and (19), from the NG that outflows from heat exchanger (6). The 

methane refrigeration cycle is the final process of heat removal. Heat is removed from the 

NG and the outlet from the third heat exchanger (8) is a LNG with an outlet temperature of 

-162 °C. The standard natural gas components are listed in Table 5-6. 
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Table 5-6: Standard natural gas components. 

Natural gas component  Chemical symbols Mole fraction (%) 

Nitrogen N2 14.32 

Oxygen O2 0.01 

Carbon dioxide CO2 0.89 

Methane CH4 81.29 

Ethane C2H6 2.87 

Propane C3H8 0.38 

i-Butane C4H10 0.15 

n-Butane C5H12 0.04 

i-Pentane C6H14 0.05 

 

To evaluate the 𝐶. 𝑂. 𝑃.𝐿𝑁𝐺, three Cycle-tempo simulations are performed at the off-design 

operating conditions for the gas turbines. The first simulation is the part-load with a turbine 

stage isentropic efficiency of 94.62 %. The second simulation is the design point with an 

84.82 % turbine stage isentropic efficiency. The third simulation is the turbine choking with 

an 82.54 % turbine stage isentropic efficiency. The 𝐶. 𝑂. 𝑃.𝐿𝑁𝐺 = 
∑𝑄ℎ𝑒𝑎𝑡 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟

�̇�𝑓𝑢𝑒𝑙 ×𝐿𝐶𝑉𝑓𝑢𝑒𝑙
 ×

𝜂𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝑠𝑡𝑎𝑔𝑒 𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐 , where 𝐿𝐶𝑉𝑓𝑢𝑒𝑙 is the net calorific value of the fuel. Therefore, this 

expression shows that the 𝐶. 𝑂. 𝑃.𝐿𝑁𝐺 can be improved by increasing the turbine stage 

isentropic efficiency. The gas turbine fuel is NG and it is labelled as pipeline numbers 28, 

34, and 40 in Figure 5-22. Label 10 in Figure 5-22 designates the NG inlet to the LNG 

cryogenic cycle. 
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Figure 5-22: LNG cycle. 
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5.6 Summary 

A numerical model was built to investigate the effectiveness of end-wall contouring for improving 

the aerodynamic performance of a 1.5 stage axial turbine. Four validation test cases were used. Mesh 

convergence testes were used to select an appropriate level of mesh refinement to use for the hub 

optimisation process. The Rotor validation test case was used as the benchmark for the optimisation 

process. A 1.5 stage axial turbine from RWTH Aachen was modelled for testing the effectiveness of 

contouring the upstream stator hub with the surface definition method of Section 4.4. The workflow 

of generating the geometry, meshing it, applying the boundary conditions, solving the flow, and 

analysing the results for pressure loss was successfully automated using APOW. The turbine stage 

total pressure loss coefficient and the stage isentropic efficiency were estimated as the target 

functions for the optimised contoured turbine stator 1 hub task. A complete LNG cryogenic cycle 

was modelled using Cycle-Tempo software. This software allows estimating the 𝐶. 𝑂. 𝑃.𝐿𝑁𝐺 of the 

cryogenic cycle with the modified gas turbine that used the optimised contoured stator 1 hub. 

A positive correlation between the turbine stage isentropic efficiency and the 𝐶. 𝑂. 𝑃.𝐿𝑁𝐺 was 

identified. This indicates that a cycle performance improvement can be achieved by using a 

modified gas turbine with an optimised contoured stator 1 hub in the cycle. In the next 

chapter, the numerical models from Chapter 5 are used to quantify these performance 

improvement indications. 
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6. RESULTS AND DISCUSSION  

6.1 Introduction 

In this chapter, the non-axisymmetric turbine stator 1 hub, imported in ANSYS ICEM CFD 

as an IGES file, replaces the axisymmetric turbine stator 1 hub of the validation test case. 

Flow simulations are then obtained using the same procedure detailed for the validation test 

case, using the same boundary conditions, flow solver, and post-processing. Flow 

predictions are obtained in terms of three parameters for the hub contoured by the guided 

groove technique: the groove width at the stator 1 blade leading edge, 𝑑𝑙𝑒, the position of 

the maximum groove depth, ℎ𝑜, and the groove width at the stator 1 passage trailing edge, 

𝑑𝑡𝑒. Numerical visualisations of the near-hub flow are obtained using ribbons to render the 

near-surface streamlines, as for the validation test case. The use of ribbons aim to explore 

whether the channelling groove captures the horseshoe vortex near the blade pressure side 

and continues to guide it until the maximum groove depth position ℎ𝑜. Optimised values of 

the three hub groove parameters are sought from two optimisation tasks using a Kriging 

surrogate model. The best performing contoured stator hub is then used in a 1.5 stage 

simulation. The radially mass-averaged flow downstream of the rotor row is used to 

estimate the blade row total pressure loss, the stage total pressure loss coefficient, and the 

stage isentropic efficiency. Another set of flow predictions are obtained with the stator 1 

hub contoured by the bump technique from Praisner et al. (2013) and from Kim et al. (2016), 

which is taken to represent the current industry best practice. Two optimisation tasks are 

performed to obtain the optimal values of the bump parameters using a Kriging surrogate 

model. The predicted flow and the stage performance are compared to the guide groove 

ones. Part-load design conditions are modelled with the hub geometry that gives the highest 

stage efficiency at the design point. A thermodynamic cycle analysis is finally used to 

estimate the effect of the stage isentropic efficiency changes on the performance of gas 

turbines in a representative LNG cycle, in which turbines are used for driving the axial 

compressors of Propane, Ethylene, and Methane refrigerants. 

6.2 Flow Predictions with a Hub Contoured by a Guiding Groove 

Flow predictions are obtained by the workflow shown in Figure 5-19. The execution of this 

workflow was automated by APOW. The workflow starts by defining the non-axisymmetric 

turbine stator 1 hub by MATLAB. It then imports the new stator 1 hub NURBS in ANSYS 

ICEM CFD 18. It joins it with the rest of the 1.5 stage turbine geometry, re-meshes it, and 
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exports the computational mesh into OpenFoam 3.2-extend. It applies the boundary 

conditions, it solves the flow by OpenFoam 3.2-extend to a converged solution, and post-

processes the results. Automating the workflow enables a parametric study on the effect of 

the groove geometry on the flow predictions. 

Two parameters were tested for defining the non-axisymmetric turbine stator 1 hub. These 

parameters were the groove pitchwise width and the maximum groove depth axial position. 

