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ABSTRACT 

Efficiency improvement in turbomachines is an important aspect in reducing the use of fossil-
based fuel and thereby reducing carbon dioxide emissions in order to achieve a sustainable 
future. Gas turbines are mainly fossil-based turbomachines powering aviation and land-based 
power plants. In line with the present situation and the vision for the future, gas turbine 
engines will retain their central importance in coming decades. Though the world has made 
significant advancements in gas turbine technology development over past few decades, there 
are yet many design features remaining unexplored or worth further improvement. These 
features might have a great potential to increase efficiency. The high pressure turbine (HPT) 
stage is one of the most important elements of the engine where the increased efficiency has a 
significant influence on the overall efficiency as downstream losses are substantially affected 
by the prehistory. The overall objective of the thesis is to contribute to the development of gas 
turbine efficiency improvements in relation to the HPT stage.  
 
Hence, this study has been incorporated into a research project that investigates leading edge 
contouring near endwall by fillet and external cooling on a nozzle guide vane with a common 
goal to contribute to the development of the HPT stage. In the search for HPT stage efficiency 
gains, leading edge contouring near the endwall is one of the methods found in the published 
literature that showed a potential to increase the efficiency by decreasing the amount of 
secondary losses. However, more attention is necessary regarding the realistic use of the 
leading edge fillet. On the other hand, external cooling has a significant influence on the HPT 
stage efficiency and more attention is needed regarding the aerodynamic implication of the 
external cooling. Therefore, the aerodynamic influence of a leading edge fillet and external 
cooling, here film cooling at profile and endwall as well as TE cooling, on losses and flow 
field have been investigated in the present work. The keystone of this research project has 
been an experimental investigation of a modern nozzle guide vane using a transonic annular 
sector cascade. Detailed investigations of the annular sector cascade have been presented 
using a geometric replica of a three dimensional gas turbine nozzle guide vane. Results from 
this investigation have led to a number of new important findings and also confirmed some 
conclusions established in previous investigations to enhance the understanding of complex 
turbine flows and associated losses. 
 
The experimental investigations of the leading edge contouring by fillet indicate a unique 
outcome which is that the leading edge fillet has no significant effect on the flow and 
secondary losses of the investigated nozzle guide vane. The reason why the leading edge fillet 
does not affect the losses is due to the use of a three-dimensional vane with an existing typical 
fillet over the full hub and tip profile. Findings also reveal that the complex secondary flow 
depends heavily on the incoming boundary layer. The investigation of the external cooling 
indicates that a coolant discharge leads to an increase of profile losses compared to the 
uncooled case. Discharges on the profile suction side and through the trailing edge slot are 
most prone to the increase in profile losses. Results also reveal that individual film cooling 
rows have a weak mutual effect. A superposition principle of these influences is followed in 
the midspan region. An important finding is that the discharge through the trailing edge leads 
to an increase in the exit flow angle in line with an increase of losses and a mixture mass 
flow. Results also indicate that secondary losses can be reduced by the influence of the 
coolant discharge. In general, the exit flow angle increases considerably in the secondary flow 
zone compared to the midspan zone in all cases. Regarding the cooling influence, the distinct 
change in exit flow angle in the area of secondary flows is not noticeable at any cooling 
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configuration compared to the uncooled case. This interesting zone requires an additional, 
accurate study. The investigation of a cooled vane, using a tracer gas carbon dioxide (CO2), 
reveals that the upstream platform film coolant is concentrated along the suction surfaces and 
does not reach the pressure side of the hub surface, leaving it less protected from the hot gas. 
This indicates a strong interaction of the secondary flow and cooling showing that the 
influence of the secondary flow cannot be easily influenced. 
 
The overall outcome enhances the understanding of complex turbine flows, loss behaviour of 
cooled blade, secondary flow and interaction of cooling and secondary flow and provides 
recommendations to the turbine designers regarding the leading edge contouring and external 
cooling. Additionally, this study has provided to a number of new significant results and a 
vast amount of data, especially on profile and secondary losses and exit flow angles, which 
are believed to be helpful for the gas turbine community and for the validation of analytical 
and numerical calculations.  
 
Keywords: gas turbine, aerodynamics, secondary flow, external cooling, trailing edge 
cooling, film cooling, aerodynamic loss, high pressure turbine, nozzle guide vane. 
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SAMMANFATTNING 

Ökad verkningsgrad i turbomaskiner är en viktig del i strävan att minska användningen av 
fossila bränslen och därmed minska växthuseffekten för att uppnå en hållbar framtid. 
Gasturbinen är huvudsakligen fossilbränslebaserad, och driver luftfart samt landbaserad 
kraftproduktion. Enligt rådande läge och framtidsutsikter bibehåller gasturbinen denna 
centrala roll under kommande decennier. Trots betydande framsteg inom gasturbinteknik 
under de senaste årtionden finns fortfarande många designaspekter kvar att utforska och 
vidareutveckla. Dessa designaspekter kan ha stor potential till ökad verkningsgrad. 
Högtrycksturbinsteget är en av de viktigaste delarna av gasturbinen, där verkningsgraden har 
betydande inverkan på den totala verkningsgraden eftersom förluster kraftigt påverkas av 
tidigare förlopp. Huvudsyftet med denna studie är att bidra till verkningsgradsförbättringar i 
högtrycksturbinsteget. 
 
Studien är del i ett forskningsprojekt som undersöker ledskenans framkantskontur vid 
ändväggarna samt extern kylning, i jakten på dessa förbättringar. Den aerodynamiska 
inverkan av en förändrad geometri vid ledskenans ändväggar har i tidigare studier visat 
potential för ökad verkningsgrad genom minskade sekundärförluster. Ytterligare fokus krävs 
dock, med användning av en rimlig hålkälsradie. Samtidigt har extern kylning i form av 
filmkylning stor inverkan på verkningsgraden hos högtrycksturbinsteget och forskning behövs 
med fokus på den aerodynamiska inverkan. Av denna anledning studeras här inverkan både 
av ändrad hålkälsradie vid ledskenans framkant samt extern kylning i form av filmkylning av 
skovel, ändvägg och bakkant på aerodynamiska förluster och strömningsfält. Huvudpelaren i 
detta forskningsprojekt har varit en experimentell undersökning av en geometrisk replika av 
en modern tredimensionell gasturbinstator i en transonisk annulärkaskad. Detaljerade 
undersökningar i annulärkaskaden har gett betydande resultat, och bekräftat vissa tidigare 
studier. Detta har lett till ökad förståelsen för de komplexa flöden och förluster som 
karakteriserar gasturbiner.  
 
De experimentella undersökningarna av förändrad framkantsgeometri leder till den unika 
slutsatsen att den modifierade hålkälsradien inte har någon betydande inverkan på 
strömningsfältet eller sekundärförluster av den undersökta ledskenan. Anledningen till att 
förändringen inte påverkar förlusterna är i detta fall den tredimensionella karaktären hos 
ledskenan med en redan existerande typisk framkantsgeometri. Undersökningarna visar också 
att de komplexa sekundärströmningarna är kraftigt beroende av det inkommande gränsskiktet. 
Undersökning av extern kylning visar att kylflödet leder till en ökad profilförlust. Kylflöde på 
sugsidan samt bakkanten har störst inverkan på profilförlusten. Resultaten visar också att 
individuella filmkylningsrader har liten påverkan sinsemellan och kan behandlas genom en 
superpositionsprincip längs mittsnittet. En viktig slutsats är att kylflöde vid bakkanten leder 
till ökad utloppsvinkel tillsammans med ökade förluster och massflöde. Resultat tuder på att 
sekundärströmning kan minskas genom ökad kylning. Generellt ökar utloppsvinkeln markant 
i den sekundära flödeszonen jämfört med mittsnittet för alla undersökta fall. Den kraftiga 
förändringen i utloppsvinkel är dock inte märkbar i den sekundära flödeszonen i något av 
kylfallen jämfört med de okylda referensfallet. Denna zon fordrar ytterligare studier. 
Spårgasundersökning av ledskenan med koldioxid (CO2) visar att plattformskylning 
uppströms ledskenan koncentreras till skovelns sugsida, och når inte trycksidan som därmed 
lämnas mer utsatt för het gas. Detta påvisar den kraftiga interaktionen mellan 
sekundärströmning och kylflöden, och att inverkan från sekundärströmningen ej enkelt kan 
påverkas. 
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De generella resultaten från undersökningen ökar förståelsen av komplexa turbinflöden, 
förlustbeteenden för kylda ledskenor, interaktionen mellan sekundärströmning och kylflöden, 
och ger rekommendationer för turbinkonstruktörer kring förändrad framkantsgeometri i 
kombination med extern kylning. Dessutom har studien gett betydande resultat och en stor 
mängd data, särskilt rörande profil- och sekundärförluster och utloppsvinkel, vilket tros kunna 
vara till stor hjälp för gasturbinssamfundet vid validering av analytiska och numeriska 
beräkningar. 
 
Nyckelord: gasturbin, aerodynamik, sekundärströmning, extern kylning, bakkantskylning, 
filmkylning, aerodynamiska förluster högtrycksturbin, ledskenekrans. 
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PREFACE 

1. Publications included in this thesis 

 
The present thesis is based on a summary of the seven publications (I–VII) whereof I, II and 
V were included in a Licentiate thesis (Saha, 2012) entitled “Aerodynamic Investigations of a 
High Pressure Turbine Vane with Leading Edge Contouring at Endwall in a Transonic 
Annular Sector Cascade”. In order to present all cases in a similar manner, the methodologies 
and approaches used in the publications have been partly adjusted in the thesis. The articles 
are arranged in chronological order and stated below. The articles are appended at the end of 
the thesis. 
 
I. Ranjan Saha, Jens Fridh, Torsten Fransson, Boris I. Mamaev and Mats Annerfeldt, 

2012; “Experimental Studies of Leading Edge Contouring Influence on Secondary Losses 
in Transonic Turbines” 
Proc. of ASME Turbo Expo 2012, paper presented by the first author in Copenhagen, 
Denmark, GT2012-68497. 

 
II. Lamyaa A. El-Gabry, Ranjan Saha, Jens Fridh, and Torsten Fransson, 2012; 

“Measurements of Hub Flow Interaction on Film Cooled Nozzle Guide Vane in Transonic 
Annular Cascade” 
Proc. of ASME Turbo Expo 2012, paper presented by the second author in Copenhagen, 
Denmark, GT2012-68088. 

 
III. Ranjan Saha, Jens Fridh, Torsten Fransson, Boris I. Mamaev and Mats Annerfeldt, 

2013; “Suction and Pressure Side Film Cooling Influence on Vane Aero Performance in a 
Transonic Annular Cascade” 
Proc. of ASME Turbo Expo 2013, paper presented by the first author in San Antonio, 
USA, GT2013-94319. 

 
IV. Ranjan Saha, Jens Fridh, Torsten H. Fransson and Mats Annerfeldt, 2013; 

“Aerodynamic Implication of Endwall and Profile Film Cooling in a Transonic Annular 
Cascade” 
Proc. of 21st International Symposium on Air Breathing Engines (ISABE 2013), paper 
presented by the first author in Busan, Korea, ISABE-2013-1155. 

 
V. Ranjan Saha, Boris I. Mamaev, Jens Fridh, Björn Laumert and Torsten H. 

Fransson, 2014; “Influence of Prehistory and Leading Edge Contouring on Aero 
Performance of a Three-Dimensional Nozzle Guide Vane” 
ASME Journal of Turbomachinery, Vol. 136 (7), pp. 071014-1–071014-10, doi: 
10.1115/1.4026076. 

 
VI. Ranjan Saha, Jens Fridh, Torsten H. Fransson, Boris I. Mamaev, Mats Annerfeldt 

and Esa Utriainen, 2014; “Shower Head and Trailing Edge Cooling Influence on 
Transonic Vane Aero Performance” 
ASME Journal of Turbomachinery, Vol. 136 (11), pp. 111001-1–111001-11, doi: 
10.1115/1.4028024. 
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VII. Ranjan Saha and Jens Fridh, 2015; “Aerodynamic Investigation of External Cooling 
and Applicability of Superposition”        
Manuscript submitted to 11th European Conference on Turbomachinery Fluid 
Dynamics and Thermodynamics (ETC), Madrid, Spain. 

 
Contribution of the thesis author: 
 
Paper I: The first author performed all of the experiments and analyses. Others were for 
discussion and review. 
 
Paper II: The idea for the paper and part of the analyses were initiated by the first author. The 
second author was responsible for all of the experiments and analyses. The third author was 
involved in the experiment and review. The fourth author was responsible for the review. 
 
Paper III: The first author performed all of the experiments and analyses. Others were for 
discussion and review. 
 
Paper IV: The first author performed all of the experiments and analyses. Others were for 
discussion and review. 
 
Paper V: The first author performed all of the experiments and analyses. Others were for 
discussion and review. 
 
Paper VI: The first author performed all of the experiments and analyses. Others were for 
discussion and review. 
 
Paper VII: The first author performed all of the experiments and analyses. The second author 
was for discussion and review. 
 
 

2. Other publications not included in this thesis 

During the course of the project some other articles and reports have been published related to 
the investigation presented in this thesis, either with the respondent as co-author or as the 
main author. These are listed below: 
 
Reviewed journal and conference papers  
 
I. Boris I. Mamaev, Ranjan Saha and Jens Fridh, 2013; “The Influence of a Special 

Fillet between the Endwall and Airfoil at the Leading Edge on the Performance of the 
Turbine Nozzle Diaphragm” 
Thermal Engineering, Vol. 60, No. 3, pp. 217–222, doi: 10.1134/S0040601513020055, 
Original Russian Text Published in Teploenergetika. 

 
II. Ahmad Alameldin, Lamyaa A. El-Gabry, Jens Fridh and Ranjan Saha, 2014; “CFD 

Analysis of Suction and Pressure Side Film Cooling Influence on Vane Aero Performance 
in a Transonic Annular Cascade” 
Proc. of ASME Turbo Expo 2014, Düsseldorf, Germany, GT2014-26617. 
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III. Boris I. Mamaev, Ranjan Saha and Jens Fridh, 2015; “Aerodynamic investigation of a 
turbine cooled vane block” 
Original Russian Text accepted for publication in Teploenergetika, No. 2, 2015. 
 

Internal and technical reports  
 
I. Ranjan Saha, 2011; “Leading Edge Contouring and Secondary Flow in Turbine 

Cascades” 
Literature report, Department of Energy Technology, Division of Heat and Power 
Technology, KTH Royal Institute of Technology, Report No. EKV02/11. 
 

II. Ranjan Saha, 2011; “Secondary Flow” 
CompEduHPT: a teaching and learning material, Department of Energy Technology, 
Division of Heat and Power Technology, KTH Royal Institute of Technology. 
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NOMENCLATURE 

Latin Symbols 
 
A Area [m2] 
BR Blowing ratio,  [-] 

c Chord length [m] 

cax Axial chord length [m] 

D Diameter [m] 

DR Density ratio,  [-] 

h Height [m] 

h Specific enthalpy [kJ/kg] 

MR Momentum-flux ratio, 

 

[-] 

l Height [m] 

m Mass flow [kg/s] 

M Mach number [-] 

p Pressure [Pa] 

r Radius [m] 

R Radius [m] 

R Gas constant [J/kg.K] 

Re Reynolds number,  [-] 

s Pitch [m] 

s Specific entropy [kJ/kg.K] 

S Length [m] 

t Pitch [m] 

T Temperature [K] 

Tu Turbulence intensity  

x, y, z Axial, pitchwise and 
spanwise distance 
respectively 

[m] 

u Velocity [m/s] 

w Uncertainty, standard 
deviation 

[-] 

Y Mass-flux ratio [%] 
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Greek Symbols 
 
α Exit flow angle, tangential 
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[º] 

β Radial flow angle,  pitch 
angle 

[º] 
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δ Uncovered turning angle [º] 

κ Specific heat capacity ratio [-] 
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 Injection angle [º] 

Δ Difference [-] 

ξ Stagger angle [º] 

ρ Density [kg/m3] 

ζ Kinetic energy loss 
coefficient 

[-] 

 Dynamic viscosity [kg.m/s] 

ω Vorticity [1/s] 

 
 
Subscripts 
 
ax Axial reference 
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c Coolant 
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exit Exit 

f Fillet 
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hub Hub 

in Inlet 

incidence Incidence 

iso Isentropic 
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kin Kinetic 

LE Leading Edge 

m Mainstream 

max Maximum 

mid Midspan 

Mix Mixture 

pb Parallel bar 

pr Primary 

Profile Profile 

PS Pressure Side 

PSI Pressure Systems, Inc. 

ran Random 

Re Reynolds number 

ref Reference 

ref-engine Reference engine 

s Static 

sc Settling Chamber 

shock Shock 

SS Suction Side 

sys Systematic 

TE Trailing edge 

thr Throat 

tip Tip 

turbulence Turbulence 

0m Inlet metal 

1 Upstream plane position corresponding to 
Figure 2-13 

2 Downstream plane position corresponding to 
Figure 2-13 

3 Downstream hub static pressure tap plane 
position corresponding to Figure 2-13 

 

 

 

 

 

 

 



Page XXII                                Doctoral Thesis / Ranjan Saha 

Abbreviations 
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1 INTRODUCTION 

1.1 Background  

The enormous growth in industrialisation and air transportation has caused a distinctive public 
sense of responsibility about the use of fossil-based fuel and the resulting impact on carbon 
dioxide emissions and climate change. The conventional energy production system, which is 
mainly fossil-fuel based, will keep its central position in the global energy production over the 
coming decades. As a consequence, efficiency improvement is an extremely important aspect 
to reduce the impact of the fossil-based fuel by saving the fuel consumption in order to 
achieve a sustainable world. Gas turbines are mainly fossil-fuel based turbomachines used 
mainly in power generating units (Figure 1-1), in jet propulsions (aircraft engines) and in 
marine propulsions. Since their introduction in 1939, gas turbine engines have significantly 
advanced and become one of the most compact conventional power sources currently 
available (Mayle, 1991). Due to shale gas extraction being economically viable and increasing 
demand of air transportation, gas turbines will remain as the leader in the energy conversion 
devices in the coming decades. Today, the aviation industries also need to cut down on the 
amount of carbon dioxide emissions (European Commission Climate Action, 2012) that also 
indicates the importance of efficiency improvement in aviation industries. Therefore, 
efficiency improvement in gas turbines is an important issue in the research and development 
sector of the gas turbine industry. 
 

Figure 1-1: Modern industrial gas turbine SGT 800 (Courtesy of Siemens Industrial Turbomachinery 
AB)

 
Although the world has made great advancements in gas turbine technology over the past few 
decades, there are yet many design aspects remaining unexplored or worth further 
improvements. These aspects might have a great potential to increase efficiency. An 
improvement of the thermal efficiency of the modern gas turbine is achieved by increasing the 
compressor pressure ratio and the turbine inlet temperature (TIT) (Figure 1-2). Today, the 
overall pressure ratio, for example in Trent XWB engine, is already 50:1 (Roll-Royce, 2014) 
and the trend indicates that it will increase even further. For recent aero engines and high-
performance industrial gas turbine engines, the TIT is typically equal to or even higher than 
1850 K (Siddique, 2011) and it is higher for military engines with shorter intervals between 
turbine overhauls. This temperature level, however, is much less than the stoichiometric 
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combustion temperature of  2500 K (Keogh, 2001). Hence, there is a continuous push by the 
industry to increase the temperature to increase the thermal efficiency. This temperature is 
well above the melting point of the blade material. Nevertheless, due to extensive external 
cooling and internal cooling, it is possible to achieve a TIT that is beyond the melting point of 
the materials. For the power generation industry the TIT should be as high as possible and the 
cooling flow (taken from the compressor) as low as possible in order to achieve high thermal 
cycle efficiency. On the other hand, for the aircraft engine, a high bypass level is 
advantageous in order to obtain a higher thrust with lower specific fuel consumption. In both 
cases, the efficiency improvement is the key driver, either by decreasing the cooling or by 
decreasing overall losses.  
 

 
 

Figure 1-2: Increase of the thermal cycle efficiency through pressure ratio and turbine inlet 
temperature over last decades (Birch, 2000)

 
For both industrial and aviation industries, gas turbine designers have to face many 
interdisciplinary aspects in the design process where the high pressure turbine (HPT) is 
perhaps the most challenging component to design due to the fact that the HPT pushes the 
limits of aerodynamics, heat transfer, cooling mechanisms and structural criteria in an 
environment that is extremely hot, corrosive and unsteady (Moustapha et al., 2003). The HPT 
stage is one of the most important elements of the engine where the increased efficiency has a 
significant influence on the overall efficiency as downstream losses are substantially affected 
by the prehistory of the flow. Typically, for one gas turbine unit of around 50 MW with 
effective efficiency of 38%, only 0.1% increase in turbine efficiency provides fuel savings of 
about 300 ton per year (Mamaev et al., 2013). This indicates the great importance of even a 
nuance increase of the turbine efficiency. The trend of the modern gas turbine development 
indicates that the first stage vane, in the future, will become shorter because the pressure ratio 
of the compressor is increasing. At the same time, there is a tendency to reduce the number of 
blades as a means to reduce weight, material costs and the amount of cooling flow needed. As 
a result, the consequential feature of the nozzle guide vane (NGV), in the future, would be a 
very short height and a long chord blade with complex intensive cooling which might lead to 
increased secondary losses. Therefore, in the search for HPT stage efficiency gains, it is 



Doctoral Thesis / Ranjan Saha                                                                               Page 3 

necessary to focus on secondary flows and their effect on losses, and methods for reducing 
secondary losses in turbine stages. 
 
In addition, due to the higher demand towards increasing power densities and efficiency in 
gas turbine systems, the turbine designers have devoted much effort over the past few decades 
to facilitate an increase of the TIT. However, the increase in TIT has been penalised at the 
expenses of turbine aerodynamic efficiency since cooling must be applied to keep the metal 
temperature within allowable limits to avoid thermal stresses and surface oxidation, and to 
control the lifetime of the hot parts. Moreover, although it is thermodynamically beneficial to 
increase the pressure (temperature) ratio of a gas turbine, modern gas turbines are already 
approaching a point where the cycle efficiency improvements are being outweighed by the 
thermodynamic inefficiencies as a consequence of high cooling loads (Taylor, 2003). In 
general, external cooling increases the aerodynamic loss as it mixes with the mainstream flow 
creating a shear layer between the mainstream and the coolant. The coolant also decreases the 
total amount of work as it usually absorbs energy from the mainstream gas for acceleration 
and turning. Unfortunately, the exact measure of the aerodynamic penalty due to the cooling 
has always been in question. This important issue is extremely complex because of the 
dependency of many geometrical and operational parameters of the turbine. This is why 
contradictions have been found in the state-of-the-art regarding the influence of the cooling on 
losses. 
 