Two cases with different groove width configurations were tested. The first one used a 

constant groove width. The second one used a groove that started as pitchwise-narrow near 

the stator leading edge and expanded monotonically up to the end of the turbine stator 1 

tailing edge. The position of the groove maximum depth in both cases was set to 40 % of 

the total groove path length. Figure 6-1 shows the flow predicted near the hub with a 

constant groove width equivalent to a pitchwise angle of 0.00146 rad, using the same flow 

visualization technique as for the validation test case in Figure 5-17. The viewpoint is set 

with the flow running from right to left, as indicated by the white arrow, to enable a better 

view of the vortex filament paths. The groove appears to be capturing the pressure side 

branch of the horseshoe vortex at the turbine stator 1 blade leading edge, as indicated by 

the clustering of the ribbons. These vortex filaments tend to follow the groove path until the 

groove maximum depth. Then individual vortex strands appear to leak out of the groove 

towards the trailing edge and move towards the blade suction side, driven by the pitchwise 

pressure gradient. With a 𝑑𝑙𝑒 = 0.00146 rad pitchwise wide groove, the total pressure loss 

coefficient is predicted to decrease by 0.39 %. Figure 6-2 shows the corresponding result 

using a wider groove of 𝑑𝑙𝑒 = 0.01 rad constant pitchwise width. Perhaps counter-

intuitively, with the wider groove, there appears to be an earlier departure of vortex 

filaments from the groove, starting from about 25 % axial chord. These vortex strands are 

predicted to move towards the blade suction side, like in Figure 6-1, but they appear also to 

lift up more prominently from the hub surface, towards the centre of the main flow passage. 

The combination of this earlier departure from the groove and this greater interaction with 

the main passage flow is thought to be responsible for a lower reduction in the total pressure 

loss coefficient of 0.30 % compared to the hub with the 𝑑𝑙𝑒 = 0.00146 rad narrower groove. 
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Figure 6-1: Flow visualisation over the non-axisymmetric stator 1 hub showing the 

pressure side branch of the horseshoe vortex running through a 0.00146 rad wide hub 

groove. 

 

Figure 6-2: Flow visualisation over the non-axisymmetric stator 1 hub showing the 

pressure side branch of the horseshoe vortex running partially through a 0.01 rad wide hub 

groove. 

The current flow predictions indicate that adding a pitchwise-narrow groove to the stator 1 

hub surface is effective for capturing and channelling the pressure side branch of the 

horseshoe vortex away from the pitchwise consecutive blade suction side. This conclusion 
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led to adopting the 𝑑𝑙𝑒 = 0.00146 rad pitchwise-narrow groove as the starting groove width 

at the leading edge for the variable groove test case, which is the second test case reported 

in the next paragraph. 

The second test case uses a 𝑑𝑙𝑒 = 0.00146 rad starting groove width at the turbine stator 1 

blade leading edge and expands the groove monotonically towards the stator 1 passage 

trailing edge. The groove width at the turbine passage trailing edge is limited to 𝑑𝑡𝑒 = 0.05 

rad. This limitation prevents the corner vortex on the pressure side from slipping inside the 

groove and combining with the pressure side branch of the horseshoe vortex, as shown by 

the near-hub surface flow visualization in Figure 6-3. This test case predicts a reduction in 

the stage total pressure loss coefficient of 1.76 %. Figure 6-3 suggests that gradually 

extending the groove width towards the stator 1 passage trailing edge may accommodate 

the growth by entrainment of the pressure side branch of the horseshoe vortex, so that vortex 

filaments can be contained more inside the groove. This is thought to delay their interaction 

with the suction side branch of the horseshoe vortex, which runs along the blade suction 

side, which in turn delays the generation the passage vortex. The lower strength of the 

resulting secondary flows appears to be reflected by the reduction of the total pressure loss 

coefficient that reduces more than by using a groove of constant pitchwise width. 

 

Figure 6-3: Flow visualisation of non-axisymmetric stator 1 hub showing the pressure side 

branch of the horseshoe vortex running through a hub groove widening from 0.00146 rad 

to 0.05 rad. 
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In the first and second test cases, the position of the groove maximum depth was kept 

constant at ℎ𝑜 = 40 % of the total groove path length. It is therefore of interest to investigate 

whether further reductions in the total pressure loss can be achieved by changing the location 

of the maximum groove depth. This change can be implemented in the current 

parametrisation of the hub surface by changes in the shape and scale factors of the Beta 

probability density function. The numerical results indicate that locating the groove 

maximum depth at about ℎ𝑜 = 60% of the total groove length further reduces the stage total 

pressure loss coefficient to 2.23% below the axisymmetric hub prediction. 

6.3 Optimisation of the Guiding Groove 

APOW has the ability to automate the optimisation process. The APOW software minimises 

a user-defined cost function evaluated on a Kriging surrogate model. In this application, the 

Kriging surrogate model is built from two main inputs and one output. The output variable 

is the stage total pressure loss coefficient. Two optimisation tasks are preformed. The input 

variables of task one are 𝑑𝑙𝑒 and 𝑑𝑡𝑒. The second task input variables are 𝑑𝑡𝑒 and ℎ𝑜. 10 

numerical experiments in each task are used to create the Kriging surrogate surface, each 

numerical experiment consisting of one evaluation of the stage total pressure loss coefficient 

by CFD. Figure 6-4 and Figure 6-5 show the two 3D Kriging surrogate surfaces for the two 

optimisation tasks. The response function obtained from the first task is essentially one-

dimensional and the predicted loss appears to be broadly insensitive to changes in 𝑑𝑙𝑒. The 

second task shown in Figure 6-5 produced a more two-dimensional response surface, 

indicating that changes in 𝑑𝑡𝑒 and in ℎ𝑜 are both significant in determining the loss. The 

Kriging surrogate surface of this second task predicts that the maximum reduction in the 

stage total pressure loss coefficient occurs at 𝑑𝑡𝑒 = 0.05 rad and at ℎ𝑜 = 70 %. 
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Figure 6-4: Kriging surrogate surface from optimisation task 1. 

 

 

Figure 6-5: Kriging surrogate surface from optimisation task 2. 
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The accuracy of the Kriging surrogate model was tested by CFD modelling the flow though 

the passage with a groove of 𝑑𝑡𝑒 = 0.05 rad, ℎ𝑜 = 70 %, and 𝑑𝑙𝑒= 0.005 rad. The difference 

in the pressure loss predicted by the Kriging model and that verified from this CFD 

simulation was evaluated as: 

 

 
𝜓 =

𝐶𝑝 𝑙𝑜𝑠𝑠 𝐾𝑟𝑖𝑔𝑖𝑛𝑔 − 𝐶𝑝 𝑙𝑜𝑠𝑠 𝐶𝐹𝐷 𝑒𝑥𝑝 

𝐶𝑝 𝑙𝑜𝑠𝑠 𝐶𝐹𝐷 𝑒𝑥𝑝 
 

(6-1) 

 

where 𝐶𝑝 𝑙𝑜𝑠𝑠 𝐾𝑟𝑖𝑔𝑖𝑛𝑔 is the stage total pressure loss coefficient from the Kriging surrogate 

model and 𝐶𝑝 𝑙𝑜𝑠𝑠 𝐶𝐹𝐷 𝑒𝑥𝑝  is the stage total pressure loss coefficient from the CFD prediction. 

𝐶𝑝 𝑙𝑜𝑠𝑠 𝐾𝑟𝑖𝑔𝑖𝑛𝑔 = 12.805 and 𝐶𝑝 𝑙𝑜𝑠𝑠 𝐶𝐹𝐷 𝑒𝑥𝑝 = 12.803 give 𝜓 = 1.78 × 10−4, which is less 

than 1% and it therefore confirms the good numerical accuracy of the magnitude of the stage 

pressure loss coefficient predicted by the surrogate model. 

To check the sensitivity of the reconstruction of the Kriging surrogate model, 90 % of the 

test data were selected to regenerate the Kriging surrogate surface of task two. The relative 

difference between the original Kriging surrogate and new regenerated Kriging surrogate 

surface with 90 % of the test data is shown in Figure 6-6. This relative difference is computed 

as 

 
𝜓2 =

𝐶𝑝 𝑙𝑜𝑠𝑠 𝑓𝑢𝑙𝑙 𝐾𝑟𝑖𝑔𝑖𝑛𝑔 − 𝐶𝑝 𝑙𝑜𝑠𝑠 0.9 𝐾𝑟𝑖𝑔𝑖𝑛𝑔

𝐶𝑝 𝑙𝑜𝑠𝑠 𝑓𝑢𝑙𝑙 𝐾𝑟𝑖𝑔𝑖𝑛𝑔
 (6-2) 

 

Figure 6-6 shows that this difference is below 1%, indicating that the Kriging model is 

relatively insensitive to a one-off data omission. This builds confidence in the relative 

independence of the Kriging model from the way in which the parameter space is sampled 

in the design of experiment (DoE). 
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Figure 6-6: Relative difference between Kriging surrogate surface with 100% of the test 

data and regenerated Kriging surrogate using 90% of the test data. 

The automatic optimisation process outcome is a predicted reduction in the stage total 

pressure loss coefficient of 2.72 % by using a groove of 𝑑𝑡𝑒 = 0.05 rad, ℎ𝑜 = 70 %, and 𝑑𝑙𝑒= 

0.005 rad, compared to an axisymmetric hub. It is of interest to investigate the flow field 

predicted using the hub with groove of optimised shape (𝑑𝑡𝑒 = 0.05 rad, ℎ𝑜 = 70 %, and 𝑑𝑙𝑒= 

0.005 rad) and compare it against the benchmark axisymmetric flow. The aim is to identify 

the changes in the flow field that this geometrical feature generates and to find evidence of 

the physical process that is thought as being responsible for the loss reduction, namely the 

delay in the formation of the passage vortex. 

Figure 6-7 shows the flow predicted near the stator 1 hub with groove using the same flow 

visualisation technique as for the axisymmetric hub test case in Figure 5-17. The pressure 

side branch of the horseshoe vortex at the turbine stator 1 blade leading edge is captured by 

the channelling groove, as indicated by the clustering of the ribbons at this location. These 

vortex filaments appear to follow the groove path up to the groove maximum depth location. 

Thereafter, they continue towards the trailing edge, following approximately the blade 

camber line, and exit through the mixing plane between the upstream stator and the rotor. 
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The post-processing using the OpenFoam sample dictionary shows an increase in the 

turbine stage isentropic efficiency of 1.60 %. The new design shows both a reduction in the 

average stage total pressure loss coefficient and an improvement in the stage isentropic 

efficiency compared to the axisymmetric hub configuration. The stage performance is 

computed based on the stage outflow located 8.8 mm downstream of the rotor exit row. 

 

Figure 6-7: Visualisation of near-surface flow over the upstream stator hub showing the 

pressure side branch of the horseshoe vortex running through the APOW optimised hub 

groove. 

Further insight into these bulk stage performance gains is sought by examining the stage 

discharge on the axial plane 8.8 mm behind the rotor. Figure 6-8 and Figure 6-9 show the 

predicted radial distribution of the mass-averaged total pressure 𝑝03 and of the mass-

averaged stage isentropic efficiency with and without an axisymmetric hub, respectively. 

In this context, the mass-averaged stage isentropic efficiency is the stage isentropic 

efficiency computed using the flow state estimated at constant blade height. 
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Figure 6-8: Radial distribution of mass-averaged total pressure at 8.8 mm behind the rotor 

blade row, with an axisymmetric and a contoured upstream stator hub. 

As the stage isentropic efficiency is obtained from passage cross-section flow averages, the 

distribution in Figure 6-9 can be interpreted as the contribution to the stage isentropic 

efficiency from the flow at different radial heights. Contouring the upstream stator hub is 

beneficial to the flow as it increases the mass-averaged 𝑝03 over the full blade span, as 

shown in Figure 6-8. Near the hub, the local 𝑝03 minimum located approximately at ℎ/𝐻 =

0.1 appears to be raised to ℎ/𝐻 = 0.2, indicating a milder and more diffused near-hub 

secondary flow structure that transports more of the incoming flow total pressure. The mass-

averaged stage isentropic efficiency also increases over the blade span fraction range 0 ≤

ℎ/𝐻 ≤ 0.8, as shown in Figure 6-9. A reduction is the mass-averaged stage isentropic 

efficiency is predicted over the narrower range 0.8 ≤ ℎ/𝐻 ≤ 1.0. This latter prediction has 

to be treated with some caution, due to the omission in the model of the rotor tip clearance. 
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Figure 6-9: Radial distribution of mass-averaged stage isentropic efficiency at 8.8 mm 

behind the rotor blade row, with an axisymmetric and a contoured upstream stator hub. 

Figure 6-10 and Figure 6-11 show the distribution of the predicted stage total pressure loss 

coefficient on the axial plane 8.8 mm behind the rotor with and without an axisymmetric 

hub, respectively. By contouring the hub, the flow passes the rotor with a suppressed 

secondary flow from the upstream stator and this changes the flow behaviour above the 

rotor blade root. Due to this change, the rotor exit flow seems to have a suppressed 

secondary flow near the hub region as shown in Figure 6-11. Specifically, the colour iso-

levels of 𝐶𝑝 loss display a reduction in the magnitude and size of the 𝐶𝑝 loss compared to 

Figure 6-10, which is indicative of a reduction in the rotor suction side horseshoe vortex 

over the rotor hub. Near the rotor tip, the reduction of a local 𝐶𝑝 loss maximum at 𝑟 ≃

0.292 m suggests a reduction in the blade tip vortex. Further inspection of these predictions 

shows that the hub modification is felt across the full blade span and has changed the rotor 

bulk flow. This is confirmed in Figure 6-12, which shows the predicted mass-averaged 

radial distribution of the stage total pressure loss coefficient at the same axial plane as 

Figure 6-10 and Figure 6-11. Contouring the upstream stator hub is shown to reduce the 

mass-averaged stage total pressure loss coefficient over the blade height fraction 0 ≤

ℎ/𝐻 ≤ 0.18, close to the hub, as well as over the range 0.23 ≤ ℎ/𝐻 ≤ 1.0. Loss is 

predicted to increase over the narrower range 0.18 ≤ ℎ/𝐻 ≤ 0.23, close to the main bulk 
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flow. The net effect is a decrease in the secondary flow losses, leading to the predicted 

increase the stage isentropic efficiency. 

 

Figure 6-10: Iso-levels of total pressure loss coefficient predicted with an axisymmetric 

hub, 8.8 mm downstream of the rotor exit. 

 

Figure 6-11: Iso-levels of total pressure loss coefficient predicted with a contoured hub, 8.8 

mm downstream of the rotor exit. 
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Figure 6-12: Radial distribution of mass averaged total pressure loss coefficient at 8.8 mm 

behind the rotor blade row, with an axisymmetric and a contoured upstream stator hub. 