The interaction of the mainstream flow and the secondary flow is a complex phenomenon, 
and introducing the external cooling makes it even more complex. Essentially, it is also 
important to consider various design features that have positive effects on the efficiency 
improvement and cooling benefit. In the search of qualitative and quantitative results, 
aerodynamic measurements are essential to obtain an idea about the flow physics and gain 
knowledge about the complex relationship and interaction in the flow field. Today, 
computational fluid dynamics (CFD) calculations have been widely used in order to provide 
extensive data which might not be possible to obtain via experiments. However, although 
many initial design phases can be achieved with a good level of accuracy with computer 
codes today, the details of many aspects, such as the secondary flow through a turbomachine, 
cannot be solved even with the most powerful computers available today. Denton mentioned 
in one of his articles (Denton, 2010) that the CFD solver is not yet well enough established to 
investigate the secondary flow fully, and, therefore, experimental investigations still remain a 
higher priority. 
 

1.2 State-of-the-art in Secondary Flow 

Secondary flows have become increasingly significant in the design of modern gas turbine 
due to the several fundamental trends in gas turbine engine development: increasing turbine 
inlet temperature, decreasing blade aspect ratio, decreasing number of blade and vane and 
increasing cooling flows to the turbine vane and blade. Therefore, understanding and 
prediction of secondary flow phenomena in turbines is essential in order to be able to further 
increase turbine efficiency. According to Lakshminarayana and Horlock (1963), “Within a 
blade passage in a cascade, a deflection of the low momentum fluid equal to the mainstream 
deflection would not be sufficient to obtain the balance between the pressure gradients and 
the centrifugal forces. As a result the low momentum fluid is turned more than the 
mainstream. In a cascade this deviation from the uniformly deflected stream is the secondary 
flow”. Though the definition explains secondary flow development phenomenon within a 
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turbine passage, it does not cover all aspects of secondary flows as observed experimentally. 
A comprehensive study of the secondary flow (without considering tip clearance) in axial 
turbines was done by Dunham (1970), Sieverding (1985a), Langston (2001), and Acharya and 
Mahmood (2006). From the secondary flow investigations, three main vortices are identified: 
the horseshoe (HS) vortex, the passage vortex (PV) and the corner vortex, although all of 
these vortices are mutually interactive and it is difficult to separate them from each other. 
 
The overall flow field, when fluid passes an obstacle (blade in this case), can be divided into 
two regions: leading edge (LE) flow region and the blade passage flow region. The passage 
flow can, in turn, be divided into two regions with distinct flow characteristics (Figure 1-3): 
the flow in the midspan region (far away from the endwalls) known as potential flow field and 
the flow near the endwalls (hub and casing) known as secondary flow field. A simple 
description of the origin of the secondary flow inside the blade passage is given by 
Lakshminarayana (1996) considering two different streamlines passing through a turbine, one 
originating in the inviscid free-stream and the other in the boundary layer. Assuming that the 
cross passage pressure gradient imposed on the main passage streamline and the boundary 
layer streamline are the same and knowing that this pressure gradient must be balanced by the 
centripetal acceleration of a fluid particle travelling along each streamline, it can be shown by 
Eq. 1 that the streamline originated in the boundary layer must have a lower radius of 
curvature compared to the mainstream streamline. 
 

 
(1)

 
Here, um is the velocity in the mainstream flow and rm the radius of curvature of the 
streamline in the mainstream flow, whereas uBL is the mean velocity of the boundary layer 
flow and rBL the mean radius of curvature of the streamline in the boundary layer. The slower 
moving boundary layer fluid is subjected to the same pressure gradient as the mainstream. 
Since the velocity in the boundary layer is less than the velocity in the mainstream flow (uBL < 
um), the radius of curvature for the mainstream flow is higher than that of the boundary layer 
flow (rm > rBL). This deviation of flow path in the boundary layer indicates the endwall flow 
or secondary flow. 

 
 

Figure 1-3: Secondary flow generation based on equilibrium consideration (adapted from 
Sieverding, 2004)
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Around the LE regions, the HS vortex is generated in the same way as around any blunt body. 
In general, the flow field at a blade/vane-endwall junction is complex due to the three-
dimensional interaction between the approaching boundary layer and the potential pressure 
field presented by the vane. Owing to this, an adverse pressure gradient is imposed on the 
body boundary layer; the flow separates ahead of the vane forming a vortex. This vortex 
structure is sheared by the flow around the vane and it is stretched and intensified as it is 
forced downstream. This phenomenon is known as the “horseshoe vortex” as it forms a 
horseshoe shape pattern. Figure 1-4 shows the HS vortex by surface flow visualisation 
(Gostelow, et al., 2012). 
 

 
Figure 1-4: Endwall visualisation of HS vortex (Gostelow et al., 2012) 

 
Figure 1-5 depicts a diagrammatic explanation of the HS vortex (Eckerle and Langston, 1987). 
At the edge of the boundary layer, the high-energy fluid flows away from the stagnation 
point, not only around the cylinder, but also downwards, due to the lower energy fluid below. 
This downward high-energy fluid reaches the endwall, turns and flows upstream, forming a 
saddle point, where the upstream flow separates from the surface. The saddle point is the 
location on the endwall where the zero degree incidence line meets the separation line and 
corresponds to the lowest friction velocity (Acharya and Mahmmod, 2006). As the flow curls 
away from the line of symmetry, the HS vortex is formed, and this vortex curves around the 
cylinder along the separation line. The HS vortex is detrimental to the performance of the 
machine as they produce large scale, low frequency unsteadiness in the leading edge region 
and also they bring the mainstream hot gas into the endwall (Devenport et al., 1990). 
 
The nature of the flow inside the blade passage is more complicated, since it combines the HS 
vortex and the endwall flow. Many previous studies were directed towards the cylindrical 
wing mounted on a flat surface (for example in Figure 1-5), where only certain specific flow 
features, like the HS vortices, are present. On the other hand, in the turbine cascade there are 
not only HS vortices, but also other complex flow phenomena present. The flow near the 
cascade endwall region of the blade is dominated by the boundary layer, strong pressure 
gradient and cross flow in the pitchwise direction from the pressure side to the suction side 
(Acharya and Mahmood, 2006). The resulting near wall flow is complex and consists of 
strong secondary flows and vortex roll-up (Figure 1-6). 
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Figure 1-5: HS vortex formation (Eckerle and Langston, 1987) 
 
Different vortex models are developed based mainly on the experimental investigations and 
flow visualisations. The classical secondary flow model (Figure 1-7) was introduced by 
William R. Hawthrone in 1950’s (cited in Roux, 2004). The model shows the resulting 
components of the exit vorticity in the direction of the flow when fluid with inlet endwall 
boundary layers are deflected through the cascade. Downstream of the blade passage, the 
resultant vortices consist of the passage vortex (PV) and counter-rotating TE filament vortex 
(secondary vortex). It is also noticeable that the relative contribution of the total secondary 
vortices is much lower than that of the PV.  
 
Figure 1-8 shows various secondary flow models. The Langston model (based on large scale 
plane cascade investigations by Langston et al., 1977) shows a simplified general picture of 
the generation and development of the two legs of the HS vortex and the PV (Langston, 
1980). It combines Hawthrone’s classical secondary flow model with the effects of the LE 
flow and the flow in the passage between the blades. The inlet boundary layer separates at the 
saddle points forming a well-known HS vortex at the endwall of the cascade with one leg of 
the vortex in one airfoil passage and the other leg in the adjacent passage. One leg merges 
with and becomes part of the passage vortex and the other leg of the HS vortex remains in the 
suction surface endwall corner denoted as the counter vortex. This smaller counter vortex can 
be thought of as a “planet” rotating around the axis of the PV (the “sun”) (Langston, 2001). 
Sharma and Butler (1987) proposed a slightly different vortex structure compared to 
Langston’s model. According to them, the majority of fluid particles in the inlet boundary 
layer become a part of horseshoe vortex (with the SS and PS leg). However, the fluid particles 
closest to the wall in the inlet boundary layer do not become a part of the HS vortex but 
convect towards the SS and climb over the PV. The SS leg wraps itself around the PV instead 
of adhering to the suction surface. This wrapping was not visible in Langston’s velocity and 
pressure flow field measurements.  
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Figure 1-6: Streamlines showing separation lines in a near endwall plane of a linear blade passage 
(Acharya and Mahmood, 2006)

 

 
 

Figure 1-7: Model of Hawthrone (cited in Roux, 2004)



Page 8                                Doctoral Thesis / Ranjan Saha 

Model of Langston (1980) 
Model of Sharma and Butler (1987) 

 
Model of Goldstein and Spores (1988) 

 
Model of Takeishi et al. (1990) 

 

 
Model of Wang et al. (1995) 

 
Figure 1-8: Secondary flow models
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As can be seen in Figure 1-8, Goldstein and Spores (1988), Takeishi et al. (1990), and Wang 
et al. (1995) reported more complex secondary flow models adding corner vortices with 
various modifications. Wang et al. (1995) performed a detailed flow visualisation study using 
laser light and multiple smoke wires at a low Reynolds number. Due to a strong cross-
pressure gradient on the endwall, the PS leg of the HS vortex travels quickly towards the 
suction surface when it enters the blade passage. This PS leg meets the SS leg of the HS 
vortex at approximately 1/4 of the suction surface length from the blade LE. After the mixing 
of both legs, it is found that the SS leg is weakened and the PS leg is wrapped around the PV. 
At this point, it is hard to differentiate the PS leg of the HS vortex from the PV. Further 
downstream in the passage, the strong rotation of the PV pulls the SS leg away from the 
suction surface. In this model, another vortex, known as the wall vortex, is identified where 
both legs of the HS merges. The PV induces this vortex and it stays near the suction surface, 
above the PV when viewed from the direction of the flow. 
 
1.3 State-of-the-art in Aerodynamic Losses  

In general, losses, a sign of the irreversibility of a process, occur due to any flow features that 
decrease the efficiency. Assuming an adiabatic machine, losses lead to an increase in entropy. 
Typically, loss can be defined as the difference in ideal and actual energy and is apparent in 
an enthalpy-entropy diagram as shown in Figure 1-9, here expressed as an enthalpy loss. 
 

 
Figure 1-9: Enthalpy-entropy (h-s) diagram

 
A common expression of the loss is to take a non-dimensional loss coefficient (ζ) known as 
kinetic energy loss coefficient that relates the difference in enthalpy due to losses to the 
available kinetic energy. Therefore, the kinetic energy loss without considering the coolant 
injection can be defined as: 
 

ζ 1
Actual	exit	kinetic energy

Isentropic	kinetic	energy of mainstream
  

 
The loss incorporating the cooling is calculated using the thermodynamic relation which 
includes the feeding kinetic energy of the coolant flow.  
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ζ 1
Actual exit kinetic energy

Isentropic kinetic	energy of mainstream Isentropic kinetic energy	of	coolant
 

 

 
However, challenges to an efficiency (or loss) calculation of a cooled vane in an experimental 
environment and performing exact model tests are very intricate. In this regard, a brief 
overview of the theoretical principles has been illustrated. As a general rule, a cooled cascade 
efficiency is a ratio of the mixture of the main gas and coolant kinetic energy after the cascade 
to the sum of available energies (corresponding to the isentropic enthalpy drop) of main gas 
and coolant flows (Venediktov, 1990 and Mamaev, 2012). 
 

0.5
h , h ,

 
(2)

 
Here, m1 and mc denote the inlet mass flow and coolant mass flow respectively and h denotes 
the enthalpy. Accordingly, a loss of the cooled cascade can be expressed as: 
 

1 1
1

1
h ,
h ,

 (3)

 
where  is the cooled vane efficiency,  is the velocity coefficient, Y is the ratio of the coolant 
mass flow and inlet main gas mass flow known as coolant-to-mainstream mass-flux ratio 
(hereafter called mass-flux ratio). The velocity coefficient can be expressed as: 
 

,
 

 

(4)

Here, M is the Mach number and T is the temperature. Using isentropic relations, following 
equations can be derived. 
 

1

1

 

(5)

 

h ,

h ,

1

1

 

(6)

 
Here, u2 is the flow (mixture) average velocity at the outlet of the cascade, u2,iso is the main 
flow (gas) isentropic velocity at the outlet of the cascade. The values of gas dynamic 
efficiency  or loss ζ depend on internal parameters of the cooling system, especially on its 
blade internal losses. It is difficult to simulate such internal parameters during cascade tests. 
Generally speaking, external losses in the cooled cascade (in addition to the uncooled 
conventional losses and internal loss) is a result of several different phenomena (Venediktov, 
1990 and Mamaev, 2012): (1) mixing loss, (2) losses due to heat withdrawal from the gas into 
the vanes, (3) change of friction and edge losses due to the cooling air outlet and (4) energy of 
discharge cooling air (acts as gain in efficiency). For practical application, the loss equation is 
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usually expressed in terms of measurable quantities, for instance in terms of the pressure and 
the temperature, using isentropic relations. Few assumptions need to be made in order to 
obtain such simplified relations. 
 The flow is isothermal, i.e. the temperature of the gas and the coolant are equal (Tc = T1). 
 The specific heat capacity () and gas constant (R) of the gas and the coolant are same. 
 The coolant is mixed out fully with the mainstream. 
 
Making the above assumptions, Eq. 3 can be simplified as: 
 

	1
1 1

1 1
 

 
(7)

 
Eq. 7 is the conventional equation of measuring losses for a cooled vane. At this end of the 
analysis, it is necessary to highlight that the experimental test can perform as a partial 
simulation of the real phenomenon. However, the question of defining the loss is purely 
methodical and its judgment depends on the objective of the investigation. By assuming Y 
equals zero, the uncooled loss coefficient can be obtained from the actual loss coefficient. In 
the present thesis, uncooled loss coefficient is sometimes termed as primary loss coefficient 
ζpr (for the external cooling investigation). It is referred as enthalpy loss coefficient in Denton, 
1993. 
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(8)

 
Historically, the loss was categorised as “profile loss”, “endwall loss” and “leakage loss”, 
although it is clearly found that the loss mechanisms are seldom independent of each other 
(Denton, 1993). The relative magnitudes of these losses depend on the type of machine, blade 
aspect ratio and tip clearance. For many machines, each categorised loss is about 1/3 of the 
total aerodynamic loss (Denton, 1993). The interactions between the three loss mechanisms 
also create loss. The profile loss is generated in the blade boundary layers well away from the 
endwalls (hub and shroud) and it includes: (a) losses due to the friction and eddy formation in 
the boundary layer of the profile surfaces and during separation of the boundary layers on the 
blade, (b) edge losses originating in the vortical trailing edge (TE) wake and during mixing of 
the flows coming from the concave and convex side of the profile, and (c) losses in shock 
waves and in their interaction with the boundary layer (Kopelev and Tikhonov, 1975). In the 
case of the profile loss, the flow is often assumed to be two-dimensional. The endwall loss 
(also called secondary losses) is due to secondary flows and losses in the boundary layer on 
the endwalls. It is difficult to separate the endwall loss from the profile loss and leakage loss 
(Denton 1993). In low aspect ratio cascades, due to an increase in endwall surfaces, the 
secondary loss increases significantly. The tip leakage loss is due to the tip gap of the rotor 
blades and the hub clearance of the stator blades. The detailed loss mechanisms depend on 
whether the blades are shrouded or unshrouded. In the present study, the tip leakage has not 
been investigated. Therefore, it will not be discussed any further. 
 
For calculation of loss coefficients, the influence of geometry (metal inlet angle, effective 
outlet angle, uncovered turning angle, cascade outlet angle, cascade relative pitch i.e. pitch to 
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chord ratio, TE thickness, airfoil roughness, ratio of mean diameter to the airfoil height, etc.) 
and flow parameters (angles, compressibility, Reynolds number and Turbulence intensity) 
need to be considered (Mamaev et al., 2014). The coefficient of the profile loss is a 
summation of coefficients of losses for viscous friction ζfr, edge losses ζedge, shock losses 
occurring at the supersonic profile streamlining ζshock, losses due to turbulence ∆ζturbulence (if 
the turbulence is zero, ∆ζturbulence = 0), losses due to lowered Reynolds number ∆ζRe (if Re > 
1000000, ∆ζRe will be very small) and losses due to the incidence angle ∆ζincidence (Mamaev, 
2010). 
 

ζ Δ Δ Δ (9)
 
The best option to quantify losses is to use a full-scale machine with detailed flow conditions. 
There are large implications regarding cost and difficulties when using such machines, and it 
is only possible to use such a machine in final acceptance tests. Additionally, it is not possible 
to take detail measurements when using the full-scale machines. This is because the high 
temperature would easily melt or deform the small probe used to take the measurements 
(Wiers, 2002). One solution to this challenge is to conduct these measurements in a cold flow 
test facility. In this case, the scaling rules for the geometric, thermodynamic and aerodynamic 
similarity are applied to recreate the same conditions under which the gas turbine operates. 
There are three accepted and regularly used models found in the open literature: linear 
cascade, annular cascade and annular sector cascade (ASC). Details can be found in Wiers, 
2002. The flow in the turbomachine is completely three-dimensional, with radial pressure 
gradients upstream and downstream of the blade. An ASC model is more similar to the real 
3D flow environment than a linear cascade model. Therefore, the ASC, with its limited 
number of blades, is a useful tool for carrying out the three-dimensional experimental 
investigations.  
 
Concerning the speed of the cascade, in general, the main vortical flow structures in high-
speed cascades are similar to those noticed in low-speed cascades. However, as the exit Mach 
number is increased in the subsonic range but still considered incompressible, there are some 
particularities found in the downstream flow structures: the secondary flow structures move 
more towards the endwall with a smaller secondary flow penetration depth, the corner vortex 
increases and the counter vortex takes a larger portion of the flow field (Taremi et al., 2010). 
The passage vortex (PV), in contrast, decreases in both strength and size. At a higher Mach 
number, there are also reductions in exit flow angle variations. On the other hand, the 
influence of flow compressibility on losses is more difficult to comprehend properly based on 
the results in the published literature. Changing the exit Mach number in a turbine cascade not 
only affects the flow compressibility, but also includes other consequences in off-design 
operating conditions, such as changes in Reynolds number, blade loading distribution, 
channel acceleration (Perdichizzi, 1990) and Zweifel coefficient. To correctly compare 
different Mach numbers, it is necessary to redesign the cascade for each new operating Mach 
number to isolate the consequence of flow compressibility on losses. Nevertheless, the loss 
coefficient typically decreases with the increase of exit Mach number (Perdichizzi, 1990 and 
Dossena et al., 2004), until the shock losses starts to predominate. The effects of the blade 
loading on the secondary flow are investigated by Perdichizzi and Dossena (1993) and 
Dossena et al., (2004) in a high-speed turbine cascade. According to their investigations, the 
profile and secondary loss increases when the loading is increased. They also reported a 
higher exit flow angle with a higher loading, resulting in both underturning and overturning, 
which might worsen the performance of the subsequent blade rows. Gregory-Smith and Cleak 
(1992) investigated the influence of the inlet turbulence on the secondary flow and losses. 
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They reported that the turbulence level has a small effect on the secondary loss, although 
increased inlet turbulence intensity leads to a reduction of the inlet boundary layer thickness. 
 
1.4 State-of-the-art in Leading Edge Contouring 

There are a number of studies in the open literature reporting methods for reducing secondary 
losses in turbine stages, for instance, (1) boundary layer obstacles using fences (Kawai et al., 
1989), grooves and cross-flow blowing (cited in Sieverding, 2004); (2) endwall contouring; 
and (3) airfoil design modifications by LE modification, blade lean and blade thickening in 
the endwall region. According to previous published studies, LE contouring near the endwall 
is one of the methods that have the potential to decrease secondary losses. A similar approach 
is established in the aviation industry in the wing/body junction. Sung et al. (1988) and 
Kubendran et al. (1988) investigated the influence of large fairings between the nose of the 
wing and the surface (Figure 1-10a) and found that the fairings attenuated the strength of the 
horseshoe vortex (cited in Devenport et al. (1990)). Pierce et al. (1988) examined the effect of 
a steep triangular fairing with a sharp leading edge (Figure 1-10b) and reported that although 
the device attenuated the vortex, its sharp leading edge did not make it suitable for cases in 
which the wing is at angle of attack. 
 

Figure 1-10: Leading edge fairings: a) as studied by Sung et al. (1988) and Kubendran et al. (1988); 
b) as studied by Pierce et al. (1988) (cited in Devenport et al., 1990) 

 
On the other hand, only relatively few studies have reported the potential benefit of LE fillets 
in turbine cascades, where there are not only HS vortices, but also other complex flow 
phenomena, such as, the presence of the PV. The first experimental investigation of a turbine 
blade cascade using LE contouring by LE bulbs (convex connection between the LE and 
platform) was done by Sauer and Wolf (1997), and, after that, several studies were started on 
the design and shape of the LE contouring (Figure 1-11). The LE modification is done in 
basically two ways: with the help of a LE bulb or a LE fillet. The general understanding is 
that the bulb increases the SS leg of the HS vortex and thereby reduces the strength of the PV, 
which can be beneficial in respect of heat transfer on the platform by reducing the necessary 
platform cooling. However, the intensified HS vortex may lead to increased mixing losses 
downstream of the blade. On the other hand, according to published literature, the LE fillet 
has potential to reduce the strength of the formation of the HS vortex and thereby achieve 
reduced mixing losses. Several methods are used to study the LE contouring effects in the 
open literature. It was found that pointed/sharp fillets reduce the HS vortex, whereas rounded 
fillets increase the HS vortex. Later on, several studies were performed to obtain the shape of 
the fillet or bulb and their design parameters. 

a) 

b)
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Sauer and Wolf (1997), Sauer et al. (2000) and Zess and Thole (2001) reported that one 
boundary layer thickness height and two boundary layer thickness lengths are a good design 
parameter for choosing the fillet geometry. These proportions are required since the distance 
between the vortex core and the LE of the airfoil, in the absence of a fillet, was higher than 
the distance between the vortex core and the endwall. All these authors concluded that LE 
fillet or bulb can decrease the total loss. Sauer and Wolf (1997) found a reduction in the 
secondary loss of 25% while using the bulb compared with a baseline profile. Afterwards, 
Sauer et al. (2000) found a reduction in secondary loss of 50% when using a bulb. However, 
the blade geometries were different for the two cases. Results from Zess and Thole (2001) 
indicated that using an LE fillet decreased the generation of the HS vortex and also delayed 
the development of the PV. They also showed a significant reduction in turbulent kinetic 
energy levels and streamwise vorticity levels which are the large contributors of aerodynamic 
losses in a turbine vane passage. 
 