6.4 Flow Predictions with a Hub Contoured by Bumps 

The axisymmetric stator 1 hub of Section 5.3.2 was replaced by a surface with bumps 

generated using the Praisner et al. (2013) and the Kim et al. (2016) parameterisation method 

described in Chapters Three and Four. The radial height of three points controlling the 

geometry of the bumps was optimised using APOW by performing two optimisation tasks. 

The first control point 𝑟𝑆𝑆 is located on the middle spline 𝑃2 of Figure 3-2 near the blade 

suction side. The second and third control points 𝑟𝑃𝑆1
, 𝑟𝑃𝑆2

 are defined on the spline 𝑃4 of 

Figure 3-2 near the blade pressure side. The input variables of optimisation task one are 𝑟𝑆𝑆 

and 𝑟𝑃𝑆2
. The second optimisation task input variables are 𝑟𝑃𝑆1

 and 𝑟𝑃𝑆2
. A Kriging surrogate 

model was generated from each task using the same procedure of Section 6.3, driven by the 

same aerodynamic loss definition. Figure 6-13 and Figure 6-14 show the two 3D Kriging 

surrogate surfaces from the two optimisation tasks. The response function obtained from the 

first task is essentially one-dimensional, the predicted loss appears to be mainly dependent 

on 𝑟𝑆𝑆 and the lowest loss is predicted at 𝑟𝑆𝑆 = -3 mm. In the second task, 𝑟𝑆𝑆 was kept 

constant at 𝑟𝑆𝑆 = -3 mm. The response function from the second task shown in Figure 6-14 

is more two-dimensional, indicating that changes in 𝑟𝑃𝑆1
 and in 𝑟𝑃𝑆2

 are both significant in 

determining the loss. The Kriging surrogate surface of this second task predicts that the 
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maximum reduction in the stage total pressure loss coefficient occurs at 𝑟𝑃𝑆1
 = -3 mm and 

𝑟𝑃𝑆2
 = 1 mm. The accuracy of the Kriging surrogate model was tested by CFD modelling 

using the optimal bump parameters (𝑟𝑆𝑆 = -3 mm, 𝑟𝑃𝑆1
 = -3 mm and 𝑟𝑃𝑆2

 = 1 mm). The 

relative difference 𝜓 = 3.29 × 10−4, which shows that the accuracy of the Kriging model 

in predicting the loss from the hub contoured by bumps is well within the acceptable loss 

prediction uncertainty typically used in industry. 

 

Figure 6-13: Kriging surrogate surface from bump optimisation task 1. 

 

Figure 6-14: Kriging surrogate surface from bump optimisation task 2. 
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The automatic optimisation outcome using Praisner et al. (2013) and Kim et al. (2016) 

parameterisation method was a reduction in the stage total pressure loss coefficient by 5.48 

%, compared to the benchmark turbine with an axisymmetric hub. The stage isentropic 

efficiency was evaluated by post-processing the flow predictions using OpenFOAM. The 

stage isentropic efficiency is predicted to increase by 0.19 % by using the hub with humps 

compared to the axisymmetric hub simulation. This increase is lower than the 1.60 % 

increase from the optimisation of the guide groove in Section 6.3. The main aim of the thesis 

is to decrease the stage total pressure loss coefficient with an increase in the stage isentropic 

efficiency. An improvement in the stage isentropic efficiency is preferable for an application 

to a cryogenic cycle, since this improves the cycle coefficient of performance, as discussed 

in Section 5.5. 

It is of interest to go beyond the estimation of bulk aerodynamic performance parameters for 

the test turbine and explore more in details the changes in the flow field that are responsible 

for the predicted variations in stage isentropic efficiency and in stage total pressure loss. To 

this end, a comparison is performed of salient flow parameters from the optimised bump hub 

surface (𝑟𝑆𝑆 = -3 mm, 𝑟𝑃𝑆1
 = -3 mm and 𝑟𝑃𝑆2

 = 1 mm) with both the benchmark axisymmetric 

and optimised grooved hub (𝑑𝑡𝑒 = 0.05 rad, ℎ𝑜 = 70 %, and 𝑑𝑙𝑒= 0.005 rad). Figure 6-15 

shows the predicted mass-averaged coefficient of secondary kinetic energy 𝐶𝑆𝐾𝐸 at 8.8 mm 

downstream of the stator 1 exit plane. Both the optimised bump surface and the optimised 

guide groove hub give a reduction in the 𝐶𝑆𝐾𝐸. The optimised guide groove is predicted to 

reduce the 𝐶𝑆𝐾𝐸 near the hub, over the range 0.018 ≤ ℎ/𝐻 ≤ 0.3, more than the benchmark 

axisymmetric and optimised bump hub. These improvements can be attributed to the groove 

delaying the combination of the pressure side arm of the horseshoe vortex with the suction 

side arm of the horseshoe vortex from the neighbouring blade. This is likely to produce a 

better outflow entering the rotor, from the suppressed passage vortex. This positive effect is 

particularly noticeable in Figure 6-15 over the blade span range 0.018 ≤ ℎ/𝐻 ≤ 0.13, 

where the secondary kinetic energy peak, which is possibly associated to the hub passage 

vortex, appears to have been eliminated in the contoured hub with a guide groove 

predictions. The optimised bump surface gives a reduction in the 𝐶𝑆𝐾𝐸 which is relatively 

small compared with that from the optimised groove hub over the blade span range 0.018 ≤

ℎ/𝐻 ≤ 0.13 and performs better over the blade span range 0.3 ≤ ℎ/𝐻 ≤ 0.84, as shown in 

Figure 6-15. 
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Figure 6-15: Radial distributions of mass averaged 𝐶𝑆𝐾𝐸 at 8.8 mm behind the rotor blade 

row, with an axisymmetric and a contoured upstream stator hub. 

Figure 6-16 shows the distribution of the predicted stage total pressure loss coefficient on 

the axial plane 8.8 mm behind the rotor with the hub contoured by bumps. The effect of the 

passage vortex is reduced as compared to the axisymmetric hub predictions shown in 

Figure 6-10. The corner vortices at the passage pressure side are also reduced in magnitude 

and size downstream of the rotor exit. The magnitude and size of the rotor vortices using the 

optimised bump parameterisation at the stator 1 hub seem to be higher than the rotor vortices 

shown in Figure 6-11 with the stator 1 hub contoured by the optimised guide groove. This is 

confirmed in Figure 6-17 by a lower stage total pressure loss coefficient over the blade range 

0.018 ≤ ℎ/𝐻 ≤ 0.14 from the hub with groove than from the hub with bumps. This is 

probably due to the reduced interaction of the separated horseshoe vortex from the blade 

pressure side with the suction side horseshoe vortex, by using the guide groove. This leads 

to a reduction in the streamwise vorticity at the mixing plane between the stator 1 and the 

rotor. This reduction is shown in terms of the axial vorticity component Ω𝑥 downstream of 

the rotor exit near the hub region, in Figure 6-18. 
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Figure 6-16: Colour iso-levels of total pressure loss coefficient predicted with a hub 

contoured by bumps, 8.8 mm downstream of the rotor exit. 