 
Sauer et al., 2000 

 
 

Zess and Thole, 2001 

Becz et al., 2004 
 

 
Saha et al., 2006 

Figure 1-11:Various leading edge contouring designs by bulb or fillet 
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Shih and Lin (2002) and Lethander et al. (2003) investigated the thermal effect of the fillet. It 
was found that using a fillet can reduce the adiabatic wall temperature (Lethander et al. 2003). 
Different fillet sizes were studied to optimize the shape of the fillet, taking the thermal effect 
as a design criterion, and it was found that a large (upstream extension) and high (spanwise) 
fillet is necessary to achieve an effective thermal benefit. Shih and Lin (2002) revealed that a 
reduction of heat transfer by more than 10% on the airfoil and by more than 30% on the 
endwall was possible using fillets. 
 
After that, Becz et al. (2003), Becz et al. (2004), Mahmood  et al. (2005), Mahmood and 
Acharya (2007a), Mahmood and Acharya (2007b) and Saha et al. (2006) studied the shape of 
the fillet based on the results found in the previous papers (Sauer et al., 2000; Zess and Thole, 
2002; Shih and Lin, 2002 and Lethander et al., 2003), and reported that the fillet is better at 
reducing secondary losses compared with the bulb. Becz et al. (2003) found a reduction of 
secondary loss by using fillets. After studying four different fillets Mahmood et al. (2005) 
selected two fillet profiles: linear profile and parabolic profile. These two profiles were also 
investigated by Mahmood and Acharya (2007a, 2007b) and Saha et al. (2006). They found a 
reduction of secondary flows, vortices, kinetic energy and Nusselt number compared with 
their base profile. It was also indicated that the SS extension of the fillet should be more 
pronounced than the PS to get rid of any extra vortices. Therefore, the final optimum design 
was found to be an asymmetric profile with more pronounced SS. 
 
Shi et al. (2010) numerically investigated the aerodynamic influence of rotor blade fillets on 
the turbine stage and found that the fillet is capable of restraining the flow separation near the 
LE of the rotor blade. Additionally, they mentioned that the fillet induces the displacement of 
the flow from the endwall to the midspan. It should be noted here that there is an axial gap 
between stator and rotor and therefore, implementing an enlarged fillet at the rotor LE has 
mechanical constrains and proper consideration needs to be taken before performing cascade 
tests of rotor performance using LE fillet at rotor endwall. The investigations reported in Becz 
et al. (2004) and Mahmood and Acharya (2007a) showed that the addition of a fillet causes 
the exit flow angle (2) to increase; i.e., this measure weakens the cascade’s ability to turn the 
flow. This is a negative effect, which leads to decrease the useful work done in the stage and 
can overpower the effect from reduction of losses. In this regard, the following main 
requirement for designing a cascade should be reminded: the lowest possible losses must be 
achieved at the pre-set flow turning angle. 
 
1.5 State-of-the-art in External Cooling  

There is a high demand for aggressive cooling both internally and externally to be able to deal 
with the hot gas temperature load over the blade material. The amount of cooling used in the 
HPT can be 20 to 30% and it comes with a severe penalty on the thermodynamic efficiency 
unless the firing temperature is sufficiently high to outweigh the losses (Bunker, 2006). Film 
cooling is a very efficient external cooling phenomenon where compressed air bypassing the 
combustion chamber is blown through tiny holes on the surface of the turbine blade 
generating a protecting film layer of cooling between the hot gases and the component 
external surfaces to protect the surface not only in the immediate region of injection but also 
the downstream surface (Figure 1-12). 
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Figure 1-12: Schematic of film cooling configurations on a vane (cited in Bogard, 2006) 
 
However, although the film cooling has thermal benefits, it brings an unwanted phenomenon 
that affects the aerodynamic performance of the blade. The mixing process of the coolant and 
mainstream reduces the aerodynamic efficiency of the turbine whereas the increase in TIT 
should lead to an increase in efficiency. There is a great deal of literature on film cooling 
details. However, early experimental research was performed on simple models like flat plate 
and low speed cascades and mostly basic research was performed due to several cooling 
influencing parameters and the necessity of complex and expensive experimental set-up. 
Those models can roughly estimate airfoil surfaces away from the LE. A detailed flat plate 
experimental investigation is reported in Goldstein, 1971. Discrete cooling hole injection is 
commonly used for turbine airfoil cooling (Figure 1-13). In order to optimize the cooling, the 
cooling jet should change its direction as soon as possible to form a protective film coverage 
following the profile curvature. The mixing process of the coolant and mainstream in the 
boundary layer is three-dimensional, especially in the regions close to the cooling holes as it 
is seen in Figure 1-14. As the jet exits the hole and emerges into the free-stream, it undergoes 
a bending towards the surface due to the local variation of pressure in the vicinity of the jet. 
Consequently, the flow accelerates above and around the jet and decelerate upstream and 
downstream of the jet. The deceleration of the upstream flow results in a three-dimensional 
separation of the external boundary layer forming a HS vortex that wraps around the jet. The 
low pressure zone beneath the jet, in certain cases, can be strong enough to give a zone of 
reversed flow. The bending of the jet, together with the strong shear on the sides of the jets, 
strengthens the pair of counter rotating vortices. Thus a kidney shaped vortex is formed, 
which can entrain the mainstream fluid towards the surface which is cooled. Immediately 
after the bending of the jet completes, pressure forces can be small and the jet follows the 
local flow. Neighbouring jets can merge to form a blanket of coolant film at some distance. 
Coolant from an upstream row can help also to form blanket better and it can reduce the 
influence of kidney shape vortices in size and momentum and thereby reduce the associated 
mixing with the mainstream. 
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Figure 1-13: Mixing process of mainstream and coolant jets (Wilfert and Fottner, 1994) 
 

 
 

Figure 1-14: Flow field in the area of a single cooling jet in cross flow (Haas et al., 1991)
 
The success of the injection depends on the injection angle and cooling features associated 
with the injected cooling air in relation to the mainstream flow are usually explored by the 
mass-flux ratio (Y), blowing ratio (BR), momentum-flux ratio (MR) and density ratio (DR). 
 
Mass-flux ratio,  

 
Blowing ratio, 	
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Momentum-flux ratio, 	

	
 

 
Density ratio,  

 
The BR can be described with the quantities of the upstream flow field or local quantities at 
the different cooling rows. It is a measure of the mass-flux injected into the boundary layer 
and provides detailed information about the local velocity ratios, which are useful for the 
mixing process (Wiers, 2002) whereas the momentum-flux ratio determines the dynamics of 
the flow field and thus penetration of the jet into the mainstream. Therefore, momentum-flux 
ratio is relevant for the distribution of the coolant around the injection hole as it is seen in 
Figure 1-15. Hence, the momentum-flux ratio value indicates whether the coolant jet is 
attached to the surface or detached. The coolant can remain attached to the surface, it can 
detach and reattach, or it can lift-off completely for high momentum-flux ratio values.  
 

 
 

Figure 1-15: Boundary layer pattern for different momentum-flux ratios (cited in Roux, 2004)
 
It is important to scale both velocity and density fields to match realistic engine conditions 
since in a real gas turbine engine, there is a temperature difference between the mainstream 
and the cooling that leads to a DR of about two or more (Wiers, 2002). It is difficult to match 
the temperature ratio required to achieve the engine representation conditions. One 
methodical solution is to use a heavier foreign gas, for example CO2, CO or SF6 in order to 
simulate colder injection flow to match the DR in heat transfer and aerodynamic experiments. 
Consequently, the use of foreign gases in film cooling experiments has been commonly 
applied as a tracer gas. Jones (1999) investigated the theory of the use of foreign gases in 
simulating film cooling. A great deal of understanding can be achieved by using foreign gases 
to act as a tracer gas (Goldstein, 1971) or to provide engine similar DR between coolant and 
mainstream (Goldstein, 1971 and Pedersen et al., 1977). The most common foreign gas used 
in the literature is C02 that has a DR of 1.53 at standard conditions. It should be pointed out 
that air ( = 1.4) and CO2 ( = 1.3) behave differently from a thermodynamic perspective. 
Essentially, it leads to the recurring question of whether the DR can have an impact on the 
loss measurement of a cooled blade. Haller and Camus (1984) indicated a negligible influence 
of the density ratios on losses from their experimental investigations whereas Horton et al. 
(1985) and Ito et al. (1980) reported an influence on aerodynamics for different density ratios. 
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More recently, Urban et al. (1998), Osnaghi et al. (1997), and Roux (2004) reported that 
various density ratios did not show a significant influence on losses. 
 
In general, external cooling is used on the leading edge, suction side, pressure side, trailing 
edge and on the endwalls. The endwall cooling can be on platforms inside and outside of 
passages. A review of aerodynamic losses in turbines with and without film cooling can be 
found in Ligrani (2012). The LE of the turbine’s first stages experiences some of the highest 
thermal loads within the engine and a considerable amount of compressor bleed air is used in 
order to manage the high temperature in the region. Usually, multiple rows of coolant holes 
are used in a staggered manner in the LE zone, sometimes known as shower head (SH) 
cooling. The SH cooling is very critical due to the fact that it not only protects the LE region 
but also affects the aerodynamics and heat transfer over the entire airfoil surface. 
Unfortunately, the film cooling effectiveness is very poor around the LE because of the nature 
of the complex flow in the LE region, such as the lack of a boundary layer in the stagnation 
line, strong pressure gradients, streamline curvatures, the high strain rate on the fluid, multiple 
film cooling interactions, the high turbulence level and large length scale, and coolant 
injection nearly opposite to the main flow direction. The actual stagnation line is a myth in 
turbines and it is very unsteady in location and hence an extra row of cooling is usually put on 
each side of the expected stagnation line (Bunker, 2013). Design of such a film cooling 
system is very challenging. Regarding the SH cooling, it is highly important that the LE 
stagnation region is correctly calculated, since this will regulate whether the coolant will go to 
the PS or SS of the vane. Kollen and Koschel (1985) reported an increase in loss level due to 
the SH cooling. Osnaghi et al. (1997) investigated SH cooling in a linear cascade using a 
typical high pressure vane and reported a significant loss increase due to the SH cooling. 
Yamamoto et al. (1991) carried out tests in a linear cascade with various cooling 
configurations and reported that injection from the blade LE and PS of the LE against the 
mainstream generally increases the loss. However, a small amount of injection at the LE can 
decrease the loss by energising the local low momentum fluid. They also reported that the 
suction surface injections reduce the loss. The investigations were based on the primary loss 
coefficient without considering the energy from the coolant flow. They also highlighted the 
importance of different cooling loss definitions. Reiss and Bölcs (2000) reported a decrease of 
the loss due to slot SH cooling. Bunker (2005) reported that the SH cooling can also cause 
boundary layer separation in the LE region, resulting in both higher aero losses and 
augmentation of the local heat transfer.  
 
Barigozzi et al. (2001) carried out tests in a linear, low speed cascade (Mexit = 0.2, Reexit = 0.66 
× 106 and Tu = 1.7%) for a fully covered film cooling blade with TE and endwall cooling. 
They mentioned that the cooling injection on the PS does not change the boundary layer 
behaviour noticeably and remains laminar up to the TE and therefore the loss generated due to 
cooling on the PS is only because of the mixing. On the other hand, the SS injection largely 
influences the growth of the boundary layer and is likely to start transition, giving a fully 
turbulent boundary layer with an increase in loss. They reported obtaining 2/3 of the losses 
due to the SS cooling and 1/3 to the PS cooling. Hambidge and Povey (2012) mentioned that 
the SS film cooling has a much greater impact on capacity than the PS film cooling and the 
rows on the late PS and SS have a substantially higher impact than the early rows. Bunker 
(2005) reported that the SS of the airfoils and rear portions of the endwall contribute most to 
the mixing losses. Stephan et al. (2010) reported that the post-throat injection shows higher 
thermodynamic loss compared to a combination of pre- and post-throat injection. Jackson et 
al. (2000) reported that the aerodynamic losses due to mixing are significantly greater than 
those due to oblique TE shock waves. 
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Deckers and Denton (1997) experimentally showed that losses can be reduced due to an 
optimum TE coolant injection flow for a flat plate model airfoil. Sieverding et al. (1996) and 
Kapteijn et al. (1996) measured loss downstream of annular and linear cascades, respectively 
featuring TE injection. They reported that the pressure and flow field downstream of the TE 
injection is significantly influenced. They reasoned that the coolant injection increases the 
base pressure level and thereby a reduction of losses is achieved. Kollen and Koschel (1985) 
reported from a study with an annular cascade that the aerodynamic loss decreases with the 
TE cooling. Rehder (2009) reported that the profile loss was minimised at a certain TE 
blowing rate. On the contrary, Uzol and Camci (2001) reported an increase loss level due to 
the TE injection for 0 to 3% injection and a decrease loss level at 5% TE injection. Recently 
Aminossadati and Mee (2013) reported from a study with a low-speed 2D cascade that for a 
low and moderate coolant-to-mainstream mass-flux ratio (less than 1.5%), small changes on 
loss are observed whereas at higher rates of the coolant injection, large increases of the loss 
(up to 80%) are observed. Fiala et al. (2010) showed that a letterbox TE injection, compared 
to a base vane and a gill-slot vane, increases aerodynamic losses for all conditions. Day et al. 
(2000) found an increase of the loss due to the TE cooling. At this point, it should be noted 
that the coolant share should be as low as possible regardless of the cooling location in order 
to increase the cycle efficiency. Therefore, though some previous investigations show better 
aerodynamic performances with a high rate of the TE cooling, in the end it is not practical 
from a cycle efficiency point of view. 
 
Friedrichs et al. (1997) studied the aerodynamic aspects of the endwall film cooling on a large 
scale low-speed linear turbine cascades (exit Re = 8.6 × 105 and inlet turbulence intensity 
0.5%) and informed that losses produced within the coolant holes contribute significantly to 
the overall loss and excluding these hole losses, the change in overall cascade loss due to the 
endwall film cooling is small. Blair (1974) investigated the cooling effectiveness and heat 
transfer using an upstream cooling slot. He mentioned that the heat transfer and the film 
cooling on the endwall are affected by the secondary flow. Goldman and McLallin (1977) 
carried out aerodynamic measurements of endwall cooling and found a significant influence 
of the endwall cooling on losses and exit flow angles. They evaluated loss per per-cent of the 
coolant mass flow and reported an increase almost linearly with increasing coolant supply 
pressure. Bario et al. (1989) reported that the endwall cooling may reduce the secondary flow. 
 
Colban and Thole (2006) investigated the aerodynamic and thermal performance of 
cylindrical and fan shaped endwall cooling and reported increased aerodynamic losses for 
both types of endwall cooling with less loss for the fan shaped holes compared to the 
cylindrical holes. On the contrary, Day et al. (2000) reported a higher aerodynamic loss of fan 
shaped holes compared to the cylindrical holes when the coolant is injected into the transonic 
flow (into the suction surface). Barigozzi et al. (2006) investigated aero-thermal performance 
of endwall film cooling using cylindrical and fan-shaped geometry and reported to obtain 
larger aerodynamic loss for the fan-shaped geometry compared to the cylindrical geometry for 
a constant mass-flux rate (Y) although the thermal performance is better for the fan-shaped 
hole and concluded that the optimum Y values for the aero-dynamic losses do not match the 
optimum for the adiabatic effectiveness. 
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1.6 Research Questions/Motivations  

Regarding the search of secondary loss reduction method, it can be indicated from the 
literature study that test data, comparable studies and physical descriptions of the effect of 
leading edge (LE) contouring, which is meant to reduce secondary loss, have some drawbacks 
and lack sufficient explanations of the outcome. First of all, previous investigations with the 
LE fillet were performed in linear cascades. At the same time, it is well known that there is a 
considerable difference of the secondary flow structure in a linear cascade compared with an 
annular cascade. Therefore, annular cascade investigations are necessary to explore the effects 
of the LE fillet on the secondary flow. This is due to the fact that the annular cascades are 
more analogous to a real engine where a radial pressure gradient is developed. Secondly, most 
of the previous studies of fillets were performed in low speed facilities on a large scale model. 
A HPT vane is normally operated in a transonic range (Mach no. 0.7 – 1.0). Therefore, it is 
necessary to perform experiments in the transonic case in order to assess the actual impact of 
secondary losses. Thirdly, previous studies were mostly performed on two-dimensional 
profiles. Therefore, it is worth testing the secondary flow in a three-dimensional vane to carry 
out an assessment in the relevant geometrical environment. Fourthly and most importantly, all 
the previous investigators compared the LE fillet with the baseline case where there is 
absolutely no fillet in the endwall-blade junction. This is a serious drawback due to a well-
known fact that, in a real case scenario, a typical fillet always exists. In addition, it should 
also be noted that the secondary flow depends on the prehistory of the flow. Many design 
solutions, for instance boundary layer obstacles using a fence, grooves, cross-flow blowing 
etc. had to be changed or abandoned due to not having any significant effect in a real engine, 
although a significant potential in reducing the loss was being shown in the laboratory 
environment. Therefore, it is important to perform tests with different inlet profiles to 
simulate real engine conditions. In the light of above drawbacks, the present study is 
performed with an enlarge LE fillet together with an existing real fillet in a transonic ASC for 
two inlet profiles, to investigate whether the LE fillet can increase the efficiency of a 
transonic NGV.  
 
Regarding the cooling aspects, it is well known that aerodynamic features are extremely 
complex and understanding and prediction of the aerodynamic phenomena of the external 
cooling in turbines is essential in order to be able to further increase turbine efficiency. The 
quantification of aerodynamic performance of the external cooled vane needs more attention. 
A number of theoretical, experimental and numerical studies were reported in the literature 
regarding the SS, PS, TE and SH cooling. The aerodynamic effect of the external cooling, 
here film cooling and TE cooling, found in open literature was contradictive to a large extent 
due to a complex flow situation. In addition, there was no definite conclusion found regarding 
aerodynamic losses for the external cooling. Therefore, there is some justified scepticism as to 
whether the external cooling can increase the aerodynamic loss or even decrease the loss due 
to high momentum coolant injection in the low momentum wake region. Besides, conclusions 
regarding the cooling injection impacts on the loss depend very much on the loss definition 
used, which was not consistent throughout the bulk of the literature on losses. Although there 
were studies of the aerodynamic losses for the external cooling of a vane, there were no 
previous studies in which individual rows were examined with the explicit intent of validating 
superposition models. Furthermore, very limited and sparse investigations of the influence of 
the external cooling on the exit flow angle over the full span were found in the previous 
investigations. Thus, it is believed that there is a need for detailed data in a fully three-
dimensional geometric similar transonic film cooled cascade to gain further insights by 
eliminating some of the above mentioned drawbacks in the previous studies. Furthermore, this 
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investigation is a part of a broad perspective where experimental data are used to verify and 
calibrate calculation methods for flow and heat transfer predictions  
 

1.7 Research Objectives 

The overall objective of the thesis is to contribute to the development of efficiency 
improvements of the gas turbine regarding the first HPT stage focusing on the secondary flow 
and the external cooling. The secondary flow and cooling has a strong influence on loss 
behaviour of a cascade. The interaction of the external cooling with the secondary flow causes 
a very complex flow pattern. The overall criterion for increasing the efficiency of a gas 
turbine cycle is an optimum level of cooling air meeting the thermal and structural 
requirements with minimum aerodynamic losses. The prerequisite to meeting these challenges 
is a detailed knowledge of the cooling exit flow and its mixing behaviour as well as the 
phenomena of the secondary flow and the parameters which influence these phenomena.  
 
The thesis focuses on the detailed aerodynamic investigations on a modern 3D cooled NGV in 
order to obtain better understanding of the complex flow field. The aims of this research study 
are to perform a comprehensive investigation of the aerodynamic aspects of LE contouring 
near the endwall by an enlarge fillet and external cooling. Hence, the thesis is divided into 
two parts with the common goal of contributing to the development of the HPT stage: (i) 
investigation of LE contouring at endwall by an enlarged fillet, and (ii) investigation on 
aerodynamic performance of NGV external cooling. The overall objective of the current 
research can be divided into the following specific goals that shall be considered for 
assessment: 
 
From leading edge contouring investigations: 
 

(i) To experimentally quantify and explore the aerodynamic influence of an enlarged 
LE fillet on secondary losses by eliminating the main above-mentioned drawbacks 
inherent in previous studies (addressed in Paper I and Paper V). 

(ii) To address physical interpretations of the structure of the flow with the leading 
edge fillet (addressed in Paper I and Paper V). 

(iii) To produce data over a wide range of operating conditions, using different 
prehistories to provide better conclusions of the fillet effect on the secondary flow 
(addressed in Paper I and Paper V). 

 
From external cooling investigations: 
 

(i) To experimentally determine and explore the aerodynamic influence of a suction 
side, pressure side, leading edge and trailing edge cooling on profile and secondary 
losses and flow field (addressed in Paper III, Paper IV, Paper VI and Paper VII). 

(ii) To examine the applicability of loss superposition and explore relations between 
aerodynamic loss and cooling affecting flow parameter (addressed in Paper VII). 

(iii) To experimentally determine and explore the aerodynamic influence of a suction 
side, pressure side, leading edge and trailing edge cooling on exit flow angles 
(addressed in Paper III, Paper IV, Paper VI and Paper VII). 

(iv) To experimentally examine and explore interaction between platform/endwall 
cooling and secondary flow (addressed in Paper II and Paper IV). 
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(v) To address physical interpretations of the structure of the flow with a cooled case 
and uncooled case (addressed in Paper II, Paper III, Paper IV, Paper VI and Paper 
VII). 

 
From both leading edge contouring and external cooling investigations: 
 

(i) To provide a wide range of excellent experimental data to verify and calibrate 
calculation methods of complex turbine flows. 

(ii) To experimentally determine and explore performance of a reference vane. 
 
1.8 Research Methodology 

In order to meet the research goal described in the previous section, steady aerodynamic 
investigations were performed for a large number of configurations. The work was carried out 
by formulating the technical aspects of the LE contouring and external cooling for the 
aerodynamic performance. It was also conducted with comprehensive literature surveys on 
secondary flows, losses and external cooling, and on design possibilities of the LE fillet 
followed by the experimental campaign. The action plans can be summarised as follows: 

 The first phase of the work involved comprehensive literature studies of the LE 
contouring in order to find appropriate design concepts and measurement techniques. 
Based on the information obtained in the literature study, a decision was taken to 
design and manufacture an LE fillet to test in a transonic ASC rig. 

 In the second phase, a detailed experimental investigation of the flow field structure 
with a fillet and without a fillet was performed with two different inlet conditions. 
The experimental investigation included inlet investigations, load investigations, 
downstream flow field investigations and oil-flow visualisation. Thus, the results 
indicate whether the fillet design is beneficial for aerodynamic designers of the high 
pressure guide vane or not. 

 In the third phase a detailed experimental aerodynamic investigation of a cooled 
vane was performed with large number of cooling configurations. 

 In the fourth phase, the focus was put on the endwall flows, specifically the 
interaction between the hub film cooling and the secondary flow. 

The main aerodynamic results were quantified with a downstream area traverse using a five 
hole pneumatic probe. CFD comparisons (by Mitrus, 2012, Alameldin 2014, and Alameldin et 
al., 2014) were performed in order to see similarities and verify results where applicable. The 
greater part of the evaluation of experimental results was carried out using the mathematical 
software Matlab®. A detailed uncertainty analysis was performed to identify and determine 
the major sources of measurement errors (Appendix A). 
 

1.9 Research Limitations 

Present research of the LE contouring is limited to one-fillet design and applied on a definite 
NGV; therefore concrete conclusions are only valid for these types of vanes. To provide a 
general conclusion, various designs of LE fillet and various blade profiles should be used 
where there are higher secondary flows. 
 
Herein, the inlet conditions for both investigations were different to an actual engine where 
the flow condition is extremely difficult to predict. The turbulence intensity is high in the 
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actual engine compared to the one used in present investigations. The profile loss values 
increase with the increase of turbulent intensity whereas the secondary loss is less sensitive to 
turbulent intensity change (Gregory-Smith and Cleak, 1992 and Mamaev, 2010). For the 
cooled vane cases, the temperature ratio of the coolant and the mainstream is approximately 
unity (i.e. DR is unity). However, for real engine, the DR is above unity. Therefore, the 
experimental results are partial simulations of the actual environment. Nevertheless, since 
investigations have been done for comparison, the relative change should still hold true for all 
the investigations. 
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2 DESCRIPTION OF EXPERIMETAL APPROACH 

2.1 Airfoil Geometry and Cascade Arrangement 

Two configurations of a reference NGV were used for consideration with the same geometric 
dimension: one instrumented NGV (Paper I and Paper V) for LE contouring investigations 
and one cooled NGV (Paper II, Paper III, Paper IV, Paper VI and Paper VII) for external 
cooling investigations. The instrumented NGV was fabricated by a rapid prototyping 
technique called Stereo Lithography Apparatus (SLA) and was used for the LE contouring 
investigations. The cooled NGV was casted. Due to the manufacturing process of the rapid 
prototyping technique there is a small geometric difference between the instrumented and 
casted vane (Appendix B). The cooled NGV was used to investigate the influence of the SS, 
PS, SH and TE cooling on the aerodynamic performance and in the flow field. Furthermore, 
the cooled NGV was used to trace the influence of the secondary flow on the upstream 
platform cooling. The investigated NGVs (both instrumented and casted) are cooled gas 
turbine vanes (geometrically similar) with three-dimensional design features (Figure 2-1). The 
reference NGV design parameters are listed in Table 2-1 and the scheme of the profile is 
presented in Figure 2-2 with main measuring locations. 

 

 
 

Figure 2-1: CAD model of the reference vane with the conventional fillet without LE fillet 
 
The vane was designed with similar profiles along the full height (hub, midspan and tip) as 
the average diameter to height ratio (Dave/hTE) was high (≈ 21.6). This means that all 
geometrical relative parameters and angles (Pitch/chord, inlet flow angle, uncovered turning 
angle δ and so on) were correspondingly the same for various section of the profile. The LE 
showed a slight forward sweep and the TE had a circumferential positive lean of 
approximately 4° at the midspan. The tip platform had an axis-symmetric “S” shaped endwall 
contouring (known as “Russian kink”), designed to reduce the secondary flow. It increases 
acceleration close to the tip, thus thinning the boundary layer and reducing the HS vortex 
(Deich et al., 1960). The vane had two typical fillets with variable radii (average value rf = 
0.005 m) at the junctions between the vane and the lower and upper endwalls, respectively to 
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provide a smooth transition between them (Figure 2-1). The vane had a reference exit Mach 
number of 0.89 at the hub and an exit Reynolds number of approximately 3×106 at the 
midspan based on the true chord.  
 

Table 2-1 : Geometric parameter of NGV 

Design Parameter Value Unit 
True chord at midspan (c) 0.1292 m 
Axial chord at midspan (cax) 0.0665 m 
Axial chord at hub radius 0.0625 m 
Pitch-to-chord (s/c) ratio at midspan 0.826  
Hub radius at exit 0.6153 m 
Tip-to-hub ratio at exit 1.097  
Aspect ratio based on TE vane height 0.463  
Inlet	metal	angle	 90 deg 
Reference effective exit angle 16.05 deg 
Stagger angle () 33.3 deg 
LE radius 0.0138 m 
TE radius 0.0014 m 
Uncovered turning angle 19 deg 
 
 

Figure 2-2: Scheme of profile geometric parameters
 
For the LE contouring investigation, an enlarged fillet (Figure 2-3) at the LE and hub junction 
was attached as a plastic add-on to the reference vane (Figure 2-4). The LE fillet was also 
fabricated by the SLA technique. The geometry of the fillet was selected according to the 
recommendations suggested in Mahmood et al. (2005), Zess and Thole (2001) and Becz et al. 
(2004). The height of the LE fillet was approximately 10% of the LE blade height 
corresponding to the boundary layer thickness and the upstream extension was approximately 
30% of cax. The SS extension was more pronounced than the PS extension, and the contour 
followed an elliptical path both from the SS and PS matching at the stagnation location 
(Figure 2-5). The height of the fillet varied linearly from the blade surface to the endwall. The 
circumferential length of the fillet on the SS was larger than that on the PS resulting in an 
asymmetric profile. The maximum fillet height over the vane leading edge lf was equal to 
0.0083 m. The height varied linearly in all fillet sections normal to the profile. The other sizes 
of the fillets (by analogy with references) were as follows: the extension upstream along the 
flow xf ~ 0.019 m, the PS length SPS ~ 0.0201 m, and the SS length SSS ~ 0.0354 m. 
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Figure 2-3: CAD model of LE fillet
 
 

 
 

Figure 2-4: ASC with LE fillet
 
In the real engine, the inlet condition of the NGV varies based on the vane-combustor 
interfaces. In the experiment it varies based on the inlet flow field, for instance, due to a 
turbulence grid. The boundary layer thickness depends on the inlet condition and varies with 
different turbulence grids. For the present investigations, the inlet boundary layer thickness 
was approximately 810% of the inlet span when a parallel bar (pb) turbulence grid was used. 
Therefore, the height of the fillet was taken as 10% of the LE vane height. The same fillet was 
used with a fence (where the inlet boundary layer thickness is approximately 1416%) instead 
of the pb turbulence grid. This essentially provides the opportunity to test the effectiveness of 
the fillet with different inlet variations without changing the fillet design.  
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(a) 

(b) 
 

Figure 2-5: Schematic design and geometrical parameters of the studied fillet; (a) side view (1) vane, 
(2) leading edge, and (3)endwall, and (b) top view

 
For the external cooling investigations, the reference cooled vane had various cooling features 
that are typical for aero engines or industrial gas turbines. One of the vanes with different 
cooling features is shown in Figure 2-6 from different direction.  
 

 
 

Figure 2-6: Cooling holes on test NGV
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The scheme of the profile section is shown in Figure 2-7. The cooling features consist of six 
rows of shower head cooling (SH1, SH2, SH3, SH4, SH5, SH6) at the LE, four rows of 
cooling at the suction side (two rows at SS1 and two rows at SS2), one row of cooling at the 
pressure side (PS1), trailing edge cooling (TE), hub platform cooling (also called inner 
platform IPF) and tip platform cooling (also called outer platform IPF) as well as cooling 
holes to cool the slot between adjacent vanes (Figure 2-6 and Figure 2-7). The number of holes 
in each row, geometric location, and angle of inclination  to the contoured shape profile is 
shown in Table 2-2. The cooling exit angle was measured from the tangent of the cooling exit 
point (Figure 2-7). All cooling air injections, except the TE cooling, were in the front part of 
the vane passage upstream of the throat. 
 

Figure 2-7: Cooling holes locations on the NGV (distorted view) 
 
Table 2-2 : Cooling geometric information 

Row x/cax Angle of holes as midspan,  [°] No. of holes 
SH1 3.3% 56.7 26 
SH2 0.89% 74.6 25 
SH3 0% 80.4 26 
SH4 0.77% 66.9 26 
SH5 3.4% 53 25 
SH6 9.1% 46.3 11 
PS1 77% 38.2 23 
SS1(2 rows) 19%, 23% 50.9, 59.3 24 and 23 
SS2(2 rows) 50%, 52% 42.3, 38.9,  23 and 22 
OPF(3 rows)   6, 4 and 9 
IPF(3 rows)   3, 11 and 3 
TE 100%   
 
In order to improve periodicity, plugging the slot cooling device was suggested. In general, 
each vane featured the full cooling system with all impingement cooling, internal cooling 
channels, film cooling, and TE cooling. The SH cooling and SS1 cooling lay in the first cavity 
whereas the SS2 cooling and PS1 cooling lay on the second and third cavity respectively. The 
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film cooling hole shape was cylindrical. The diameter of each film cooling hole was 0.0007 
m. A conventional matrix type cooling was used for the TE cooling. Due to proprietary rights, 
the internal cooling channel and details of TE cooling cannot be mentioned here. High bond 
adhesive bee wax sealing was used to seal cooling holes to investigate the influence of certain 
cooling patterns separately for various cooling configurations.  
 
2.2 Description of Rig, Cascade Arrangement and Measuring Equipment 

The ASC facility was designed to provide a test facility for different kinds of experimental 
investigations to improve the efficiency of modern gas turbines. It is installed at the Division 
of Heat and Power Technology at KTH Royal Institute of Technology, Sweden. A schematic 
representation of the air supply system in the wind tunnel room is shown in Figure 2-8. Air is 
supplied by a twin screw compressor which is powered by a 1 MW electric motor. An air 
cooler is used to cool the compressed air to 303 °K. Under these conditions, the maximum 
continuous air flow can be approximately 4.7 kg/sec at 4 bars, absolute pressure. The mass 
flow to the ASC facility is controllable by two inlet valves and two bypass valves. The 
exhaust part consists of one outlet valve and one exhaust fan, which can be used to adjust the 
outlet pressure to set the operating point. 
 

 
Figure 2-8: Schematic of the air supply system for the wind tunnel room 

 
As can be seen in Figure 2-9, the incoming air first enters the settling chamber, which consists 
of a honeycomb and five mesh screens in order to achieve a homogenous inlet flow. After the 
settling chamber, there is a straight circular section before the cross-sectional area changes 
from a circular shape to an annular sector shape in a first contraction. This contraction is 
followed by a changeable turbulence grid (for example, a parallel bar (pb) turbulence grid 
(Figure 2-10) or a fence Figure 2-11) that is used to obtain different prehistories (inlet profiles) 
upstream of the test section. The test section has an opening of 36°. The cascade consists of 
three airfoils (NGV−1, NGV0 and NGV+1) and two side walls (Figure 2-12). From previous 
tests of the turbine as part of a gas turbine unit, it was found that variation of static pressure 
over the radius downstream of the NGV from the hub to the casing did not exceed 2%, which 
is quite explainable for such NGV with a low blade height to mean diameter ratio and with 
tangential slope of vanes (Mamaev et al., 2013). Therefore, the experiment with constant 
static pressure at the exit could not change the flow pattern by an essential extent as compared 
with the real picture in the NGV. 
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(1) Inflow, (2) Settling chamber, (3) First radial contraction, (4) Turbulence grid, (5) Second radial 

contraction, (6) Test sector with NGVs, and (7) Outflow 

Figure 2-9: ASC arrangement 
 
 

 
 

Figure 2-10: Inlet history with parallel bar (pb) turbulence grid 
 
 

 
 

Figure 2-11: Inlet history with 20 mm fence
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Figure 2-12: Radial section view of the test section and outlet volume 
 
A fully automatic traverse mechanism (Appendix C) was used in the ASC to scan the 
upstream and downstream flow field. An axial cross-sectional view of the test sector is 
depicted in Figure 2-13. It shows the main locations where the measurements can be taken. An 
overview of various axial measuring locations based on Figure 2-13 is provided in Table 2-3. 
The inlet measuring plane is located at 55.7% cax,hub upstream from the NGV leading edge 
denoted by ‘1’ in Figure 2-13. The inlet total pressure was measured by a 3-hole cobra probe 
to achieve an inlet total pressure profile. The 3-hole probe was calibrated before the run in an 
in-house semi-open calibration rig. The inlet measuring plane was not used while traversing 
the downstream plane in order to avoid the upstream disturbance. Instead, the inlet total 
pressure was derived from the data monitoring at the settling chamber (psc) where a pitot tube 
was used to obtain the inlet total pressure. 

 
Figure 2-13: Axial section view of uncooled test sector through NGV0 
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Table 2-3 : Denomination and position of various locations 

 Location (reference at LE hub) Note 
Turbulence grid −264% cax,hub Location of turbulence grid 

1 −55.7% cax,hub Upstream traverse location 

2 107.1% cax,hub Downstream traverse location 

3 136.5% cax,hub Hub pressure taps 

 
A parallel bar turbulence grid with a midspan streamwise turbulence intensity of 1.5% (Pütz, 
2010), two different fences (15 mm and 20 mm height from the hub) and one no-grid 
condition were used for the inlet flow field measurements. However, for the LE contouring 
investigation, only the parallel bar turbulence grid and the 20 mm fence were used whereas 
for the external cooling investigations only a pb turbulence grid was used. The downstream 
probes were positioned in a plane at 107.1% cax, hub (position ‘2’ in Figure 2-13) downstream 
of the NGV0. The endwall pressure measurements were performed at the downstream hub 
(position ‘3’) by 9 pressure taps at 136.5% cax,hub downstream from the NGV leading edge in 
order to obtain the operating points. The downstream measurements were performed by a 5-
hole L-probe (tip diameter = 2.5 mm) (Figure 2-14) and by a 3-hole L-probe (tip diameter = 
0.6 mm) (Figure 2-15) which were calibrated for the Mach number range from 0.1 to 0.95 in 
the in-house semi-open calibration rig. For the LE contouring investigations, the surfaces of 
all three instrumented NGVs were equipped with pressure taps of 0.0004 m diameter 
perpendicular to the surface at a 25%, 50% and 75% span in order to measure the loading 
distribution. There was no pressure tap for the casted vane and only the 5-hole probe was used 
for the external cooling investigations. 
 
For the external cooling investigations, coolant was supplied from a 5m3 vessel pressurised to 
40 bar. Pressure regulators were used to reduce the pressure to approximately 9 bar, before the 
coolant air flowed into mass flow controllers that also measured the flow to each nozzle in the 
cascade. In addition CO2 was used as a coolant for tracer gas measurements. The CO2 coolant 
was supplied from gas bottles connected in parallel and then through pressure regulators and 
mass flow controllers calibrated for CO2. The gas was continuously sampled using the probe 
and directed to an Emerson NGA 2000 MLT analyser, which used non-dispersive infrared 
(NDIR) principles for measuring the CO2 concentration. The wavelength of the absorption 
band was used to characterise the type of gas and the strength of the absorption is proportional 
to the concentration. In addition to the trace gas measurements, the 5-hole probe (having the 
same dimension as the probe used to extract CO2) was used to capture the flow field when 
using CO2. 
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Figure 2-14: View of the 5-hole probe (Wiers, 2002)
 

 
 

Figure 2-15: View of the 3-hole probe (Bartl, 2010)
 
For a full area traverse with a 5-hole probe in the LE contouring investigations, there are 1170 
measuring points with 39 tangential and 30 radial steps (Figure 2-16) to capture between 6% 
to 96% span, whereas with a 3-hole probe there are 780 points with 39 tangential and 20 
radial steps to capture between 3% to 66% span. For the external cooling investigations, each 
downstream full area traverse represents 1443 measuring points with 39 tangential and 37 
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radial points between 6% and 96% span (Figure 2-17). In the area around NGV0, where the 
wake was expected, and close to the hub and casing endwalls the grid resolution was refined 
in order to capture the wake and secondary vortices (Figure 2-16 and Figure 2-17). 
 

 
Figure 2-16: Grid of measuring points for LE 

contouring investigations 
Figure 2-17: Grid of measuring points for 

external cooling investigations 
 
In Figure 2-16 and Figure 2-17 the horizontal axis represents the normalised pitch-wise 
location, whereas the vertical axis represents the normalised span. The black line starting 
from 0 to the upward direction represents the NGV0 TE projection on the downstream plane. 
Looking from the downstream, the left portion represents the SS and the right portion the PS. 
Flow and leakage tests were performed prior to final installation of the vanes in the test 
section. Some measurements were performed twice in order to ensure the repeatability of the 
measurements. Since both the baseline and filleted cases for LE contouring investigations and 
cooled cases for the external cooling investigations were performed using the same 
instruments, the relative error between the cases was expected to be low. The details of the 
measurement uncertainty and the post-processing are presented in Appendix A and Appendix 
C respectively. 
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3 QUALITY OF THE FLOW FIELD 

3.1 Inlet Flow Field 

The prehistory of the inlet flow is an aspect of the utmost importance to outlining the quality 
of the flow field. To investigate the effects of prehistories to the NGV, inlet total pressure 
measurements were performed using a 3-hole cobra probe for four different inlet conditions: a 
parallel bar (pb) turbulence grid, a 20 mm fence, a 15 mm fence and no-grid. However, for the 
LE contouring investigations, two inlet prehistories; pb grid and 20 mm fence were used in 
order to comprehend the aspects of inlet boundary layer thickness on the loss generation. 
Furthermore, since LE fillet design was based on inlet conditions from the parallel bar grid, 
investigations of two inlet prehistories provided the possibility to have two scenarios without 
changing the LE fillet design. For external cooling investigations, only the parallel bar 
turbulence grid was used for all the configurations due to having a better quality of inlet flow 
field compared to others. As can be seen in Figure 3-1 the total pressure loss up to the inlet of 
the LE (55.7% cax,hub upstream from LE), and the inlet profile is highly dependent on the 
turbulence grid. 

Figure 3-1: Inlet total pressure profile at 55.7% cax,hub upstream of the LE 
 
The pb turbulence grid had the highest pressure loss and the no-grid condition has the lowest 
total pressure loss. This was expected. This is due to the fact that in the case of the pb grid, 
the flow needed to pass through the gap between the bars and therefore, there was more total 
pressure drop due to friction, whereas in the case of the fences, the flow path was empty 
except for the region near the hub. In the no-grid condition, the flow path was completely 
empty. As a result, it was necessary to set a higher settling chamber pressure psc for the pb 
grid case compared with the fence and no-grid cases in order to secure the same operating 
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conditions. The pb turbulence grid produced the hub total pressure gradient of approximately 
8–10% of the span whereas the fence produced approximately 14–16% of the span. The inlet 
measurements were performed for different exit Mach numbers, which revealed that the 
normalised radial total pressure distribution did not vary with the operating point. It should 
also be mentioned here that the inlet total pressure did not vary tangentially (Pütz, 2010 and 
Roux, 2004) in this cascade. As can be seen in Figure 3-1, the hub boundary layer for both the 
pb grid and the fence shows a typical turbulent boundary layer profile. However, the 
normalised total pressure for measurements with the fences and no-grid showed an 
unexpected, unsymmetrical profile at the tip above 70% span. There was a strong decrease in 
velocity between 70% and 95% span for the fence and no-grid condition due to the nature of 
the upstream tip contraction with a sharp corner which might have caused a boundary layer 
separation resulting in a lower velocity (Pütz, 2010). 
 
3.2 Periodicity of Flow Field 

Since the test section consisted of only three vanes instead of a full annulus, the influence of 
the side walls can be expected. Of course, the flow in the outer passages was affected the 
most. The detailed study of the periodicity was performed by Pütz (2010) indicating that the 
rig has a good periodicity in the measured plane. In the present investigations, the periodicity 
of the flow field in the ASC was performed by installing the probe at midspan, hub and tip 
locations inline, towards the average exit flow angle. The traverse covered the three wakes of 
NGV0, NGV-1 and NGV+1 at three different spans: 25% span, 50% span and 75% span. To 
ensure a sufficiently high resolution, measurements were logged at 120 tangential positions. 
Figure 3-2 and Figure 3-3 depict the normalised total pressure and Mach number distributions 
for a cooled case at midspan which show that the periodicity was at a satisfactory level. 

 
 

Figure 3-2: Normalised total pressure distribution
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Figure 3-3: Mach number distribution
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4 LEADING EDGE CONTOURIONG STUDY (PAPER I & 
PAPER V) 

In LE contouring at the endwall with an enlarged fillet investigation, experimental tests were 
performed to observe the aerodynamic implications of the LE contouring at the hub endwall 
on aerodynamic losses, flow structure, secondary flow, and flow turning on a modern three-
dimensional NGV. Comparison was performed between the baseline case and the filleted case 
over a wide range of operating exit Mach numbers. However, the main conclusions regarding 
the performance of the vane were drawn from the reference operating Mach number (~ 0.9) 
since the rig was initially designed for Mach 0.89. 
 
4.1 Experimental Configurations in the Leading Edge Contouring Case 

The instrumented vanes with pressure taps and internal channels were manufactured using 
rapid prototyping technology called SLA. The pressure taps were both on the PS and the SS at 
25%, 50% and 75% of the span. The locations of the pressure taps were chosen from the CFD 
results (Gafurov, 2008 and Schäfer, 2009) in order to capture the interesting zone where high 
pressure gradients were expected. The NGV0 had 45 taps, the NGV-1 had 43 taps and 
NGV+1 had 29 taps. The NGV0 was equipped with pressure taps on the both suction and 
pressure sides. NGV-1 was only used for SS and NGV+1 was only used for PS. The flow and 
the leakage tests were performed prior to the final installation of the vanes in the test section. 
Due to a manufacturing error, some of the taps could not be used because they were blocked 
or leaked. The 5-hole probe and the 3-hole probe were used for the downstream traverse. The 
comparisons are based on the downstream aerodynamic losses, flow field and load 
distributions (Table 4-1). Some oil-flow visualisations were performed for qualitative analysis. 
Comparisons with CFD (by Mitrus, 2012) were performed for better interpretation of the flow 
physics. 
 