 

Figure 6-17: Radial distributions of mass-averaged total pressure loss coefficient at 8.8 mm 

behind the rotor blade row, with an axisymmetric and a contoured upstream stator hub. 
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Figure 6-18, Figure 6-19, and Figure 6-20 show respectively the iso-levels of the predicted 

axial vorticity component Ω𝑥 with an axisymmetric hub, a hub contoured by the optimised 

guide groove, and a hub contoured by bumps, 8.8 mm downstream of the rotor exit plane. 

Figure 6-19 and Figure 6-20 show a reduction in the vorticity associated with the corner 

vortices at the pressure side and suction side blade root, compared to the axisymmetric hub 

predictions of Figure 6-18. The passage vortex seems to reduce more by contouring the hub 

with an optimised guide groove than with bumps. The guide groove is thought to sink the 

pressure side arm of the horseshoe vortex below its normal radial height, with respect to the 

axisymmetric hub configuration. The hub contouring also creates a longer path between the 

vortex initiation in the neighbourhood of the blade leading edge and the location at which it 

interacts with the suction side arm. This probably reduces the intensity of the cross-flow over 

the hub from the pressure side to the suction side, resulting in a weaker passage vortex. As 

the passage vortex of reduced strength passes through the mixing plane, from the stationary 

to the rotating frame of reference, less of the non-uniform pitchwise velocity distribution is 

turned in specific turbulent kinetic energy. This process models the passage vortex of 

reduced strength being chopped up by the rotor to produce unsteady wakes of reduced 

strength, in the time-resolved flow. This process may well have a role in reducing the 

strength of the in-plane motion near the hub downstream of the rotor exit. This reduction is 

shown in Figure 6-19 and Figure 6-20 over the blade radius range 0.248 ≤ 𝑟 ≤ 0.255. 

Figure 6-21 and Figure 6-22 show the axial distribution of the specific turbulent kinetic 

energy predicted on the same axial plane as Figure 6-18 to Figure 6-20. The turbulent kinetic 

energy 𝑘 near the rotor hub with the optimised groove is less than over the hub with the 

optimised bumps, confirming a probable weaker production of specific turbulent kinetic 

energy as the passage vortex goes through the mixing plane. This clearly shown in 

Figure 6-21 and Figure 6-22 over the blade radius range 0.248 ≤ 𝑟 ≤ 0.255. 
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Figure 6-18: Colour iso-levels of 𝑥-vorticity component predicted with an axisymmetric 

hub, 8.8 mm downstream of the rotor exit. 
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Figure 6-19: Colour iso-levels of 𝑥-vorticity component predicted with a hub contoured by 

a guide groove, 8.8 mm downstream of the rotor exit. 

 

Figure 6-20: Colour iso-levels of 𝑥-vorticity component predicted with a hub contoured by 

bumps, 8.8 mm downstream of the rotor exit. 
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Figure 6-21: Colour iso-levels of specific turbulent kinetic energy predicted with a hub 

contoured by a guide groove, 8.8 mm downstream of the rotor exit. 

 

Figure 6-22: Colour iso-levels of specific turbulent kinetic energy predicted with a hub 

contoured by bumps, 8.8 mm downstream of the rotor exit. 
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6.5 Performance at Part Load 

The 1.5 axial stage turbine model with the optimised groove of 𝑑𝑡𝑒 = 0.05 rad, ℎ𝑜 = 70 %, 

and 𝑑𝑙𝑒= 0.005 rad was tested at off-design conditions by varying the computational domain 

inlet total pressure 𝑝01 over the range 153555.5 Pa to 160631.6 Pa. The inlet total 

temperature, the outlet static pressure, and the axial inflow angle were kept constant. 

Figure 6-23 shows the predicted characteristic line of the 1.5 stage turbine with the 

contoured hub. The design point is the condition at which the groove is optimised in 

section 6.3. The end points of the characteristic line are the 50 % part-load and the choking 

of the stator passage, as labelled in Figure 6-23. The 50 % part load is defined by the passage 

mass flow rate being half of that at choking. The choking condition is identified by 

computing the mass flow rate through the upstream stator and noting that, at an inlet total 

pressure of 157099 Pa, (�̇� 𝑇01

1

2 𝑝01
−1) attains the constant value of 1.2446. The part-load 

operating inlet total pressure is 154055.5 Pa. The extrema of the operating line were defined 

considering that the losses associated with operating an axial turbine for power generation 

above choking and below 50 % part-load typically make these regimes economically and 

environmentally unattractive for a typical industrial use. Eleven discrete inflow conditions 

were tested, at progressively increasing values of the inlet total pressure, which are shown 

by the dots in Figure 6-23. This figure shows that increasing the inlet total pressure 

monotonically increases the normalised passage mass flow rate up to the choking point, in 

agreement with classical compressible flow theory (Cengel and Boles, 2002). 

Figure 6-24 compares the predicted stage total pressure loss coefficient from the 

axisymmetric and contoured hub configurations along the operating line. Over the full 

operating line, the stage pressure loss coefficient with a contoured hub is always lower than 

that from the baseline axisymmetric hub geometry. This 𝐶𝑝 𝑙𝑜𝑠𝑠 reduction seems to improve 

from part-load operations towards the choking condition. This is likely due to the increase 

in the passage mass flow rate on approach to choking, which increases the secondary flow 

losses and the shock losses compared to the design point. 
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Figure 6-23: 1.5 stage turbine characteristic line with flow simulations shown by dots. 

 

Figure 6-24: Predicted stage total pressure loss coefficient with an axisymmetric and a 

contoured upstream stator hub at design and off-design. 
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The performance improvement at off-design conditions obtained by implementing the hub 

groove is confirmed in Figure 6-25, where the predicted stage isentropic efficiency is shown 

over the same operating range of the 1.5 turbine stage shown in Figure 6-24. Adding the 

optimised groove to the upstream stator hub is predicted to increase the stage isentropic 

efficiency by 1.03 % at part-load operating conditions, by 1.60 % at the design point, and by 

1.16 % in the choked turbine. Hence, performance gains are confirmed to occur over the full 

operating line. 

 

Figure 6-25: Predicted stage isentropic efficiency with an axisymmetric and a contoured 

turbine stator hub at design and off-design. 

6.6 Cryogenic Cycle Performance Enhancement 

The performance of a cryogenic cycle is determined by the Coefficient Of Performance 

(C.O.P.) of the complete cryogenic cycle, which includes any gas turbine. Changes in the 

stage isentropic efficiency of the gas turbine leads to changes in the C.O.P. of the cryogenic 

cycle. For the purpose of evaluating this change, the author has selected a cryogenic cycle 

from Conoco Phillips LNG, as discussed in Section 5.5. The cryogenic cycle by Conoco 

Phillips uses the three refrigerants propane, ethylene, and methane. 
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Figure 6-26 shows the LNG cooling curve, starting from NG at 37 °C inlet temperature. The 

first heat exchanger using a Propane cycle removes 33 % of heat from the NG and outputs 

it at -45 °C. The second heat exchanger using an Ethylene cycle absorbed about 50 % of the 

heat from the NG and outputs it -101 °C. 22% of the NG heat is removed by the third heat 

exchanger, by the Methane refrigeration cycle. The outlet temperature of the LNG at the exit 

of the third heat exchanger is -162 °C, which is the combined-cycle LNG output temperature. 

Each refrigerant cycle is driven by separate gas turbine. The increase in the axial turbine 

stage isentropic efficiency leads to a reduction in the mass flow rate that is required to 

produce the mechanical power output from the turbine. The C.O.P. is defined as the ratio of 

the total heat absorbed by the three refrigerants to the total mechanical turbine power that is 

required to drive the axial compressors of the three refrigerant cycles. 

 

Figure 6-26: LNG cooling curve. 

Figure 6-27 shows by a bar chart the C.O.P. predicted with an axisymmetric and a contoured 

turbine stator 1 hub at design and off-design conditions, with a constant natural gas flow rate 

feed to the gas turbines. The hub is contoured by the optimised guide groove of Section 6.3. 

The C.O.P. is predicted to increase with increasing turbine stage isentropic efficiency. This 

C.O.P. increase results from the increase in the mechanical power output from the gas 

turbines that drive the LNG cycle, due to the reduction in the secondary flow losses through 
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the turbine stage. The C.O.P. increased by 1.03 % at part-load, 1.60 % at design point, and 

1.20 % at the choking condition of Section 6.3, as shown in Figure 6-27. The same trend is 

observed in Figure 6-28, which reports C.O.P predictions with a variable natural gas fuel 

mass flow rate, under the condition of a constant heat extraction from the LNG. The fuel 

mass flow rate is changed so to keep the same turbine mechanical power output value, as the 

turbine stage isentropic efficiency is changed by end-wall contouring. This reduces the 

turbine specific fuel consumption. The predicted C.O.P. gain reduces the cost of the natural 

gas burnt to drive the LNG cycle. In this case, The C.O.P. increased by 2.12 % at part-load, 

3.15 % at design point, and 2.20 % at choking condition, as shown in Figure 6-28. 

 

Figure 6-27: Predicted C.O.P. at constant mass flow rate of natural gas fuel with an 

axisymmetric and a contoured turbine stator hub, at design and off-design. 
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Figure 6-28: Predicted C.O.P. at variable natural gas fuel mass flow rate with an 

axisymmetric and a contoured turbine stator hub, at design and off-design. 

The LNG cycle performance is predicted to improve by improving the stage isentropic 

efficiency of the axial turbines that drive the axial compressors for the three refrigerants 

(Propane, Ethylene, and Methane). This improvement reduces the cost of producing 

liquefied natural gas, based on the cycle inlet conditions of NG at 50 bar inlet pressure and 

37 °C inlet temperature, and the cycle outlet conditions of LNG at 2 bar outlet pressure and 

-162 °C outlet temperature, at which LNG is ready for storage and shipping in cryogenic 

tanks. A reduction in the cost of liquefaction of natural gas can therefore be obtained by 

reducing the amount of NG that is burnt in the turbines. 

The evaluation of environmental impact of retro-fitting turbines with the optimised 

contoured hub to the representative LNG cycle are evaluated using the stoichiometric 

chemistry detailed in Boyce (2011). One kmol of fuel generates 0.0332 kmol of CO2 

according to the following chemical balance: 
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 0.0005 𝐶6𝐻14 + 0.0004 𝐶5𝐻12 + 0.0015 𝐶4𝐻10 + 0.0038 𝐶3𝐻8

+ 0.0287 𝐶2𝐻6 + 0.8129 𝐶𝐻4 + 0.0089 𝐶𝑂2 + 0.0001 𝑂2

+ 0.1432 𝑁2 + 𝑌[0.79 𝑁2 + 0.21 𝑂2]

→ 0.0328 𝐶𝑂2 + 0.0724 𝐻2𝑂 + 0.1364 𝑂2 + 0.7496 𝑁2 

(6-3) 

 

The molar weight of NG is 18.5978 kg/kmol and the molar weight of CO2 44.0 kg/kmol. 

Therefore, the complete combustion of 1 kg of NG generates 0.078547 kg of CO2. Giving 

that the LNG cycle uses 3.777 kg/s of fuel, it emits 0.098891 kg/s of CO2, equivalent to 

3118.613 tonnes of CO2/year. By reducing the fuel consumption by 1.51 %, the 

corresponding reduction in CO2 is 252.212 tonnes of CO2/year. 

This quantifies the direct environmental benefit of using the hub contouring technique in a 

representative cryogenic application. Further indirect benefits will arise from savings in the 

processing and transportation costs of the fuel burnt by the turbines as well as savings in the 

treatment of the exhaust gasses before are released into the atmosphere. 

6.7 Summary 

The new design of the turbine stator 1 hub from Chapter Five was imported in ANSYS ICEM 

CFD as an IGES file to replace the axisymmetric turbine stator 1 hub of the validation test 

case. A CFD mesh was regenerated and exported as an unstructured ANSYS FLUENT mesh. 

The same boundary conditions, flow solver, and post processing were used as in the 

validation teat case. A new turbine stator 1 hub design, using a guide curve, was predicted 

to reduce the stage total pressure loss coefficient. The turbine blade pressure side vortex 

followed the groove path from the turbine blade leading edge to the groove maximum depth 

position. The optimisation of the turbine stator 1 hub new design was obtained using three 

main parameters, the groove width at the stator 1 blade leading edge, 𝑑𝑙𝑒, the position of the 

maximum groove depth, ℎ𝑜, and the groove width at the stator 1 passage trailing edge, 𝑑𝑡𝑒. 

Two tasks were used for optimising the groove parameters, using a Kriging surrogate model. 

The highest reduction in the stage total pressure loss coefficient was obtained at 𝑑𝑡𝑒 = 0.05 

rad, ℎ𝑜 = 70 %, and 𝑑𝑙𝑒= 0.005 rad. An alternative contoured hub surface definition was 

tested, from the literature, by which the surface was defined by bumps. This was taken as a 

representative industry best practice. The shape of the bumps was optimised using a Kriging 

surrogate model, by which the effect on loss of varying the radial heights 𝑟𝑆𝑆 , 𝑟𝑃𝑆1
, 𝑟𝑃𝑆2

 of 

three control points that shape bumps was predicted. The highest reduction in the stage total 
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pressure loss coefficient was obtained at 𝑟𝑆𝑆 = -3 mm, 𝑟𝑃𝑆1
 = -3 mm and 𝑟𝑃𝑆2

 = 1 mm. A 

comparison between the two contouring techniques was obtained in terms of the stage total 

pressure loss coefficient, the stage isentropic efficiency, and of distributions of 𝑥-vorticity 

and of the specific turbulent kinetic energy, downstream of the rotor row. Ten off-design 

conditions highlighted the benefits of the new hub contouring technique. Aerodynamic 

performance gains from contouring the hub with a guide groove are predicted at all ten 

conditions. APOW was used to automate this numerical investigation by executing this 

workflow in batch mode. Cycle-tempo software was used for estimating the impact of the 

turbine stage re-design on a natural gas liquefaction process, representative of current 

commercial LNG operations. The reduction in the secondary flow losses of the gas turbines, 

which are used to drive the LNG refrigeration combined cycle, showed an increase in C.O.P. 

of the LNG cycle. 
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7. Conclusions 

7.1 Design and Performance of Contoured Axial Turbine Hubs 

Various treatments have been considered, by way of a literature review, for mitigating the 

adverse effects of the three-dimensional flows on the aerodynamic performance and on the 

operating range of axial turbines. Fences, grooves, suction and blowing slots, fillets, and 

other end-wall arrangements highlight a variable and open approach. Turbine end-walls have 

been parameterised using continuous statistical distributions and guide curves to define non-

axisymmetric surfaces, by control points to define surface bumps, and using Bezier curves. 