Table 4-1 : Measurement campaign for LE contouring investigations 

Run No. Configurations Miso Measurement
1 Baseline case + pb grid 0.9 Loading (25%, 50%, 75% span) 
2 Baseline case + pb grid 0.7 Loading (25%, 50%, 75% span) 
3 Baseline case + pb grid 0.5 Loading (25%, 50%, 75% span) 
4 Filleted case + pb grid 0.9 Loading (25%, 50%, 75% span) 
5 Filleted case + pb grid 0.7 Loading (25%, 50%, 75% span) 
6 Filleted case + pb grid 0.5 Loading (25%, 50%, 75% span) 
7 Baseline case + fence 0.9 Loading (25%, 50%, 75% span) 
8 Baseline case + fence 0.7 Loading (25%, 50%, 75% span) 
9 Baseline case + fence 0.5 Loading (25%, 50%, 75% span) 
10 Filleted case + fence 0.9 Loading (25%, 50%, 75% span) 
11 Filleted case + fence 0.7 Loading (25%, 50%, 75% span) 
12 Filleted case + fence 0.5 Loading (25%, 50%, 75% span) 
13 Baseline case + pb grid  0.9 Oil-flow visualisation 
14 Filleted case + pb grid  0.9 Oil-flow visualisation 
15 Baseline case + pb grid with 5HP 0.9 Area traverse 
16 Baseline case + pb grid with 5HP 0.7 Area traverse 
17 Baseline case + pb grid with 5HP 0.5 Area traverse 
18 Filleted case + pb grid with 5HP 0.9 Area traverse 
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19 Filleted case + pb grid with 5HP 0.7 Area traverse 
20 Filleted case + pb grid with 5HP 0.5 Area traverse 
21 Baseline case + fence with 5HP 0.9 Area traverse 
22 Filleted case + fence with 5HP 0.9 Area traverse 
23 Filleted case + fence with 3HP 0.7 Area traverse 
24 Filleted case + fence with 3HP 0.5 Area traverse 
25 Filleted case + fence with 3HP 0.9 Area traverse 
 
 
4.2 Load Distribution 

Loading distributions at different operating points provide valuable information about the 
streamlines, the aerodynamic force experienced by the streamline and the related surface 
forces on the pressure and suction surfaces. The loading distributions are typically displayed 
in terms of the normalised surface length (x/cax) to show the diffusion of the blade surface 
boundary layers. The isentropic Mach number (Roux, 2004 and Wiers, 2002), total pressure 
coefficient (Burd and Simon, 2000), static pressure coefficient (Mahmood and Acharya, 
2007a) as well as the absolute static pressure (Haselbach et al., 2002) can be used to present 
the loading distribution. Here, the local isentropic Mach number is used to evaluate the 
loading distributions using the following equation. 
 

2
1

1  

(10)

 
The local isentropic profile Mach number, calculated using the inlet free-stream total pressure 
p1 and surface static pressure ps, may be slightly higher than the actual Mach number, as the 
total pressure was not corrected for any potential shock loss. This consequence, however, was 
expected to be small due to the relatively low Mach numbers. The evaluated loading 
distribution cases presented in this thesis are summarised in Table 4-1. Run-1–6 provide 
information about the performance at different operating points (Miso3 = 0.9, 0.7 and 0.5) for 
the baseline and filleted cases using a pb turbulence grid (Paper I). Run-7–12 provide 
information about the performance at different operating points using the fence, giving 
information about the influence of the upstream flow field as well as the LE fillet (Paper I and 
Paper V). Figure 4-1 and Figure 4-2 show the load distribution along the profile for the pb grid 
and fence case respectively. The comparison is made in three different spans (25%, 50% and 
75%) for the baseline and filleted case. In general, the distributions showed a smooth velocity 
distribution without zones of intense deceleration. The low Mach number on the PS and the 
delayed acceleration increased the load on the front part of the vane, which is favourable from 
the loading point of view. As expected, kinks and abrupt changes in the acceleration or 
deceleration only occurred on the SS in the region of the highest velocity, which may result in 
a weak oblique shock wave and additional losses. There was no evidence of suction-surface 
flow separation from the experiments. This is due to the fact that, in the case of the flow 
separation, there should be a region of approximately constant static pressures, which were 
absent in the investigated cases. No major deviations were observed when comparing the 
baseline case and the filleted case using pb or fence as prehistory. The distributions of the 
three different spans showed the similar streamlining along the investigated height, although 
some small local variations did exist. 
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Figure 4-1: Profile Miso distribution at different spans for the baseline and filleted case at reference 
operating point Miso3 = 0.9 using a pb grid

 
 

Figure 4-2: Profile Miso distribution at different spans for the baseline and filleted case at reference 
operating point Miso3 = 0.9 using a 20 mm fence
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As can be seen from Figure 4-1 and Figure 4-2, there were some local variations for 25%, 50% 
and 75% span near the LE region and the regions of maximum velocity near the TE of the SS. 
For the 25% span case, the velocity tends to accelerate near the LE, which can be attributed to 
the use of the LE fillet, which accelerates the flow locally. This is due to the fact that the LE 
fillet created additional material, thus narrowing the passage cross-section. However, the fillet 
was only used up to a short distance from the LE, where the level of the velocity was low. As 
a result, it was hard to distinguish the effect at the 25% span. Unfortunately, it was not 
possible to measure the loading below a 25% span with the instruments used in the 
experiment. However, from CFD (by Mitrus, 2012), it is possible to see the effect of the LE 
contouring on the loading. The loading distribution at 10% and 5% span is illustrated in 
Figure 4-3 and Figure 4-4 respectively. To the left hand side of the blue lines in Figure 4-3 and 
Figure 4-4, the vanes are geometrically different due to the presence of the LE fillet. In order 
to see the downstream consequence of the fillet, where the vanes are geometrically identical, 
one needs to look at the right of the blue lines. As can be seen for 10% span and downstream 
of the LE fillet (Figure 4-3), there was approximately no effect of the fillet on the loading. 
However, the velocity increased in the suction side upstream of the blue line which can be 
attributed to the use of the LE fillet. On the other hand, the pressure side was unaffected by 
the LE fillet. In the 5% span (Figure 4-4), interesting phenomena can be found. The LE fillet 
influenced both the upstream and downstream of the fillet in the SS whereas no effect was 
found downstream of the fillet on the PS. The LE fillet increased the acceleration at the SS up 
to 10% of cax and then decreased the acceleration up to 40% compared to the baseline case. 
Therefore, looking at the overall load distribution from 0 to 40% of cax for the two 
investigated vanes at 5% span, the baseline case showed a more front-loaded profile. 
 

 
 

Figure 4-3: Profile Miso distribution at 10% span at the reference operating point (Miso3 = 0.9) from 
CFD (adapted from Mitrus, 2012)
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Figure 4-4: Profile Miso distribution at 5% span at the reference operating point (Miso3 = 0.9) from 
CFD (adapted from Mitrus, 2012)

 
Figure 4-5 shows the effect of the inlet conditions on the loading distribution at 25% span at 
Miso3 = 0.9. There was almost no difference in the loading distribution. This essentially 
implies that the loading distribution between 25% and 75% span was not affected by the inlet 
flow field. 

 
 

Figure 4-5: Profile Miso distribution at 25% span at the reference operating point (Miso3 = 0.9) using 
the pb grid and fence
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Figure 4-6 illustrates the effect on off-design performances at 25% span. Increasing the exit 
Mach numbers resulted in a more aft-loaded vane. Similar behaviour was found in the 50% 
and 75% spans. It should be indicated here that the peak Mach number position at the SS of 
the profile was equal for the different Mach numbers. The geometrical throat position of the 
investigated vane was 0.61 of cax. Therefore, the exit Mach number was higher than the throat 
Mach number. Additionally, the maximum velocity on the SS was close to the TE. Therefore, 
the secondary loss as well as the profile loss is expected to be at a low level for this cascade 
configuration. This is because at the turbine cascades 70–75% of all profile losses form in the 
back part of the profile during deceleration from highest velocity to exit velocity (Mamaev, 
2010). The impacts on the profile and the secondary loss are discussed in section 4.4. 
 

 
 

Figure 4-6: Profile Miso distribution at 25% span at different operating points 
 
4.3 Exit Flow Angle 

The exit flow angle (2) is one of the most important parameters that substantially affect the 
energy and kinematic characteristics of the turbine. It yields information about the turning of 
the flow, which is an important design criterion for a turbine vane or blade design. It is 
appropriate to mention here that for a blade design it is necessary to have a predetermined exit 
flow angle with a small energy loss. A lower value of the exit flow angle means higher 
turning according to the definition used in this thesis (Figure 2-2). Figure 4-7 and Figure 4-8 
illustrate the distribution of the area-averaged exit flow angles along the span.  
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Figure 4-7: Spanwise exit flow angle distribution at the reference operating point (Miso3 = 0.9)
 

 
 

Figure 4-8: Spanwise exit flow angle distribution at different operating points 
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exist in the secondary flow region. The curves showed a typical behaviour of first 
underturning and then overturning from the midspan towards the endwall. Close to the hub 
endwall the exit angle tended to underturn twice as can be observed from 5-hole probe (HP) 
measurement (Figure 4-7). As expected from the exit flow distribution, no significant 
difference was found by inserting the LE fillet. However, there was a major increase in 
turning below the 10% span when the fence was used instead of the pb turbulence grid. 
 
Figure 4-8 illustrates the compressibility effect on the exit flow angle distributions. 
Consequently, a similar nature was found in all the cases. Closer endwall values were 
obtained with the 3-hole probe (Figure 4-8) where overturning can be seen clearly. The 3-hole 
probe was used since it can almost reach the endwall (up to 3% span). One 5-hole probe result 
was also overlaid here to observe the effect of the probe on the results. As can be seen, there 
is a maximum difference of approximately 0.5° between the two probes. There was no 
significant difference found in the mainstream and secondary flow regimes when the Mach 
number increased from 0.5 to 0.7. However, the exit angle increased when the Mach number 
increased from 0.7 to 0.9 and the fence was used as a prehistory. When the pb grid was used 
to generate the flow prehistory, the exit flow angle increased with an increased exit Mach 
number (Paper I). It should be noted here that for a cascade where the throat Mach number 
(Mthr) is less than the exit Mach number (i.e. Mthr < M3), the exit flow angle decreases with a 
decrease in the exit Mach number (M3) and vice versa (Mamaev, 2000). The investigated 
cascade has this feature of Mthr < M3. 
 

4.4 Aerodynamic Loss 

Figure 4-9 shows a plot of mass-averaged kinetic energy loss coefficient ζ (including inlet 
boundary layer losses) from the hub endwall to the midspan for all geometries considered 
using Eq. 8. All loss coefficient values were normalised by a constant reference vane profile 
loss. As can be seen, all curves showed similar behaviour. Below 30% and above 70% (not 
shown in the figure since a fillet is only used in the hub endwall) of the span the secondary 
flow influence is apparent. Changing the turbulence grid caused a major change in the 
upstream flow field. However, when comparing the influence of the inlet field by changing 
the turbulence grid from the pb grid to the fence case in the baseline cases, one can see that 
the differences in the profile loss are negligible. Similar behaviour can be observed for the 
filleted cases using different inlet turbulence grids. However, changing the turbulence grid 
significantly affected the hub secondary losses. As expected, the pb grid showed lower hub 
secondary losses than the fence case for both baseline and filleted cases. This is due to the fact 
that the fence has a thicker inlet boundary layer compared to the pb grid, which increased the 
secondary losses. The pb grid decreased the secondary loss all the way from 20% of the span 
till the hub. When comparing the effect of the LE fillet with the baseline case, the secondary 
flow for the baseline case decreased from 20% to 13% of the span, and then increased below 
13% compared with the filleted case when the pb was used as a prehistory. As a result, the 
overall loss for the baseline case and the filleted case remained the same. The conclusion 
remains the same for the fence case as it did for the pb grid case. Therefore, it can be 
concluded that the upstream flow field history had a stronger impact concerning the 
generation of the secondary losses in the present case whether a fillet was used or not. Figure 
4-10 displays the compressibility effect on the secondary flow. 
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Figure 4-9: Mass-averaged kinetic energy loss distribution for different cases at reference exit Mach 
number (Miso3= 0.9)

 

 
 

Figure 4-10: Mass-averaged kinetic energy loss distribution at different operating points
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The 5-hole probe (HP) and 3-hole probe (HP) showed a slightly different nature in the 
endwall loss distribution most likely due to the wall proximity effects. The gradient of the 
kinetic energy loss coefficient was large in the zone below the 20% span. So, the uncertainty 
of the probe tip is a vital factor concerning the assessment of the losses in this region. The 3-
hole probe results indicate a decrease in the secondary loss with the increase of the Mach 
number from 0.5 to 0.7 between 20% to 6% span. 
 
4.5 Structure of the Flow 

4.5.1 Kinetic Energy Loss Distributions 

In order to indicate the loss location or the zone with total pressure loss, the kinetic energy 
loss coefficient was used and calculated using Eq. 8. Figure 4-11 and Figure 4-12 represent the 
kinetic energy loss coefficient distribution for the baseline and filleted cases, respectively, 
using the pb grid as a prehistory, at the reference operating Mach number Miso3 = 0.9. Figure 
4-13 and Figure 4-14 illustrate the loss coefficient distribution for the baseline and filleted 
cases respectively, using the fence as the prehistory. As described earlier, the black line 
starting from the ‘0’ represents the TE projection of the NGV0 and the SS is in the left portion 
and the PS is in the right portion of the core loss. The horizontal axis represents the pitchwise 
location. As the probe was traversed at 107.1% of cax, there was a minor positive shift in 
positive circumferential direction between the wake location and the vane trailing edge. 

 
 

Figure 4-11: Kinetic energy loss distribution for the baseline case using a pb grid at Miso3 = 0.9
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found between the hub endwall and the 25% span. Regarding the influence of the LE fillet, 
the maximum loss core (looking at the lower half flow field only) was observed at 
approximately 13% span for the baseline case (Figure 4-11) and at approximately 16% span 
for the filleted case (Figure 4-12) using the pb grid. A similar conclusion could be drawn for 
the fence case (Figure 4-13 and Figure 4-14). A closer investigation of the kinetic energy loss 
distribution of the flow near the endwall indicated a wider zone of the loss for the SS of the 
baseline case compared with the filleted case, using both a pb grid and fence. Unfortunately, 
the boundary layer flow could not be completely captured, as a certain safety clearance had to 
be kept between the probe head and the endwall. A certain distance from the wall to the probe 
head was also necessary to avoid the wall proximity effect (Treaster and Yocum, 1979). 

 
 

Figure 4-12: Kinetic energy loss distribution for the filleted case using a pb grid at Miso3 = 0.9
 
Regarding the influence of the prehistory, the sizes and locations of the secondary loss 
penetration depths and flow structure have altered by changing the inlet condition. Comparing 
the pb (Figure 4-11 and Figure 4-12) and fence cases (Figure 4-13 and Figure 4-14), it can be 
reported that the inlet condition can change the intensity and positions of the maximum loss 
core. For the cases with the fence as the prehistory, i.e. with higher inlet boundary layer 
thickness, the intensity of the maximum loss core increased compared to the pb grid cases. On 
the contrary, the pb grid cases shifted the main loss core circumferentially by about 3.5% of 
pitch compared to the fence case. This information is important for the downstream blade row 
which experiences the outlet flow from the NGV. However, the loss core did not change 
circumferentially for the baseline and filleted case with the same inlet condition. 
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Figure 4-13: Kinetic energy loss distribution for the baseline case using the fence at Miso3 = 0.9

 
 

Figure 4-14: Kinetic energy loss distribution for the filleted case using the fence at Miso3 = 0.9
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4.5.2 Vorticity and Flow Vector 

Vorticity () and velocity vectors are two important parameters for secondary flow analysis. 
The evaluation of the vorticity and the local flow vectors in the downstream plane flow field 
is based on the full area traverse data with the 5-hole probe measurement. The details can be 
seen in Appendix C. In the present investigation, the axial vorticity (x) was used for the 
relative comparison of the secondary vortices. Consequently, positive vorticity means a 
counter clockwise rotating vortex (seen from the downstream viewpoint) and vice versa. 
Using contour plots of vorticity, it is possible to identify and convey semi-quantitative 
information regarding the region with extreme vortices. Figure 4-15 and Figure 4-16 depict the 
contour plots of vorticity distributions in the downstream plane and the velocity vectors are 
overlaid near the secondary flow zone in order to see the influence of the LE contouring on 
various secondary flows and vortices using the pb as a prehistory. The 2D section of the 3 
NGVs has also been inserted in order to interpret various vortices. The interpretation of 
various vortices is based on the previous published secondary flow models, oil-flow 
visualisations and CFD (by Mitrus, 2012 and Alameldin, 2014).  
 

   
 

 
Figure 4-15: Vorticity and flow vector distribution for the baseline case using the pb at Miso3 = 0.9 
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Figure 4-16: Vorticity and flow vector distribution for the filleted case using the pb at Miso3 = 0.9 
 
Regarding the aspect of prehistory, Figure 4-17 and Figure 4-18 illustrate the contour plot of 
the vorticity distributions overlaid with the velocity vector in order to show the influence of 
an inlet prehistory with a thicker inlet boundary layer thickness. In general, the overall vortex 
structure was similar regardless of prehistory applied and by inserting the LE fillet. The 
nature in the endwall regions showed some particularities, as expected. In general focusing on 
the hub secondary flow zone, the PS leg of the HS vortex (counter clockwise positive vortex) 
originating from NGV+1 came to the SS of the NGV0 vane. The vortex either mixed with the 
endwall crossflow generating the well-known PV (counter clockwise rotation) (marked as 
“A” in the figures) and/or, together with the PV induced the corner vortices (clockwise 
rotation). The PV spread almost a full passage except for a small region close to the PS. The 
SS leg of the HS vortex from the NGV0 stayed right over the PV (marked as “D” in the 
figures), possibly interacting with the PV creating small vortices. At first glance, the SS leg 
was thought to be located right side of the PV which is denoted here as “B”. Afterwards, from 
the oil-flow visualisations (described in chapter 4.6) and CFD analysis (by Mitrus, 2012) it 
was confirmed that the SS side leg of the horseshoe vortex is located on top of the PV as it is 
denoted by “D”. The TE shed vortex (E) with the clockwise rotating vorticity was found in all 
of the cases. Due to interaction among the passage vortex (A), the SS leg of HS vortex (“D”), 
the TE shed vortex (“E”), and profile boundary layer, two counter-rotating vortices “B” and 
“C” could be seen as parts of “A” and “D”. It can be noted that the white regions in the plot 
are outside of the calibration range (± 24) of the angle measurement. A vortex centre of very 
three dimensional flows can be assumed in this area. 
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Figure 4-17: Vorticity and flow vector distribution for the baseline case using the fence at Miso3 = 0.9

 
 
Figure 4-18: Vorticity and flow vector distribution for the filleted case using the fence at Miso3 = 0.9 
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Regarding the influence of the LE fillet, as can be seen in Figure 4-15 and Figure 4-17, the 
clockwise rotating SS leg of HS vortex “D” was spread more circumferentially with a slightly 
higher intensity for the baseline case compared with the filleted case using both pb and the 
fence as a prehistory. However, the spanwise extension of vortices was slightly higher for the 
filleted case compared to the baseline case. This, therefore, indicates that the LE fillet shifts 
the position of the vortices. Comparing different prehistories, it was also found that the 
passage vortex intensity was higher for the fence case compared with the pb grid case, due to 
an increase in the thickness of the inlet boundary layer. 
 
4.6 Flow Visualisation 

A coloured dye oil-flow visualisation technique was used in order to obtain qualitative surface 
imprints of complex three-dimensional secondary flows inside the ASC. This simple method 
essentially yields valuable information about the location of the saddle point, recirculation 
zones and secondary flow phenomena. A mixture of viscous silicone oil, white titanium oxide 
power and ordinary pigment colour powder were used to make different colours. Based on a 
large number of photographs and through direct flow inspection during the experiment, some 
interesting flow phenomena were observed. Three runs were performed: the first one for the 
baseline case (Figure 4-19); the second one for the filleted case without putting oil in the LE 
fillet (Figure 4-20 ac); and the third one for the filleted case putting oil in the LE fillet 
(Figure 4-20 df). 
 

 
(a)  

(b) 

(c) 
(d) 

Figure 4-19: For baseline case using a pb grid: (a) initial oil spreading on LE, SS and PS endwalls of 
NGV0; (b) flow visualisation during operation; (c) view from upstream after operation and (d) view 

from downstream after operation
 

Separation line 
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(a) 

 
(b) 

(c) (d) 

(e) 
 

(f)  
Figure 4-20: For the filleted case using the pb grid: (a) initial oil spreading on LE, SS and PS 

endwalls of NGV0 (not on LE fillet); (b) flow visualisation during operation; (c) view from upstream 
after operation; (d) initial oil spreading on LE, SS and PS endwalls of NGV0 and LE fillet of NGV0; 

(e) view from upstream after operation and (f) view from downstream after operation 
 
After spreading the oil, the rig was assembled quickly and the flow was switched on for 
approximately 15–25 minutes at the design point, followed by additional time to dissemble 
the rig to obtain the pictures. A close observation during the run time revealed one interesting 
phenomena of an upward and downward flow near the endwall (marked as a black circle in 
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Figure 4-19 b) in the SS. This behaviour was found in the baseline as well as the filleted case 
(Figure 4-19 b and Figure 4-20 b). The SS leg of the HS vortex of NGV0 was pushed up by the 
PS leg of the HS vortex of NGV+1 or the PV.  
 
As can be seen for the baseline and filleted case, there was no major difference in the 
streamlines. However, a considerable difference was observed near the LE zone. The change 
around the LE zone for the filleted case was due to the insertion of the LE fillet. The baseline 
case showed a clear separation line (Figure 4-19c) forming a saddle point where the HS vortex 
separated into the SS and PS horseshoe vortices. However, for the filleted case, the saddle 
point was not noticeable. Another run was carried out where oil was spread over the LE fillet 
(Figure 4-20 d). Yet, the saddle point was not noticeable, leading to the conclusion that the LE 
fillet might decrease or shift the HS vortex, although the overall loss in the downstream plane 
was the same. 
 
The calculated velocity streamline (by Mitrus, 2012) illustrates the formation of the HS vortex 
by the separation lines and saddle point close to the hub endwall. There were some distinct 
differences found in the streamline distributions for the baseline (Figure 4-21) and filleted case 
(Figure 4-22). 
 

(a) 
 

(b) 

Figure 4-21: (a) Velocity streamlines and blade-to-blade cut at hub, and (b) vorticity contour for 
baseline case (adapted from Mitrus, 2012)

 

(a) 

(b) No HS vortex formation at LE plane 
 

(c) Legs of HS vortex on the fillet (0% cax,hub) 
 

Figure 4-22: (a) Velocity streamlines and blade-to-blade cut at hub, and (b and c) vorticity contour 
for filleted case (adapted from Mitrus, 2012)
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For the baseline case, the separation line was clearly visible with a saddle point and it was 
evident that the flow splits before the LE. The two legs of the HS vortex were clearly visible 
in the LE plane at 0% of cax,hub where the PS leg was counter clockwise and the SS leg was 
clockwise rotation. In the analysis of the filleted case (Figure 4-22) it was clearly seen that the 
flow did not split before the LE which was evidenced by the absence of a saddle point or 
separation line close to the hub just before the fillet. As a consequence, the streamlines were 
forced over the fillet and the HS vortex formed on the actual LE fillet. This is also illustrated 
in the vorticity contour plot in Figure 4-22 where there is no sign of vorticity at the LE plane 
of the filleted case. However, moving downstream over the fillet to the same plane as the LE 
plane of the baseline case, the two legs of the HS vortex are clearly seen. Therefore, it can be 
concluded that the fillet alters the formation of the HS vortex. However, the overall effect of 
the LE fillet on the development of the secondary loss was best realised when looking at the 
downstream plane where it showed that the overall influence of the LE fillet on losses and 
exit flow angles were not significant. 
 