Bezier curves offer broadly good surface properties in the hub interior but have limitations 

in smoothly matching the blade geometry along the perimeter. The polymorphism in the end-

wall shapes used in past work points towards an opportunity for considering more common 

geometrical representations, driven by the flow morphology. 

A preliminary exploration of the end-wall groove parameter space was reported in Chapters 

Three and Four. The author has explored the new idea of using the Beta probability density 

function as a depth guide curve with a novel blade inflation process for designing an original 

contoured hub. This was found to fit more naturally with the pitchwise periodicity of axial 

turbine blading than some of the other hub surface definitions from the literature. It provides 

a potentially easier to implement and geometrically smoother interface with the blading with 

respect to alternative analytical functions, including the Gauss or normal distribution, which 

was used in previous work. 

This thesis has outlined the novelty and has presented the first application of the Beta 

probability density function to a three-dimensional axial turbine hub design, using the end-

wall surface definition in Obaida et al. (2016). A 1.5 stage axial turbine from RWTH Aachen 

was used for testing the effectiveness of contouring the upstream stator hub with this new 

surface definition method. As the free parameters that define the contoured hub surface 

required tuning, the workflow for generating the geometry, meshing it, applying the 

boundary conditions, solving the flow, and analyzing the results for pressure loss was 

successfully automated using the Alstom Process Optimisation Workflow (APOW) 

software.  

An important step in this process was finding a method for exporting a 𝑠(𝑢, 𝑣) parameterised 

surface from MATLAB to ANSYS ICEM CFD without loss of topological information or 
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excessive surface re-approximation. This work highlighted the benefit of using NURBS 

surfaces in the IGES format for this operation, as NURBS can represent exactly cylindrical 

and conical surfaces on the hub and casing. 

Advances in the design process of axial turbines are achieved in this thesis by the application 

of OpenFOAM to a multi-row simulation, to demonstrate the effectiveness of the new 

contoured hub design technique, and by using surrogate modelling in a close-to-industry 

design workflow for optimising the design. The contoured hub design uses a channelling 

groove, shaped by parameters 𝑑𝑡𝑒, ℎ𝑜, and 𝑑𝑙𝑒 that are optimised using High Performance 

Computing (HPC) resources typically available in academia. 

The positive results from the mesh independence test, the grid convergence test, and from 

the validation of the pitch-averaged velocity and yaw angle distributions against reference 

measurements from RWTH Aachen gave confidence in the OpenFOAM predictions and in 

their use in the design optimisation workflow. The outcome is an end-to-end design process 

for the contouring of the axial turbine stator hub that uses industry-standard software and 

has therefore good portability towards the turbomachinery industry. 

The CFD predictions confirm the underlying working principle of the end-wall groove that 

the groove delays the formation of the passage vortex by influencing the path of the upstream 

horseshoe vortex. This channelling technique for the end-wall flow appeals to different 

aspects of the flow physics than the more established contoured end-wall design techniques, 

which mainly aim at mitigating the pitchwise pressure gradient by local accelerations and 

decelerations of the passage flow. This has provided a novel design angle to end wall 

contouring. 

The preliminary set of end wall geometries gave promising performance improvements at 

the operating conditions of the RWTH Aachen experiment. Adding a groove of constant 

width along the groove path line was predicted to decrease the stage total pressure loss 

coefficient by 0.39 % for a narrow groove and by 0.30 % for a wider groove compared to 

the axisymmetric hub reference geometry. Tapering axially the groove width provided a 

better decrease in the stage total pressure loss coefficient of 1.76 %. Setting the position of 

the maximum groove depth rearwards of the blade mid-chord further decreased the predicted 

pressure loss coefficient to 2.23 % below the axisymmetric hub reference value. 
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An automated computer-based optimisation of the contoured grooved hub was implemented 

using a surrogate model, for computational efficiency. The optimised surface was predicted 

to reduce the stage total pressure loss coefficient by 2.72 % and increase the stage isentropic 

efficiency by 1.60 %. This outcome substantiates the effectiveness of this novel contoured 

hub design workflow. 

A second automated computer-based optimisation of the Praisner et al. (2013) and Kim et 

al. (2016) contoured hub was implemented also using a Kriging surrogate model. The CFD 

modelled a reduction in the stage total pressure loss coefficient of 5.48 % and an increase in 

the stage isentropic efficiency of 0.19 % using this type of contoured hub with bumps. The 

Kriging surrogate surface for this type of contoured hub gave the combination of surface 

defining parameters that produces these performance gains. The radial height of the control 

point near the pressure side blade leading edge assumes a value higher than that of the control 

point at the pressure side mid-chord (𝑟𝑃𝑆1
 > 𝑟𝑃𝑆2

). With this hub surface definition, the 

horseshoe vortex arm near the pressure side edge joined earlier the horseshoe vortex arm 

from the suction side of the neighbouring blade, with respect to the hub contoured by a guide 

groove. This cross-flow leads to the formation of a passage vortex of increased size and 

magnitude compared to the hub contoured by a guide groove. The stage total pressure loss 

coefficient for this case was reduced by 3.50 %. 

The new hub contouring surface definition with a guide groove introduced by the author has 

some attractive advantages compared to contouring the hub with bumps, which is 

representative of the current state of the art in industry. First, hub contouring by a guide 

groove is predicted to improve the stage isentropic efficiency by 1.60 % compared to a 0.19 

% improvement by bumps. The guide groove gave a better stator 1 outflow in terms of 

reducing the axial vorticity component going through the mixing plane between the stator 1 

and the rotor, compared to hub contouring with bumps. In terms of parameterisation, the 

guide groove technique has three free parameters, while the bump technique requires 

defining nine control points, leading to a more onerous optimisation task for the latter 

technique. Finally, in terms of manufacturing, the guide groove technique requires just one 

further machining process to implement the groove between blades, starting from an 

axisymmetric hub. It does not require the addition of material, for instance by an additive 

layer manufacturing process, which is instead required to form the bums, starting from an 

axisymmetric hub. As such, within limits, the hub contouring with a guide groove can be 
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retro-fitted to existing blading at a lower re-manufacturing cost. A further reduction in the 

stage total pressure loss coefficient an improvement in the stage isentropic efficiency was 

obtained by extending the guide groove widths 𝑑𝑡𝑒, and 𝑑𝑙𝑒 with constant ℎ𝑜 = 70 %, 

therefore extending the parameter space boundaries beyond those of Chapter Six. These 

additional performance gains are detailed in Appendix A. 