4.7 Summary and Discussion 

The unique outcome of the experimental results with the LE contouring at the hub endwall 
with a dedicated, enlarged fillet concludes that an enlarged fillet at the vane's LE does not 
have an advantageous effect on the flow and energy losses when applied on the NGV. This 
can be explained by the fact that the baseline already had a built-in typical fillet. Therefore, 
the recommendation for the turbine designers regarding the use of the LE is that it is high 
likely that the LE fillet will not increase the efficiency of the turbine. Additionally, the use of 
the LE fillet further complicates the mechanical design and could increase the cost to a large 
extent. Moreover, for a NGV with a low secondary loss, any noticeable increase of the turbine 
efficiency could hardly be expected as a result of using a dedicated enlarged fillet. It can be 
added in conclusion that the secondary flow is an intricate phenomenon that depends on the 
flow prehistory to a large extent. Hence, the geometrical parameters of structural devices 
intended for reducing secondary losses are usually associated with the incident flow’s 
boundary layer thickness as it was performed in the present study. However, most frequently 
in a real turbine, the exact state of the incident flow is unknown and can vary depending on 
the operating modes. From the present investigations with different prehistory, it has been 
found that the vortices can shift depended on the inlet prehistory. In view of the specific 
features of the secondary flow, it is of utmost importance to simulate the exact state of the 
incident flow. One typical example can be provided on this matter (cited in Mamaev et al., 
2013): in Prümper (1972), it was proposed from linear cascade tests to use grooves on the 
endwall of blades to prevent overflow of fluid in the channel from the vane PS to the SS. 
Numerous experiments on different cascades were performed at Kuznetsov SNTK to obtain 
recommendations for optimum geometry of grooves. Afterwards, grooves with a width of 2 
mm and depth of 11.5 mm were incorporated in the design of nozzle guide vane of NK-8 
and NK-25 aircraft engines (the nozzle guide vanes have heights equal to approximately 100 
mm and 60 mm). The subsequent tests on a model stage and full-scale engines demonstrated 
that the use of grooves did not increase the efficiency. In view of above mentioned specific 
characteristics of the secondary flow, many well-known design features aimed at reducing 
secondary losses have not found in real design of turbine. In all likelihood, the use of LE fillet 
considered will have the same outcome. 
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5 EXTERNAL COOLING STUDY (PAPER II, PAPER III, 
PAPER IV, PAPER VI & PAPER VII) 

Experimental investigations were performed to observe the aerodynamic implications of 
external cooling on flow structure, secondary flow, flow turning and aerodynamic losses on a 
modern three-dimensional NGV. Additionally, CO2 was used as a tracer gas with the explicit 
intent of investigating platform cooling and secondary flow interaction (Paper II). The 
number of vanes and the cascade geometry were the same as during the investigations of the 
instrumented solid vanes that were used for the LE contouring investigations. However, the 
investigated cooled vane had different surface roughness, similar to a real engine vane surface 
without thermal barrier coating. To determine the actual geometric deviation between 
instrumented vane and cooled vane from the CAD, optical measurements were performed 
externally. As expected, higher deviation was found for the instrumented vane used in the LE 
contouring investigations compared to the cooled vane investigations (Appendix B). The 
temperature of the mainstream gas was 303 K and the coolant temperature was approximately 
293 K. 
 

5.1 Experimental Configurations in External Cooling Case 

For multiple injection stations, the cooling performance is not fully described with the BR and 
the MR, as they rely on the local mainstream conditions at each individual cooling location 
(Drost and Bölcs, 1999). To distinguish the strength of injection, however, the BR can simply 
be substituted with the mass-flux ratio Y, since the proportionality constant of both parameters 
is the area ratio of both flows (Drost and Bölcs, 1999). 
 

	 	

	 	

	

	
	 	 	

	
 

 
The relation between the KTH ASC rig condition and reference real engine conditions can be 
obtained by maintaining mass-flux ratio Y as a constant. 
 
YASC	 	Yref‐engine 

 

( 	 	

	 	
ASC = ( 	

	
ref-engine 

 
Geometry is the same for the KTH rig and the reference engine. This gives: 
 
( 	 	

	 	
ASC = ( 	 	

	 	
ref-engine 

 
BRASC	 	BRref‐engine 

 
Therefore, maintaining Y at the ASC rig and a reference engine will also maintain the BR at 
the ASC rig and the reference engine since the geometry is the same. Hence, if the 
investigated Y values are the same as for the reference engine, the results should follow the 
engine physics for Y as well as BR. However, the DR between the ASC rig and a real engine 
is different. Therefore, at constant BR for the ASC rig and the reference engine, the coolant 
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velocity at the ASC rig will be higher compared to the coolant velocity at the reference engine 
at similar mainstream velocities. 
 
Obtaining mass-flux ratios (Y = mc/mm) in the experimental environmental is easier compared 
to BR. Since air has been used as the working fluid for both the mainstream and the coolant 
with approximately the same temperature, the DR can be assumed to be one. Therefore, the 
value of BR gives the opportunity to obtain the velocity ratio between the coolant and the 
mainstream, for instance, if the BR is greater than one, the coolant velocity will be greater 
than the mainstream velocity. Physically, this may result in jet lift-off. If the coolant 
momentum is not too high, the coolant may re-attach. In this cooling break-down, there is a 
direct interaction between the coolant, the mainstream and the mixing of the neighbouring jets 
producing aerodynamic losses. An overview of a reference coolant share and BR for a fully 
cooled case is shown in Figure 5-1 and Figure 5-2. As can be seen in Figure 5-2, for a nominal 
case with Y = 7.75% (similar to the one used in the present investigation), the cooling share 
for various configurations are as follows: SH = 24%, TE = 17%, endwall platform = 30%, 
SS1 = 13%, SS2 = 11% and PS1= 5% (Utriainen, 2013). 
 

Figure 5-1: Distribution of the blowing ratio for Y = 
7.75% 

Figure 5-2: Share of cooling air for Y = 
7.75% 

 
As can be seen in Figure 5-1, among the SH cooling rows, SH2 cooling rows has the highest 
BR. For the nominal case, the BR is always more than unity except for the PS1 and SS2 
locations. The cooling air distribution system allows setting the cooling air mass flow. The 
DR between the coolant and mainstream is considered to be unity. A mass-flux ratio (Y) for a 
single vane was set based on the main mass flow passing through one single passage, derived 
from the total mass flow flowing through four passages of the ASC cascade and the total 
coolant mass flow. The single passage mass flow rate can also be derived from the 
downstream probe measurement. Y is defined as the ratio of the cooling mass flow and the 
inlet mainstream mass flow for a single passage. Since cooling was used before the throat, for 
any cooling configuration, except the TE cooling, the throat mass flow is a summation of the 
inlet mainstream mass flow and cooling mass flow whereas for the TE cooling cases the 
throat mass flow is only the inlet mainstream mass flow. 
 
For the cooled vane investigations, 33 different tests (Run-26 to Run-58) were performed with 
various Y values (Table 5-1). As can be seen in Table 5-1, there were five tests for both SH 
cooling (Run- 27–31) and TE cooling (Run-32–36). The influence of the SH and the TE 
cooling was presented in Paper VI. 
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Table 5-1 : Measurement campaign for external cooling investigations 

Run No. Configuration Mass-flux ratio (Y) Pressure ratio (pm/pc) 
26 Uncooled 0  
27 SH Y1, nom = 1.82% 0.93 
28 SH Y2 = 1.36% 0.96 
29 SH Y3 = 1.60% 0.95 
30 SH Y4 = 2.05% 0.91 
31 SH Y5 = 2.28% 0.89 
32 TE Y1, nom = 1.30% 0.83 
33 TE Y2 = 0.81% 1.11 
34 TE Y3 = 0.98% 1.01 
35 TE Y4 = 1.15% 0.91 
36 TE Y5 = 1.46% 1.51 
37 SS1 Y1,nom = 1% 0.86 
38 SS1 Y2 = 0.57% 1.02 
39 SS1 Y3 = 1.80% 0.61 
40 SS2 Y1,nom = 0.78% 0.95 
41 SS2 Y2 = 2.44% 0.67 
42 PS1 Y1,nom = 0.34% 1.02 
43 PS1 Y2 = 0.28% 1.04 
44 PS1 Y3 = 0.88% 0.806 
45 SH4 Y1, nom = 0.32% 1.02 
46 SH4 Y2 = 0.23% 1 
47 SH4 Y3 = 0.40% 0.96 
48 SH4 Y4 = 0.65% 0.88 
49 SH4 Y5 = 0.49% 0.94 
50 SH4 Y6 = 0.57% 0.93 
51 Fully cooled Y = 8.22% 0.75 
52 3 NGVs profile cooled Y = 5.12% 0.84 
53 NGV0 profile cooled Y = 5% 0.84 
54 Hub platform cooled Y = 0.5%  
55 Hub platform cooled with CO2 

matching BR 
Y = 0.5%  

56 Hub platform cooled with CO2 
matching MR 

Y = 0.6%  

57 Hub platform cooled with CO2 
matching BR with concentration 
probe 

Y = 0.5%  

58 Hub platform cooled with CO2 
matching MR with concentration 
probe 

Y = 0.6%  

 
There were three tests for the SS1 cooling (Run- 37– 39), two tests for the SS2 cooling (Run- 
40–41) and three tests for the PS1 cooling (Run- 42-44). The influence of the SS and PS 
cooling was presented in Paper III. One row of the shower head cooling (SH4) was also 
investigated (Run: 45–50) in order to see the influence one row of the SH cooling. Run-51 to 
53 refer to the cooled cases where Run-51 was for the fully cooled case in which both the 
profile and endwall platform were cooled. For Run-52, both endwall platforms were plugged 
for the three NGVs while the profile cooling remained open. For Run-53, the endwalls of 
NGV0 were plugged while the profile cooling remained open; in the neighbouring vanes 
(NGV+1 and NGV−1) all the surfaces were plugged. In the fully cooled case (Run-51), the 
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pressure ratio was 0.75 whereas for only profile cooled cases (Run-52 and Run-53) the 
pressure ratio was 0.84. The aim of Run-52 and Run-53 was to see the effect of the 
neighbouring vane on the profile loss and the Run-51 and Run-52 (and Run-53) was to see the 
influence of the profile and platform cooling and presented in Paper IV. Run-53 to 58 provide 
the influence of platform cooling on the secondary flow using tracer gas CO2 as the coolant 
and was presented in Paper II. Paper VII compiles all the individual profile cooled cases and 
the fully profile cooled case (Run-52) and investigates the applicability of loss superposition. 
 
Before individual cooling investigations, some comparative experiments were performed to 
justify the approach: injection of the cooling with all three vanes and only one middle vane 
(NGV0). The experiment showed a weak influence of adjacent vane cooling in the midspan 
region (Figure 5-3 and Figure 5-4) providing the possibility of using only NGV0 for further 
investigations. This result was expected since typically the cooling air was discharged through 
the profile surface which only enveloped the blade profile without influencing the 
neighbouring vane. This also justifies the possibility of studying the flow with only one vane 
cooled keeping the neighbouring vane uncooled. This simplifies the study to a large extent. 
Therefore, in the present investigations only NGV0 was used with various cooling 
configurations where each configuration was investigated independently. 

 
Figure 5-3: Total pressure distribution at 

midspan 
Figure 5-4: Mach number distribution at 

midspan 
 
Figure 5-5 shows the vane loading distribution at 25% span overlaid with the location of 
cooling holes to see the influence of the local flow velocity for the uncooled vane. It should 
be noted that the stagnation line for the cooled vane changes due to coolant insertion 
compared to an uncooled vane. From heat transfer measurements with a scaled vane 
(Utriainen, 2013), and from oil-flow visualisations, it is known that the stagnation line for the 
cooled vane is in between the SH2 and SH3 rows (Figure 2-7). Therefore, the injected cooling 
through the SH4 row basically flows on the SS (Figure 2-7). Analysing the locations of the 
cooling holes, it was found that most of the coolant was directed towards the SS. As can be 
seen in Figure 5-5 , the farthest suction side SH cooling row (SH6) experiences a profile 
isentropic Mach number of approximately 0.3, whereas the other suction side SH cooling 
rows have Mach numbers between 0.1 and 0.2. A constant radial distribution of the coolant 
flow can be assumed since the profile Mach number distributions along various radii were 
found similar for the uncooled instrumented vane (Figure 4-6). Furthermore, the static 
pressure of the coolant air at the hole-exit is assumed to be the same as the profile static 
pressure based on the finding from Kiock et al. (1985) and Roux (2004) mentioning 
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negligible influence of the cooling air injection on the profile pressure distribution. 
Nevertheless, it is still an open research question regarding how the cooled vane’s static 
pressure profile would be with a large coolant flow. It might increase the surface static 
pressure especially near the SH cooling. 
 

 
 

Figure 5-5: Vane profile loading distribution
 
5.2 Exit Flow Angle 

Figure 5-6 shows the area-averaged exit flow angle distribution downstream for all nominal 
cases. Figure 5-7–Figure 5-12 illustrate different cooling configurations with various injection 
rates. Table 5-2 summarises the values of exit flow angles from 6%–96% span for all nominal 
cases. In general, a very similar trend of exit flow angle distributions was found for all cases 
with a higher turning close to the upper midspan zone (50%–70% span) and lower turning 
close the lower midspan zone (30%–50% span). The average value of the exit flow angle 
around the midspan zone (30%–70% span) was approximately 15.9°, 15.9°, 16°, 15.9°, 16° 
and 16.1° for the uncooled, the SS1 cooled, the SS2 cooled, the PS1 cooled, the SH cooled 
and the TE cooled case respectively, at a nominal condition. There are fluctuations for both 
SH and TE cooling around the midspan zone. The cooling air injection through the SH for Y < 
2.05% (Figure 5-7), through suction sides SS1 (Figure 5-10) and SS2 (Figure 5-11) and 
through the pressure side PS1 (Figure 5-12) weakly influenced the exit flow angle. Therefore, 
it can be assumed that the coolant acts as a replacement of the mainstream gas as they are 
injected before the throat for the suction side, pressure side and shower head (for Y < 2.05%) 
cooling. 
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Figure 5-6: Spanwise exit flow angle distribution at nominal conditions 
 
Table 5-2 : Integrated exit flow angle for different configuration at nominal injection rate  

Configurations Y Profile 2 
(30–70% span) 

Hub 2 
(6–30% span) 

Tip 2 
(70–96% span) 

Uncooled 0 15.9 17.6 17.3 
TE 1.30% 16.1 17.7 17 
SH 1.82% 16 17.6 17 
SS1 1% 15.9 17.7 17 
SS2 0.78% 16 17.8 16.9 
PS1 0.34% 15.9 17.6 17.1 
 
 
On the contrary, the cooling air injection through the TE increased the exit flow angle by 
0.3°–0.4° in the upper midspan zone for the nominal case as well as other cases (Figure 5-8). 
The exit flow angle also increased in the lower midspan zone (30%–50%) for the TE and SH 
cooling though the increase was lower compared to the upper midspan zone. An increase of 
the exit flow angle for the TE cooling was expected if an increase in the gas flow rate and loss 
coefficient in the section from the throat to the cascade outlet was taken into account in the 
calculations. The influence of the TE and other cooling cases on the exit flow angle can be 
calculated from the mass conservation equation. 
 
 
At the cascade throat section: 
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At the exit section 2: 

 
sin  or, sin  (12)

 
Here 2 is the velocity coefficient defined as 2= u2 / u2iso. Considering the TE cooling for u2is 
being constant, the mass flow m2 = mthr + mc will be increased (usually mthr ≈ constant for 
various coolant flow mc), the coefficient φ2 will be decreased because of additional losses, and 
gas density ρ2 will be decreased due to an increase of the temperature T2, again due to 
additional losses. Therefore, the exit flow angle increases (Eq. 12). Figure 5-8 compares the 
exit flow angles for TE cooling cases. As can be seen, the cooling air injection through the TE 
in all cases leads to an increase of the midspan exit flow angle. On the other hand, considering 
the SH, SS1, SS2 and PS1 cooling cases for uiso,thr and u2iso being constant, m2 = mthr will be 
slightly decreased because of additional losses in the segment from row inlet to the throat of 
the cascade. Hence, the velocity coefficient and the density will be slightly decreased. 
Therefore, the exit flow angle is almost constant or weakly increased (Eq. 12). Since cooling 
was inserted before the throat, the cooling air actually acted as a mainstream gas replacing the 
mainstream air. As a result of all cooling injection, the increase in the exit flow angle that was 
observed in the cooled case (Figure 5-6) is mainly due to the injection of the coolant through 
the TE. 

 
 

Figure 5-7: Spanwise exit flow angle distribution for various SH cooling cases 
 
However, for the SH cooling of Y values higher than the nominal Y, the angles decreased 
along the midspan zone by ~ 0.2° whereas for Y values lower than the nominal Y, the angles 
are insensitive to the coolant (Figure 5-7). The reason for decreasing exit flow angle for Y > 
2.05% is still open research question. To reinforce this point, only one row of the SH denoted 
by SH4 was investigated. Interestingly, cooling through the SH4 row also tends to decrease 
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the exit flow angle (Figure 5-9). The SS1 cooling (Figure 5-10), the SS2 cooling (Figure 5-11) 
and the PS1 cooling (Figure 5-12) show a negligible effect on the exit flow angle. This, 
therefore, indicates that the coolant basically acts as if it replaces the mainstream gas. 
 
Increased values of exit flow angles, compared to midspan exit angles, were observed in the 
zone of the secondary flow in all studied cases. Higher exit flow angles are observed in the 
hub region compared to the tip region. Typical underturning and overturning flow phenomena 
were clearly observed in the tip secondary flow zone whereas in the hub zone the 
underturning appears twice. The underturning and overturning phenomena are due to 
interactions of various vortices in the secondary flow zone. In general, the influence of 
coolant on the exit flow angle in the secondary flow zone was weak even for the TE cooling. 
As can be seen in Figure 5-7, the exit angle decreased slightly for all SH cooling cases along 
the hub secondary flow zone. The exit flow angles remained insensitive for Y < 2.05% and 
decreased for Y > 2.05% in the tip secondary flow zone. For the SH cooling with Y > 2.05%, 
there was a sudden increase in turning around 30% of the span. This could be a sign of the 
coolant and secondary flow interaction. Similar trend was found for the SS1 case with Y = 
1.8% (Figure 5-10). For the TE cooling (Figure 5-8), the SH4 cooling (Figure 5-9) and the PS1 
cooling (Figure 5-12), the exit flow angles did not change significantly in the secondary flow 
zone. However, the SS2 cooling with a high Y decreased the exit flow angle in the tip 
secondary flow zone. It should be noted here that incorporating endwall flow might influence 
the secondary flow zone. It should also be mentioned here that although the difference in the 
exit flow angle was small in regards to the accuracy of the angle measurement (± 0.6°), the 
conclusions drawn above are still valid considering the relative error which is much lower 
than ± 0.6°. 

 
 

Figure 5-8: Spanwise exit flow angle distribution for various TE cooling cases 
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Figure 5-9: Spanwise exit flow angle distribution for various SH4 cooling cases 

 
 

Figure 5-10: Spanwise exit flow angle distribution for various SS1 cooling cases 
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Figure 5-11: Spanwise exit flow angle distribution for various SS2 cooling cases 

 
 

Figure 5-12: Spanwise exit flow angle distribution for various PS1 cooling cases 
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5.3 Aerodynamic Loss With Coolant Injection 

The overall loss using mass averaging is presented in the spanwise direction in order to 
explore various features of the loss for different external cooling configurations. Figure 5-13 
shows the mass-averaged kinetic energy loss coefficient for all nominal cases. All loss 
coefficient values were obtained using Eq. 7 and the mass-averaged loss coefficients were 
normalised by a constant uncooled reference vane profile loss. Table 5-3 shows the integrated 
values of losses around midspan (30%–70% span), hub (6%–30% span), and tip (70%–96% 
span) for all investigated cases. 

 
Figure 5-13: Mass-averaged kinetic energy loss distribution at nominal conditions 

 
The following observations can be drawn from Figure 5-13: 
 
 Comparing the uncooled case with the cooled case, the profile loss for the cooled case 

is approximately 1.8 times higher than that of the uncooled case due to the external 
cooling. The amount of loss due to the external cooling indicates a clear impact on the 
mixing loss. Although, the act of cooling insertion is normally performed in a way that 
the coolant follows the boundary layer streamlining, in practice, however, it is 
impossible to perform the task and this results in various cooling injection angles 
(Table 2-2). Due to various injection angles, the cooling air acts as a blockage 
producing two counter-rotating vortices and thereby, produces losses.  

 The behaviour of the loss around the midspan zone fluctuates substantially over the 
span for the cooled vane case. The feature is originated mainly from the fluctuations 
of the TE cooling and the SH cooling. Therefore, taking only one or two span 
measurements for the profile loss calculation will lead to an incorrect interpretation of 
the profile loss. This is due to the fact that the radial injection angle (proprietary data) 
varies along the spanwise direction for various SH cooling rows. For the TE cooling, a 
matrix type of cooling scheme was used and coolant was injected discretely and there 
was not enough time to mix-out fully until the traverse measurement plane. 

 The profile loss share for various nominal cooling cases is as follows in descending 
order: the TE cooling, the SS1 cooling, the SH cooling, the SS2 cooling, the SH4 
cooling and the PS1 cooling. The outcome indicates that the loss is sensitive to the 
location of the cooling insertion and the injection angle. The TE cooling appears to be 
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the highest contributor to the losses among the various cooling types although the 
amount of cooling is not the highest for the TE cooling. Therefore, the decrease in 
loss, in the presence of the TE cooling by filling the wake with high momentum fluid 
that is sometimes mentioned in literatures (Deckers and Denton, 1997, and Kapteijn, 
1996) was not observed here. As a matter of fact, the TE cooling was inserted in 
highly sheared regions (zone of velocity deficit) creating more mixing losses. On the 
contrary, the SH cooling appears to be less sensitive to the loss taking into account the 
amount of cooling insertion. In general, the SS showed higher loss quantity compared 
to the PS cooling. This satisfies the well-established fact that the coolant loss is 
directly proportional to the square of the mainstream velocity (Venediktov, 1990 and 
Mamaev, 2012). As a matter of fact, the amount of the losses due to cooling depends 
on the mainstream velocity (Figure 5-5) at the insertion point as well as the cooling 
injection angle (). Interestingly, the SS1 cooling provides a higher loss compared to 
the SS2 cooling although the mainstream velocity in the SS2 case is higher compared 
to the SS1 case (Figure 5-5). This is due to the fact that the SS1 cooling has a 
significantly higher mass-flux ratio compared to the SS2 cooling. Additionally, the 
position of the cooling holes at the SS1 case is at a higher curvature zone very close to 
the LE. The average injection angle was higher for SS1 case (55.1°) compared to the 
SS2 case (40.9°) resulting in a lower blockage effect for the SS2 case compared to the 
SS1 case. As expected the PS1 cooling had a weak influence on the profile loss. 
Losses due to the SH4 cooling were of similar quantity as the PS1 cooling although 
mainstream velocity was higher for the PS1 cooling (Table 5-3). The outcome is a 
combined effect of the mainstream flow velocity and injection angle. 

 
Figure 5-14–Figure 5-19 illustrate the loss comparison of various SH cooling, TE cooling, SS1 
cooling, SS2 cooling, PS1 cooling and SH4 cooling respectively. The following main 
observations can be drawn from the figures: 
 
 Figure 5-14 shows the loss distribution for various SH cooling cases. The values of 

profile losses increased with the increase of the coolant flow although the gradient of 
the loss increase with the increase of Y was less. Moreover, the profile loss was less 
sensitive to Y values of over 1.36% in the upper midspan zone (50%–70% span). This 
is due to the increase of local total pressure for the high injection of the coolant flow 
which could increase the downstream local total pressure. Furthermore, the SH 
cooling was injected in a small mainstream velocity zone before the throat. Hence, the 
injected coolant acted as if it replaced the mainstream gas. 

 For the TE cooling, a continuous increase of the profile loss was observed with 
increasing Y values (Figure 5-15). At the lower range of the TE cooling (Y = 0.81% 
and Y = 0.98%) the gradient of loss increase with respect to Y was low. There was a 
steep increase in loss from Y = 1.30% to Y = 1.46%. The gradient of loss increase with 
respect to Y was also very high compared to other cases and especially compared to 
the SH cooling. 

 Figure 5-16, Figure 5-17 and Figure 5-18 illustrate the effect of the mass-flux ratio on 
the aerodynamic loss for the SS1 cooling, SS2 cooling and PS1 cooling cases 
respectively. As can be seen, with the increase of Y, the profile loss increased. The 
influence of the suction side cooling was found to be higher compared to the pressure 
side cooling. Additionally, the influence of the SS1 cooling on losses was found to be 
slightly higher compared to the SS2 cooling. This is due to the fact that the SS1 
cooling rows were positioned at high curvature zones with high injection angle 
compared to the SS2 cooling rows. 
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Figure 5-14: Mass-averaged kinetic energy loss distribution for various SH cooling cases

Figure 5-15: Mass-averaged kinetic energy loss distribution for various TE cooling cases

 
Figure 5-16: Mass-averaged kinetic energy loss distribution for various SS1 cooling cases
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Figure 5-17: Mass-averaged kinetic energy loss distribution for various SS2 cooling cases

Figure 5-18: Mass-averaged kinetic energy loss distribution for various PS1 cooling cases

 
Figure 5-19: Mass-averaged kinetic energy loss distribution for various SH4 cooling cases
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 Figure 5-19 shows the influence of the SH4 cooling on losses. As can be seen, the 
influence of the SH4 cooling was insignificant compared to other cases. The influence 
was similar to one found in the PS1 cooling although the SH4 cooling was at a low 
free-stream velocity zone. 

 
From various cases it was revealed that the distribution of the profile loss varies with different 
types of cooling. Two parameters are responsible for this gradient assuming the DR is unity: 
the value of free-stream velocity or Mach number and location and orientation of the coolant 
hole. This is due to the fact that the location of the cooling hole varied for various cases. 
Hence, free-stream velocity at the cooling location varied from case to case which can be seen 
in Figure 5-5. Moreover, the angle of the coolant injection varied to a large extent. In order to 
see the influence of the injection angle with a similar mainstream velocity, few cases can be 
chosen from the experimented cases and compared. Table 5-3 presents the value of integrated 
normalised aerodynamic loss coefficients for different values of the coolant injection rate at 
midspan (30%–70%), hub (6%–30%) and tip (70%–96%) location. The integrated values 
were normalised with an uncooled reference vane profile loss. From Table 5-3 and Figure 
5-20, it is found that at the nominal cooling, the profile loss increased by 32% for the TE 
cooling (with Y1,nom = 1.30%), 20% for the SH cooling (with Y1,nom = 1.82%), 23% for the SS1 
cooling (with Y1,nom = 1%), 12% for the SS2 cooling (with Y1,nom = 0.78%), 2% for the PS1 
cooling (with Y1,nom = 0.34%) and 5% for the SH4 cooling (with Y1,nom = 0.32%) compared to 
the uncooled case profile loss. In these experiments, the traverses were limited to the region 
between 6% and 96% span due to the limitation of the geometry of the probe head. Hence, the 
losses measured do not include all the losses due to the endwall boundary layers, and hence 
the hub and tip losses are underestimated. However, the relative increase in losses due to the 
different cooling geometry is accurate and relevant. 
 
From Table 5-3 , it is found that tip secondary loss was about 30% of the uncooled vane 
profile loss whereas hub secondary loss was about 51% of the uncooled vane profile loss. 
Hence, the hub secondary loss is higher compared to the tip secondary loss for the 
investigated vane. This is most likely due to the use of the tip endwall contouring. Table 5-3 
represents Figure 5-20–Figure 5-22 in a graphical manner in order to find the trend of losses 
for various cases. As can be seen in Figure 5-20, the distribution of the profile loss with 
respect to Y varied with different type of cooling. For the SH cooling, the trend of loss 
increase with respect to Y had the least influence compared to other cooling. This indicates an 
important finding with the SH cooling that it has lower aerodynamic penalty compared to 
other cooling. Additionally, the SH cooling is beneficial for the exit angle point of view. 
Therefore, if necessary for the cooling heat transfer side, more coolant can be injected through 
the SH row with a low aerodynamic penalty for the investigated vane. The TE cooling 
appears to be less influential for Y < 1%. However, as the Y increases over 1%, the loss 
increased sharply. The trend indicates that for Y> 1.5, the loss will be the highest for the TE 
cooling. 
 
From Figure 5-20, it is possible to see whether there is a difference if the coolant air is ejected 
early on the SS (for example the SH4 cooling with Y = 0.32% and pressure ratio 1.03) or late 
on the PS (for example the PS1 cooling with Y = 0.34% and pressure ratio 1.03) with a similar 
mass-flux ratio. The loss value was similar for both cases (Table 5-3 and Figure 5-20). The 
geometric difference between the SH4 and PS1 cooling row is that the angle of injection for 
the SH4 row was 66.9° whereas for the PS1 row was 38.2°. This indicates that the coolant 
flow was more aligned towards the mainstream for the PS1 cooling compared to the SH4 
cooling. On the other hand, flow difference was that the mainstream Mach number for the 
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PS1 cooling was approximately 0.31 whereas for the SH4 cooling approximately 0.14. This 
means that the coolant for the SH4 row was injected into a smaller mainstream velocity zone 
resulting in smaller mixing loss. The influence of the injection angle and coolant location 
local free-stream velocity on losses cancels each other. Comparing case SS1 (with average 
injection angle ~ 54°) and SH4 (with injection angle 66.9°) at similar Y, for example Y = 
0.57%, the loss value was found to be similar for both cases although the mainstream flow 
velocity was higher for the SS1 cooling compared to the SH4 cooling. This indicates that for 
the lower range of mainstream flow locations, the amount of cooling dictates the loss and 
location of the cooling hole and the injection angle has less influence. However, as Y 
increases, the trend changes for various cooling.  
 
Table 5-3 : Integrated loss coefficient (ζ/ζref) at different injection rates 

Configurations Y Profile loss 
(30–70% span)

Hub secondary loss 
(6–30% span)

Tip secondary loss 
(70–96% span)

Uncooled 0 1 0.51 0.30 
 
 
TE 

1.30% 1.32 0.46 0.24 
0.81% 1.09 0.38 0.16 
0.98% 1.15 0.44 0.17 
1.15% 1.25 0.39 0.20 
1.46% 1.44 0.36 0.29 

 
 
SH 

1.82% 1.20 0.40 0.22 
1.36% 1.12 0.38 0.14 
1.60% 1.18 0.37 0.17 
2.05% 1.21 0.40 0.21 
2.28% 1.26 0.38 0.16 

 
SS1 

1% 1.23 0.45 0.08 
0.57% 1.1 0.47 0.1 
1.79% 1.65 0.43 0.15 

SS2 0.78% 1.12 0.35 0.07 
2.44% 1.78 0.39 0.24 

PS1 0.34% 1.02 0.56 0.13 
0.28% 1.03 0.53 0.12 
0.88% 1.16 0.49 0.14 

 
 
 
SH4 

0.32% 1.05 0.47 0.19 
0.23% 1.02 0.48 0.24 
0.40% 1.04 0.40 0.26 
0.65% 1.14 0.35 0.33 
0.49% 1.08 0.37 0.33 
0.57% 1.10 0.31 0.40 

 
Figure 5-21 shows the tip secondary loss with the change of Y. All cases, excluding the SH4 
cooling, decreased the tip secondary loss compared to the uncooled case tip secondary loss. A 
general trend of increasing tip secondary loss was found with the increase of Y excluding the 
SH cooling although the value was still lower than the uncooled tip secondary loss. Figure 
5-22 depicts the hub secondary loss for various cooling features. As can be seen, the hub 
secondary loss decreased for all cooling cases except the PS cooling compared to the 
uncooled hub secondary loss. The hub secondary loss was not significantly influenced by the 
PS1 cooling. There was no general trend found regarding the influence of Y on the hub 
secondary loss. The SS2 and SH cooling have the similar secondary flow influence for the 
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hub and tip region (Figure 5-21 and Figure 5-22). The nature of secondary flow losses for the 
SH4 cooling was found to be opposite in the hub region compared to the tip region. 

 
 

Figure 5-20: Profile loss generation at mid-section

 
 

Figure 5-21: Secondary loss generation at tip-section
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Figure 5-22: Secondary loss generation at hub-section
 
It should be noted here that there was no cooling at the platforms or endwall. Therefore, the 
conclusions regarding the secondary losses drawn above are true only without platform or 
endwall cooling. Sieverding (1981), Yamamoto (1991) and Friedrichs (1997) indicated that 
the cooled injection into the secondary flow will cause a massive interaction of the fluid 
flows. However, Bario (1989) reported that the endwall air injection can weaken the 
secondary flow. Nonetheless, the outcome from the present investigations can provide the 
turbine designer an indication of the expected loss if certain cooling rows are needed to be 
added or deleted. 

5.3.1 Applicability of Superposition 

The outcome of the loss of the individual cooling configuration can be added together in order 
to see the applicability of the loss superposition due to the cooling injection. Experiments 
have shown that the overall impact of various cooling configurations at nominal cases on the 
profile loss is approximately equal to the sum of influence of each individual configuration 
(Table 5-3). The small difference (0.002 as absolute value) is due to the fact that the 
summation of Y for each configuration (∑Yi = 5.23%; i: various cooling cases) is slightly 
higher than the cooled case Y (Y = 5.12%). This reveals that the superposition principle can be 
used for cooling loss estimations. Results also indicate that the external cooling has a weak 
mutual interaction from various cooling features. Knowledge of the effects of such a 
superposition is extremely important for the turbine designer. Additionally, the results 
obtained from the present investigations conclude that the superposition cannot be used in the 
secondary flow zone. This indicates that there is mutual interaction between various cooling 
configurations and the secondary flow. 
 

0 0.5 1 1.5 2 2.5

0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

Mass−flux ratio, Y [−]

ζ h
u

b
/ζ

 r
ef

 [
−]

 

 

SS1

SH

SS2

TE

PS1

SH4



Doctoral Thesis / Ranjan Saha                                                                               Page 79 

5.4 Structure of the Flow 

5.4.1 Total Pressure 

The flow field can be analysed with the total pressure field. To illustrate the total pressure 
field, a total pressure coefficient (cp) is used and it is defined as follow: 
 

,

,
 (13)

 
As a matter of fact, cp is a measure of the total pressure loss considering constant inlet total 
pressure (generally taken as the midspan total pressure). Figure 5-23 depicts contour plots of 
the total pressure coefficient for the uncooled case and various cooling cases with the 
maximum investigated Y value for each configuration in order to indicate the extreme effect 
of the cooling on the flow field. A strong decrease in the total pressure was observed near the 
wake around the TE as well as near the hub and casing endwall zones for all the cases. The 
total pressure field for the uncooled vane indicated a distinct border of the profile loss (30%–
70% span) and the secondary loss (remaining span). The cooled case showed a distinct 
change in the wake features widening the width of the wake, fluctuating wake along the span 
mostly on the PS, and increasing the total pressure deficit to a larger extent. Changes in the 
wake region caused by the external cooling appear as several separated stronger vortices 
indicating strengthening of the wake thickness compared to the uncooled case. The reason is 
the shear layer between the PS and SS flow. With cooling, this shear layer is further 
increased. The feature of the cooled vane can be described taking each cooling configuration 
separately. 
 
As can be seen in the cooled case, there was a fluctuation all along the span on the PS of the 
wake. Analysing all cases, it is found that only for the TE cooling the total pressure field has 
random fluctuation close to the PS wake location along the full span. This feature was visible 
in all TE cooling cases (not shown here). This feature notifies that the wake shape was 
affected on the PS of the wake for the TE cooling due to the inclination of the TE cooling slot 
with a finite number of holes. The PS1 cooling and SH4 cooling had similar nature of the total 
pressure field as the uncooled case. These results indicate that the PS1 and SH4 cooling has a 
weak influence on the wake structure. For the SH cooling, the wake structure in the 
mainstream was similar to the uncooled case except for slight fluctuations on the SS along the 
span. The SS1 and SS2 cooling influences on the wake structure and it is noticeable as 
thickening of the profile loss core. 
 
Regarding the secondary flow aspect, the hub secondary flow affected area and secondary 
loss decreased for the SH cooling injection. At about 30% span, there was a sudden increase 
in the total pressure (narrowing the wake core) and also a higher turning for Y5 = 2.28%. This 
phenomenon also exists for all cases where Y value is higher than 1.82% (not shown here). 
This could be a sign of the coolant and secondary flow interactions. The same behaviour was 
found for a suction side cooling (SS1 case) for Y = 1.80%. This indicates that the coolant near 
the SS of the SH was responsible for this phenomenon. The casing region for the high Y in the 
SS2 case indicates a complex flow phenomenon, giving two maximum vortex cores which 
cannot be found in any other cases. Interestingly, the value of cp is locally lower for this case 
which means that the high coolant mass flow from SS2 row adds extra energy into the vortex 
core giving weaker total pressure deficit. 
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Figure 5-23: Total pressure coefficient distributions
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5.4.2 Vorticity and Flow Vector 

Figure 5-24–Figure 5-31 present vorticity distributions overlaid with velocity vectors for the 
uncooled (Run-26), the cooled (Run-52) and other cooling configurations using the maximum 
Y for respective configuration in order to illustrate the extreme influence. The overall 
secondary vortex structure for all cases remained similar to what it is in the uncooled case 
(Figure 5-24) although some local variations did exist. For the uncooled case, five typical 
vortex structures could be observed at the hub secondary flow zone around NGV0: passage 
vortex (marked as “A”), SS leg of the HS vortex (marked as “D”), counter-rotating vortices 
(marked as “B” and “C”) and the TE shed vortex (“E”). Similar hub secondary flow features 
were found for all cooling cases. The PS leg of the HS vortex of NGV+1 migrated behind the 
separation line over from the PS to the next SS (NGV0) due to the cross passage pressure 
gradient. The passage vortex (A) generated due to the traverse gradient of the pressure in the 
passage, creating an endwall flow with or without the PS leg of the HS vortex from the 
neighbouring vane (vane+1 for the present investigation). The SS leg of the HS vortex (D) 
moved up over the PV due to forces exerted by the PV. The existence of the SS leg of the HS 
vortex over the PV was confirmed via flow visualisations (shown in section 4.6) with a 
similar vane cascade and a similar outcome was reported by Goldstein and Spores (1988). 
The SS leg of the HS vortex of NGV0 may remain attached at the SS and then eventually 
interact with the PV and the SS boundary layer to induce small counter rotating vortices. 
These counter rotating vortices are thought to be induced as a part of the SS leg of the HS 
vortex and the PV. These counter vortices might stretch up to the TE. The TE shed vortex (E) 
was found along the TE location. Due to interactions between the PV, the SS leg of the HS 
vortex, the TE shed vortex and the profile boundary layer a complex three-dimensional flow 
phenomenon was created that might result in some small induced vortices in order to conserve 
the continuity near the secondary flow zones. In this regard, it should be noted that the 
secondary vortex structure depends on the investigated cascade features and it is hardly 
possible to reveal any generic secondary flow model. However, three vortices can be treated 
as common for all cases: the PV, HS vortex and corner/counter vortex. 
 
The difference between the uncooled (Figure 5-24) and the cooled case (Figure 5-25), as 
expected, was found in the TE shed vortex region. There were several separated TE vortices 
that could be observed with various intensities for the cooling cases. This is due to the fact 
that the film cooling air with different angles interacted with the profile boundary layer all the 
way from the hub to the casing and this increased the mixing loss and could change the shed 
vortex. The effect of the film cooling was enormous for the higher Y value cases as it 
increased this mixing sharply. Comparing the highest Y case of the SH cooling (Figure 5-26) 
with the uncooled case, the difference was found along the TE. There were several separated 
TE vortices for the SH cooling cases. Similar behaviour was found for other SH cooling cases 
(not shown here). Compared to the uncooled case, the SH cases showed a positive vorticity in 
the tip PV zone on the SS. Similar behaviour was found for the fully cooled case (Figure 
5-25). This phenomenon could not be found for the TE cooling (Figure 5-27), SS1 cooling 
(Figure 5-28), SS2 cooling (Figure 5-29) and PS1 cooling (Figure 5-30). As expected, it was 
found in the SH4 cooling (Figure 5-31). Influences caused by the TE cooling were, as 
expected, found mostly along the TE location (Figure 5-27). Compared to the uncooled case 
the TE cooling showed several small separated vortices all along the TE. There was no 
significant influence on vortex structure found for the PS1 and SH4 cooling. 
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Figure 5-24: Vorticity and flow vector distribution for uncooled case 
 
As can be seen in case with the SS1 (Figure 5-28) there was a counter-clockwise positive 
vorticity at about 28%–30% span which broke through the shed vortex. This cannot be found 
in any other cases. This could be an interaction between the secondary flow and the film 
cooling. From the exit flow angle distribution, a local decrease in the exit flow angle was 
found at this span (Figure 5-10). For all cases, the tip secondary flow structure was more 
complex compared to the hub although the PV decreased due to tip endwall contouring. 
However, there were several small vortices that were induced due to the complex interaction 
between the PV, SS leg of the HS vortex and counter-rotating vortices. The physical 
phenomena are not yet understood. The SS2 case with high Y values resulted in different 
vortex structures in the tip endwall zone. It should be mentioned here that the upstream 
platform and the platform slot film cooling were sealed for the investigation. 
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Figure 5-25: Vorticity and flow vector distribution for cooled case 
 

 
 

Figure 5-26: Vorticity and flow vector distribution for SH cooling 
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Figure 5-27: Vorticity and flow vector distribution for TE cooling 
 

 
 

Figure 5-28: Vorticity and flow vector distribution for SS1 cooling 
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Figure 5-29: Vorticity and flow vector distribution for SS2 cooling 
 

 
 

Figure 5-30: Vorticity and flow vector distribution for PS1 cooling 
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Figure 5-31: Vorticity and flow vector distribution for SH4 cooling 
 
5.5 Influence of Platform Coolant  

The influence of profile and platform cooling on various losses can be found comparing Run- 
51, Run-52 and Run-53 (Figure 5-32). There was an increase in the profile loss for Run-51 
compared to Run-52 and Run-53. Theoretically, the profile loss for Run-51 and Run-52 
should be the same since the extra coolant air (3.1%) introduced in Run-51 should only flow 
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other coolant share to a zone where the impact of the coolant on losses was high. Thirdly, the 
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IV). For calculating the cooled vane loss, the used Y value was constant for all measured 
points, assuming that the coolant was fully mixed. However, in reality the picture is different 
having a local Y value at different measuring points. Also, if only the SS or PS is cooled, then 
making the Y value constant over all the measuring points in the loss equation would result in 
an unphysical interpretation of the loss. In order to get an estimation of the sensitivity of the Y 
value on the loss, the primary loss equation (Eq. 8) was used for the cooled vane loss (Figure 
5-33). Surprisingly, the loss in Run-51 showed similar results as Run-52 (or Run-53) with 
only a small increase of the losses. This result indicates that the definition of loss is crucial for 
obtaining conclusions.  
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Figure 5-32: Mass-averaged kinetic energy loss distribution for various cooled cases 

 
Figure 5-33: Mass-averaged primary energy loss distribution for various cooled cases 

 
Regarding secondary loss, it can be seen in Figure 5-32 and in Figure 5-33 that the secondary 
loss decreased for all cooling cases compared to uncooled case. Results from Run-51 (where 
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can decrease the secondary loss. 
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Figure 5-34: CO2 concentration and flow vector for CO2 cooled NGV matching MR at Miso3 = 0.9 
 

 
 

Figure 5-35: CO2 concentration and flow vector for CO2 cooled NGV matching BR at Miso3 = 0.9
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The concentration distribution showed similar nature for both MR and BR matching cases. 
This was expected since difference between mass-flux ratio value (Y) for the MR and BR 
matching cases was low. One of the most important phenomena revealed from the trace gas 
analysis is that with the present design of the upstream platform cooling, the film coolant 
cannot reach the rear hub surface of the PS, leaving the PS less protected from the free-stream 
hot gas. The outcome showed a strong interaction of the platform film cooling and the 
secondary flow. It should be mentioned here that for the partial air or CO2 cases, the vane 
surface film cooling was not applied. This may alter the conclusions for the fully cooled 
cases, since it is difficult to predict where cooling air would end up; as a part of it may be 
washed in to the endwall boundary layer under the influence of the cross passage pressure 
gradient. Nevertheless, the overall secondary loss, as it is seen in Figure 5-32, decreased due 
to platform cooling. 
 