Performance gains with the stator hub contoured by an optimised guide groove were 

predicted along the operating line of the Aachen Turbine, starting from 50 % part-load up to 

choking. Ten off-design conditions highlighted the benefits and drawbacks of this hub 

contouring technique. Aerodynamic performance gains from contouring are predicted at all 

ten conditions. This good at design and off-design performance should deliver consistent 

reductions in fuel consumption and in CO2 emissions in industrial applications. The author 

found no evidence of any performance penalty from contouring the hub surface, however 

the impact of the groove on the structural integrity as well as on the surface heat transfer 

have yet to be investigated. 

The turbine stator hub design process introduced in this work, supported by its automated 

computer-based optimisation, has the promise for making a significant beneficial impact on 

the performance of turbo-engines, towards providing a more sustainable energy supply and 

more efficient air transport operations worldwide. 

7.2 Potential for Enhancing the Performance of Industrial Cryogenic Cycles 

The new grooved hub design and its automated optimisation workflow was shown by 

numerical modelling to have the potential for improving axial turbomachines for cryogenic 

applications, specifically for the production of liquefied natural gas (LNG). A gas turbine is 

typically used in a LNG cycle as the main drive component for the refrigerant axial 

compressors. Any reduction in the gas turbine secondary flow losses improves the turbine 

stage isentropic efficiency. The improvements in the turbine stage efficiency improve the 

efficacy of the LNG cycle. These improvements were quantified by modelling a 

representative LNG cycle using CycleTempo software, in which turbines with the hub 

contoured by the optimised guide groove were used. The higher turbine stage isentropic 

efficiency was predicted to increase in the C.O.P. of the LNG cycle by 1.03 % at part-load, 

1.60 % at design point, and 1.20 % at the choking conditions for the turbines that power the 

cycle. 
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The second positive implication on the LNG cycle by using the new grooved turbine stator 

hub design was the reduction of the gas turbine specific fuel consumption. The predicted 

C.O.P. showed a reduction in the natural gas burnt in the gas turbine for the same power 

output. At part-load, design point, and choking conditions, the C.O.P. increased by 2.12 %, 

3.15 %, and 2.20 % respectively. 

The third positive implication was an expected reduction of the CO2 emissions from the gas 

turbine. This makes a positive contribution towards making LNG more environmentally 

sustainable, by reducing the pollution from the LNG cycle to the atmosphere. The fourth 

positive implication on LNG cycle and the most important was the reduction in the LNG 

production cost as the amount of the burnt fuel per LNG output and the gas turbine losses 

were reduced. The author found no negative implication on the cryogenic LNG cycle by 

using the new optimised grooved turbine stator hub design. 

7.3 Recommendation for Future Work 

The new optimised grooved end-wall contouring in this thesis is applied only to the turbine 

stator 1 hub. A future study could consider the application of this novel non-axisymmetric 

surface to the turbine stator 1 casing, turbine rotor hub and casing, and turbine stator 2 hub 

and casing, with a tip leakage flow analysis. This will give a better estimate of the reduction 

in the stage total pressure loss coefficient and of the improvement in the stage isentropic 

efficiency in a one and 1.5 stage turbine that this new technique can deliver. A numerical 

study on the implementation of the guide groove technique to the casing of the Aachen 

Turbine stator 1 is on-going, by Hakim Kadhim at the University of Leicester. On 

completion of this study, the new optimised groove surface definition technique will be 

ready for testing in a low-speed test turbine, such as the test rig available at the University 

of Durham, so to provide further independent verification on its effectiveness, progressively 

de-risking this new design approach towards its adoption and use in industry. 

The improvements on the LNG cycle in this thesis are implemented by the reduction of the 

turbine secondary flow losses. Further improvements in the LNG cycle could be obtained by 

using this new optimised groove hub in the axial flow compressors of the LNG refrigeration 

cycles. This may reduce the effects of the secondary flow losses and may also extend the 

stall margin. This reduction in compressor losses would reduce the compressor mechanical 

work input requirements, as well as the heat rejected from the refrigeration cycle condenser. 
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The use of the stage total pressure loss coefficient as the driver for the end-wall contouring 

optimisation was successfully shown in this thesis. Chapter Six has also shown the 

improvements in both the turbine rotor exit total pressure and in the stage isentropic 

efficiency at design conditions from this optimisation approach. Other parameters, such as 

the vorticity in the main passage flow direction and the surface heat transfer rate, might 

provide further insight into the optimised turbine flow characteristics. This may lead to 

further adjustments in the current selection of the three parameters that define the guide 

groove on the hub. 
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A. APPENDIX A 

A.1 Optimised Hub with Extended Groove Width 

Further improvements in both the stage total pressure loss coefficient and in the stage 

isentropic efficiency were achieved. This was done by extending the groove width 𝑑𝑙𝑒 over 

the range 0.02-0.025 rad, and 𝑑𝑡𝑒 over the range 0.06-0.065 rad. The maximum groove depth 

position as fraction of groove length ℎ𝑜 was kept at the constant value of 70 %. The Kriging 

surrogate model was generated and the new optimal guided groove parameters were obtained 

with a relative difference 𝜓 = 5.03 × 10−4. The OpenFOAM post processing showed a 

reduction in the 𝐶𝑝 𝑙𝑜𝑠𝑠  by 3.38 % at 𝑑𝑙𝑒 = 0.024 rad, 𝑑𝑡𝑒 = 0.0638 rad, and ℎ𝑜 = 70 %. The 

𝜂𝑖𝑠 was improved by 2.50 % from using this new set of guide groove parameters. This is 

confirmed in Figure A-1. 

 

Figure A-1: Radial distribution of mass-averaged total pressure loss coefficient at 8.8 mm 

behind the rotor blade row, with an axisymmetric and a contoured upstream stator hub. 
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Figure A-1 shows the radial distribution of the mass-averaged stage total pressure loss 

coefficient at 8.8 mm downstream of the rotor exit flow. Contouring the hub by the extended 

guide groove reduced the stage total pressure loss coefficient over the blade span range 

0.018 ≤ ℎ/𝐻 ≤ 0.14, close to the hub region. 

Figure A-2 and Figure A-3 show the iso-levels of the predicted vorticity Ω𝑥 and of the 

predicted turbulent kinetic energy 𝑘 at 8.8 mm downstream of the rotor flow exit. The 

passage vortex reduced its size and magnitude, from which a reduction is expected in the in-

plane vortex strength going through the mixing plane between stator and rotor. This is clearly 

shown in Figure A-2 over the blade radius 0.248 ≤ 𝑟 ≤ 0.256 as compared with the results 

in Chapter six. Figure A-3 shows the same positive outcome as the turbulent kinetic energy 

𝑘 near the rotor hub with the extended groove geometry is less than that from the optimised 

bump technique, due to the reduction of the in-plane vortex strength going through the 

mixing plane. 

 

Figure A-2: Colour iso-levels of 𝑥-vorticity component predicted with contoured hub by 

the extended guide groove, 8.8 mm downstream of the rotor exit. 
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Figure A-3: Iso-levels of specific turbulent kinetic energy predicted with contoured hub by 

the extended guide groove, 8.8 mm downstream of the rotor exit. 

 

 

 