5.6 Summary and Discussion 

The outcome from the cooled vane investigations indicate that the trailing edge cooling and 
the suction side cooling are most prone to the aerodynamic loss. The superposition principle 
can be used in the cooled vane profile loss estimations. However, the superposition principle 
cannot be used for the secondary loss estimations. The TE cooling increases the exit flow 
angle around the midspan zone whereas the other SS and PS cooling have no influence on the 
exit flow angles. This indicates that the SS and PS cooling are used as a replacement gas since 
they are injected before the throat. This is a new finding that helps the turbine designers to 
calculate the swallowing capacity more accurately. For the SH cooling with a high amount of 
coolant (approximately Y > 2%), the exit angle tends to decrease. Similar situation is observed 
for the SH4 cooling. A typical example can be brought in this context for the SH cooling: a 
reduction of the exit flow angle of 0.2° and a corresponding increase of profile loss by ~ 25% 
(Table 5-3 in section 5.3) can lead to a reduction of the mixture mass flow of ~ 2%. In modern 
high pressure turbines, a large amount of expensive coolant is taken from the high pressure 
compressor stage. This may lead to a reduction of gas mass flow which significantly changes 
the mode of the first stages and the whole turbomachine. Obviously, this phenomenon 
requires further careful investigations. Regarding the secondary flow aspects, it is found from 
the tracer gas investigations that the coolant cannot reach the pressure side of the hub surface 
due to the secondary flow. Therefore, it requires special attention to solve this issue. For the 
investigated NGV, the secondary flow is about 60% of the total span area and the exit flow 
angle increases in the secondary flow zone compared to the midspan zone. This indicates that 
a large amount of the mainstream gas flows in the secondary flow zone. From the present 
investigations, a vast amount of experimental data is obtained regarding the losses and the 
exit flow angles for the secondary flow zones. The data are believed to the helpful for the 
validation of analytical and numerical calculations. 
 
  



Page 90                                Doctoral Thesis / Ranjan Saha 

 



Doctoral Thesis / Ranjan Saha                                                                               Page 91 

6 CONCLUDING REMARKS 

Detailed experimental investigations of LE contouring by fillet and external cooling have 
been presented in order to contribute to the development towards efficiency improvement of a 
typical high pressure transonic NGV. In the first part of the thesis, the influence of secondary 
flow in the ASC were presented with and without an LE fillet using a geometric replica of a 
modern gas turbine NGV with a contoured tip endwall. In the second part of the thesis, the 
influence of external cooling on the aerodynamic loss and flow field were investigated in 
order to obtain a full picture of various SS, PS, SH, TE, and platform cooling configurations. 
For both parts of the thesis, aerodynamic flow field measurements were conducted 
downstream of a cascade using aerodynamic probes to gain information about the mainstream 
and secondary flow and the kinetic energy loss distributions. Additionally, oil-flow 
visualisations were performed, and compared with computations to display qualitative 
pictures of surface flow and the flow around the LE. Furthermore, investigations were 
performed on the hub-cooled NGV without the LE fillet focusing on the platforms, 
specifically the interaction between the hub film cooling and the mainstream. The presented 
data includes the loading distribution, fields of total pressures and losses, vorticity and 
concentration distributions, as well as, pitch-averaged exit flow angles and losses. The study 
revealed a number of new important findings and also confirmed some conclusions 
established in published investigations to enhance the understanding of complex turbine flows 
and associated losses. 
 
6.1 Main Conclusions From Leading Edge Contouring Study 

 The LE contouring study reveals a unique outcome that the LE fillet has no significant 
influence on the flow and secondary losses of the investigated NGV. The reason why the 
LE fillet does not affect the losses is due to the use of a three-dimensional vane with an 
existing typical fillet over the full hub and tip profile. Some previous authors obtained a 
loss reduction, comparing an LE fillet with the baseline case having absolutely no fillet in 
low speed cases. In the present investigation, the comparison was made between an LE 
filleted case and a baseline case, using a small fillet all the way towards the TE. 
Additionally, the present investigation was performed in an annular sector cascade with 
actual vane geometry, which was not the case for all of the previous works on the LE fillet 
and would be found in all engine vane or blade rows. 

 From the load measurements, there was no evidence of SS flow separation. Compared 
with the baseline case, the profile load distribution for the filleted case has no noticeable 
effect at the measured spans (75%, 50% and 25% span).  

 A closer investigation of the kinetic energy loss distribution of the flow near the endwall 
reveals a wider zone of the loss for the SS of the baseline case compared with the filleted 
case, using both a pb grid and fence. The maximum total pressure loss core can be 
observed at approximately 13%–14% of the span for the baseline case, whereas it is 
approximately 16%–17% of the span for the filleted case using the pb grid and fence. 
Hence, the filleted case, in general, shifts the loss core towards the midspan direction. The 
investigation with various prehistories has revealed that changing the inlet prehistory can 
shift the location of the core losses circumferentially and therefore, the inlet prehistory can 
affect the next blade row. 

 From the area-averaged exit flow angle distribution, it can be concluded that there was no 
major change in flow turning over the full span for the filleted case compared to the 
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baseline case, although some local variations did exist. From midspan towards the 
endwall, the exit flow angles showed a typical trend of underturning first up to the vortex 
core and then overturning near the endwalls. The inlet conditions strongly affect the 
endwall zones. The turning increased for the fence case compared with the pb grid case 
near the endwalls. 

 From the vorticity distribution, the PV, the SS leg of the HS vortex, two counter-rotating 
corner vortices and the TE shed vortex were found with only a little difference in intensity 
for the filleted case compared with the baseline case in the SS. The PV intensity was 
slightly smaller for the filleted case compared with the baseline case. However, the 
spanwise extension of vortices was slightly higher for the filleted case compared with the 
baseline case. This essentially implies that the LE fillet shifts the position of the vortices. 
However, the changes in the overall vortex structure are small. The structure of the 
downstream plane signifies that the next blade row will not be influenced by the NGV’s 
LE fillet. 

 A similar picture of the kinetic energy loss coefficients over the span can be observed for 
the baseline and the filleted cases. Losses from 30% to 70% of the span correspond to the 
profile loss. The secondary loss in the hub region was higher for the baseline case up to 
13% of the span compared with the filleted case, whereas it was lower from 13% to 20% 
of the span compared with the filleted case using the pb grid. The combined effects are the 
same for the baseline and the filleted case. This reveals that due to the use of an LE fillet, 
the spanwise extent of the secondary flow and depths of the associated loss core basically 
only shift the locations of the vortices, thus not improving the efficiency. However, 
changing the inlet conditions from the pb grid to the fence strongly affects the secondary 
loss. As expected, the pb grid showed lower losses compared with the fence case, since 
the fence has a thicker inlet boundary layer. 

 In general, the impact of the upstream flow field is significant on the secondary loss. The 
effect of the hub LE fillet on reducing the secondary loss for the investigated vane is not 
significant. 

 The flow visualisation investigation indicates that the LE zone was altered due to the use 
of the LE fillet. CFD also showed similar results. However, the downstream flow structure 
was not influenced by the LE fillet.  

 The wide range of the experimental data with a given accuracy can serve as a valuable 
tool to validate CFD analyses. 

 
6.2 Main Conclusions From External Cooling Study 

 Results from using three NGVs with external cooling and only one middle blade (NGV0) 
external cooling has demonstrated that it is methodically possible to use only one vane 
cooled in the ASC cascade when investigating the profile loss alone. The outcome 
simplifies the technique. The experiment showed a weak effect of adjacent blades cooling 
around the midspan of NGV0.  

 Regarding the external cooling, a continuous increase of the profile loss was observed 
with increasing mass-flux ratio (Y) for all kinds of cooling configurations regardless of the 
positions of the cooling rows. The TE cooling and the SS cooling has the strongest impact 
on the loss in the central portion of the blade. The SS cooling has a stronger impact than 
the PS cooling on the aerodynamic loss. This satisfies the well-established fact that the 
coolant loss is directly proportional to the square of the mainstream velocity. For the 
nominal Y values, the TE cooling has shown the highest aerodynamic loss followed by the 
SS1, SH, SS2, SH4 and PS1 cases. Taking account of the amount of cooling, the SH 
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cooling has the weakest influence on the loss due to the release of the coolant at the front 
edge of the LE where the velocity is low. 

 Experiments have shown that the overall impact of various configurations on the profile 
loss is approximately equal to the summation of influences of each individual 
configuration. Knowledge of the effects of such a superposition is very important for 
calculations and experimental study of aerodynamic characteristics of cooled turbine 
blade rows. However, superposition cannot be applicable for the secondary loss. 

 Secondary losses are observed below 30% span and above 70% span. The tip secondary 
loss is slightly higher than the hub secondary loss due to the axis-symmetric tip endwall 
contouring. Results from various cooling configurations have revealed that the coolant can 
reduce the secondary loss. Moreover, if there is no platform cooling, the secondary loss 
increases compared to the one with the platform and external cooled vane indicating that 
the platform film cooling can decrease the secondary loss. 

 The outcome from the investigations highlights that area-averaged exit flow angles remain 
unaffected with the SS and PS film cooling. This is a new finding that provides the turbine 
designer possibilities to design the swallowing capacity more accurately. For the SH 
cooling, there is weak influence given a small loss from inlet to the throat, it can be 
assumed that there is a replacement of the main gas so that the total mixture flow in the 
central part of the vane remains unchanged. Release of the coolant through the slot in the 
TE leads to an increase in the exit flow angle due to additional mass flow at the outlet 
section of the blades. 

 Secondary flows lead to a significant increase of the exit flow angle in the secondary flow 
regions for all cases. The outcomes provide the turbine designers to the fact that a vast 
amount of the mass flow is captivated in the secondary flow zone. This, therefore, 
indicates that the impact of the secondary flow on the exit flow angle is complex and 
cannot be explained with the influence of secondary losses. This requires additional 
research to clarify the methods of 1D and 2D gas dynamic calculations and verification of 
3D models.  

 At nominal coolant release, the secondary flow has almost no effect on exit flow angle 
even for the TE injection. 

 Tracer gas (CO2) investigations reveal that the secondary flow restrains the upstream 
platform film coolant from reaching the PS of the hub surface, leaving it less protected 
from the hot gas. It indicates a clear interaction of the hub platform cooling and the 
secondary flow. This also indicates the complications of cooling the rear pressure side part 
of the endwall. More attention is required to cool that part of the endwall. 
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7 FUTURE WORK 

Regarding LE contouring investigations: 
 
 The present work has shown that that the LE contouring cannot increase efficiency due to 

the fact that the reference NGV had a typical fillet at the junction of the vane and the 
endwall. As a consequence, one can check this reasoning. For that, it is necessary to 
update the reference NGV by removing the typical fillet from the baseline NGV. 

 It would be an interesting study of different LE fillets (in size and shape) combining with 
other endwall features, for instance, endwall contouring since according to literature it has 
great potential to decrease secondary losses. 

 The secondary flow loss tends to decrease near the endwall for the filleted case. It would 
be interesting to see the influence of the LE fillet on the cooled vane. 

Regarding external cooling investigations: 
 
 The present work has shown a potential for introducing a concept that film cooling can 

reduce the secondary flow. Beyond this study, it is however necessarily for the future 
work to focus more on this issue of coolant and secondary flow interaction and eventual 
loss generation. It is very attractive to look at how the interactions change the exit flow 
angle. 

 As can be found from the investigations, the cooled vane has a significantly large loss 
compared with the uncooled case. The impact of the film cooling appears to be one of the 
main dominating factors. In the present study only cylindrical shape cooling has been 
investigated. It would be interesting to study the influence of different shaped cooling 
holes on the aerodynamic losses and cooling efficiency which will lead to better 
understanding of the mixing process of coolant, mainstream and secondary flows. 

 The present work has shown that the TE cooling has the highest share of aerodynamic 
loss. It would be useful to study the TE further, for instance, to study the TE cutback and 
eventual optimization of the TE thickness. 

 Due to an insufficient supply of CO2, it was not possible to see the film cooling influence 
on the overall downstream flow field. It would be an interesting investigation to use the 
cooled vane with CO2 to detect the coolant position by changing the positions, size and 
shape of the film cooling holes. 

 Beyond this study and as mentioned above, it would be of great interest to see if the 
results obtained from this research could be applied (with some modification) to real 
engine cases, where the DR is higher between the coolant and the mainstream and 
turbulence intensity of the mainstream is very high.  

 It was found from both the investigations that secondary flow is an extremely complex 
flow phenomenon and there are a substantial data acquired from these investigations and 
conclusions are drawn based on the investigated NGV. It would be of great interest to 
study secondary flow for different cascades with the similar approach in order to obtain 
generic conclusions. 
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9 APPENDIXES 

9.1 Appendix A: Uncertainty Analysis 

In the experimental investigation, it is important to scrutinise the uncertainty in order to 
accurately comprehend the presented results. As a matter of fact, the exact uncertainty is a 
function of time, air quality and so on. In various tests, it is barely possible to obtain the exact 
same boundary conditions although it is often very close to various cases and the variation is 
of minimal importance. In that aspect, numerical analysis is often convenient for parametric 
study with same boundary conditions. Nevertheless, experimental investigations are still way 
ahead incorporating the uncertainty level. This is due to the fact that the outcome in the 
experimental environment is always true (assuming no human and equipment error) and the 
reason of the outcome, whether expected or not, is due to the flow physics with the same day 
experimental boundary conditions. There is nothing wrong with the measured data and it is 
the boundary conditions that could make the outcome different for the existing flow physics. 
Therefore, the exact inaccuracy or uncertainty estimation is barely possible in real-life 
experiments. The only certain thing about the uncertainty is it is uncertain (Fridh, 2012). 
Essentially, the estimation of the uncertainty is based on the experience gained during the 
experiment and from the previous experimental campaign of the same rig and equipment and 
from previous experimentalist who work on the same rig. 
 
In general, the instruments of the measurement systems, for instance the pressure scanner, the 
barometer or temperature sensor, are used in the measurement chain where the error can 
propagate. Using a global perspective, the uncertainty can be divided into systematic and 
random error, although the distinction between them is difficult to follow in practice. The 
systematic error is caused by the inaccuracies of all the instruments in the measuring chain, 
and it is difficult to predict this error. Often the manufacturer states the systematic 
uncertainties of the calibrated instrument. Nevertheless, it is always better to ensure that the 
right properties are calibrated in an appropriate way with correctly installed 
instruments/transducers etc. (Fahlen, 1994). The raw data values used in the uncertainty 
analysis included the five pressure values measured by the 5-hole probe as well as the settling 
chamber pressure and the total pressure of the coolant air. The uncertainty analysis also used 
the total temperature in the settling chamber, and the total pressure, temperature and relative 
humidity factor of the mainstream flow measured at MF1, which was located just after the 
SV3 and SV4 valves and can be seen in the air supply schematic diagram (Figure 2-8). 
Finally, the uncertainty analysis included the mass flow of the coolant air and the mass flow 
of the mainstream. In the present investigation, the atmospheric pressure was acquired by a 
Solartron barometer with an accuracy of 0.01% of its full-scale. The barometer measured the 
atmospheric pressure between 0 and 115 kPa, which corresponds to an absolute error range of 
± 11.5 Pa. The pressures were measured with two sets of PSI 9116 modules in appropriate 
ranges, which were initialised by re-zeroing before the measurement in order to avoid any 
unnecessary suction. The PSI 9116 pressure acquisition unit features a guaranteed accuracy of 
± 0.05% of its full-scale for the two scanners, which corresponds to ± 51.75 Pa for the 105 
kPa scanners and ± 103.5 Pa for the 210 kPa scanners. In the present error estimation, the 
systematic error for the pressures was calculated based on the global pressure accuracy 
(Holman, 2001).  
 

 (A1)
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The second type of error is the random error, which is related to the standard deviation value 
of the measured data. In the present investigation, each data point was time-averaged from 40 
sequenced scans. The total uncertainty of each pressure measurement can be calculated based 
on the root mean square error propagation method. 
 

	  
(A2)

 
The total temperature sensor (pt 100 resistive temperature detector) accuracy is ± 0.1 K at 
0°C. The random uncertainty was calculated by taking the standard deviation of the full set of 
temperature data. The total uncertainty for the settling chamber temperature was then 
calculated by: 
 

	  
(A3)

 
The random uncertainties for each of the measured mass flows (mm and mc) were determined 
by taking the standard deviation of each of the full measurement sets. To control and measure 
cooling flows Bronkhorst mass flow controllers (EL-FLOW and IN-FLOW types) were used. 
In the controllers, the thermal mass flow measuring principle is used with a heated capillary 
tube and resistance thermometers. Typical measurement accuracy is ± 0.5% Rd plus ± 0.1% 
FS. The absolute uncertainty of the mainstream mass flow measurement is ± 0.6% (Fridh, 
2012). The mainstream flow was determined by using a restricting plate, a so-called orifice 
flange (measuring the upstream pressure, pressure drop across the orifice, temperature and 
humidity) and using the ISO standard formulas to calculate the mass flow. The pressure 
measuring devices were of high industrial standard (Druck for the pressures). It needs to be 
noted that when using orifice plates, the diameter ratio between the pipe and orifice should be 
kept at a certain level depending on the flow rates to get accurate results. Then the differential 
pressure transducer needs to be re-zeroed before and after each run. All uncertainties, except 
the pressures, are considered to be independent.  
 
The kinetic energy loss coefficients for the cooled and uncooled vane were determined 
mechanically by mainly measuring pressures, temperatures and mass flows and calculated 
according to Eq. A4 and A5 respectively. 
 

	1
1 1

1 1
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(A5)

 
Y is the ratio of the coolant air mass flow to the mainstream mass flow, and can be calculated 
by: 
 

  (A6)
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The uncertainty in Y can be calculated by: 
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With the uncertainties in Y, p1, p2, p2s and pc all calculated, the uncertainty in the kinetic 
energy loss coefficient can be calculated as follows: 
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With the differential evaluated as: 
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For uncooled vane uncertainty, the coolant mass flow is zero, thereby making the mass-flux 
ratio Y equal to zero. It changes the equation used to calculate the kinetic energy loss 
coefficient (Eq. A2). The equations used for calculating the uncertainty of the kinetic energy 
loss coefficient also changes for the uncooled vane. The uncertainty can be calculated by: 
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In order to obtain the uncertainty in the mass-averaged kinetic energy loss coefficient, the 
uncertainties in the density, kinetic energy loss coefficient and axial velocity values are 
needed. 
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The density for each measuring point was calculated using the ideal gas law: 
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The uncertainty in density was calculated by: 
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and 
 
∂ρ
∂

 
(A25)

 
The uncertainties in p2s, R and Ts need to be calculated for density uncertainty calculations. 
 
Calculating the uncertainty in the gas constant R was more complicated. The gas constant was 
calculated through the following set of equations: 
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where the absolute water content X is based on measurements of the relative humidity of the 
main gas flow. 
 
The uncertainty in p  can be calculated as: 
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The uncertainty in p  was calculated as: 
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and 
 
∂
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(A34)

 
Next, the uncertainty in X can be evaluated by:. 
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The uncertainty in R can then be found by: 
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The uncertainty in the static temperature can be calculated as: 
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and 

∂
∂T
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The absolute axial velocity, ,  at each grid point was calculated using the following 
equations: 
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where  is the axial flow angle and Ts is the static temperature at each measurement point, 
calculated by: 
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The uncertainty in the axial velocity was calculated by: 
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In order to complete the calculation above, the uncertainty in the Mach number M and the 
uncertainty in the speed of sound must be found. The Mach number downstream of the nozzle 
guide vanes was calculated using the formula: 
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Uncertainty in the Mach number can be evaluated as: 
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Once the uncertainty in the gas constant has been calculated, the uncertainty in the speed of 
sound can be evaluated by: 
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Figure 9-1 shows the mass-averaged kinetic energy loss coefficient at each radial length with 
error bar representing the uncertainty for the uncooled reference case. The overall average and 
maximum of the mass-averaged energy loss coefficient uncertainty values are given in Table 
9-1. The average loss coefficient values included in Table 9-1 was calculate by: 
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In this equation, y denotes the span which varies from 6% to 96% in the traverse. Hence, ymax 
= 96% and ymin = 6%. The integral was calculated using the “trapz” function in Matlab, which 
uses the trapezoidal method to calculate the approximate area under a curve (Mathworks, 
2014). The average uncertainty values were calculated as the area between the uncertainty 
curve and the y-axis.  
 

 
 

Figure 9-1: Mass-averaged loss coefficient with error bars 
 
Table 9-1 : Average and maximum mass-averaged loss uncertainty values 

Configuration Maximum uncertainty in kinetic 
energy loss coefficient 

Average uncertainty in kinetic 
energy loss coefficient 

Cooled vane ± 0.180% ± 0.0753%
Uncooled vane	 ± 0.197% ± 0.0416% 
 
Figure 9-2 displays the uncertainty in mass-averaged loss coefficient along the span. Both 
cooled and uncooled cases have the same uncertainty trend which basically follows the loss 
coefficient values. Relatively constant values of uncertainty were found in the midspan zone 
and a large increase at ~ 90% span and much smaller increase at ~15% is observed in the 
secondary flow zone. Comparing the uncertainty curves with the structure of the flow 
(discussed in chapter 4.5 and 5.4 with vorticity, loss and total pressure), it is seen that higher 
uncertainty zones can be attributed to zones where clockwise and anticlockwise vortices meet 
with fluctuations of the pressure values. The uncooled case experienced a large uncertainty in 
the tip secondary flow zones, even higher at 90% span compared to the cooled vane. This is 
due to high random uncertainty in the uncooled case compared to the fully cooled case. 
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Figure 9-2: Uncertainty in mass-averaged losses
 
The uncertainty of the isentropic profile Mach number (described in chapter 4.2 and defined 
in Eq. 10) depends on the uncertainty of the upstream total pressure and on the profile static 
pressure and is calculated as: 
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The angle measurements have an absolute uncertainty of ± 0.6°. The value was obtained from 
years of experience of different researchers who used this rig and this probe. It should be 
noted that the probe calibration was performed in the middle of the calibration nozzle, 
whereas the measurement in the real application, thereafter, was performed over a certain 
distance, which also included measurements close to a wall or close to a NGV trailing edge. 
The uncertainty in the calibration was not considered in the present error calculations. A 
known problem with aerodynamic probe measurements is the blockage effect of the probe 
itself which is not considered here. The probe shaft appears to be 2.3% of the blade spacing at 
midspan. The blockage effect can be checked by looking at the endwall static pressure 
distribution with and without the probe in place. The probe bending at a high Mach number 
could also give errors in the radial angle measurements. But this effect is not taken into 
account for the present investigation. Since the uncooled and all cooled cases were performed 
using the same instruments, the relative error between the cases was lower. The data 
presented above give grounds to believe that the conclusions drawn from the analysis are 
unbiased in nature. 
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9.2 Appendix B: Geometric Deviation of Instrumented and Cooled vane 

For LE contouring by fillet investigations, instrumented plastic vanes made of epoxy (Figure 
9-3a) were used whereas for cooled vane investigations, vanes made of nickel based alloy 
(Figure 9-3b) were used. The cooled vanes all had internal cavities, film cooling holes both in 
the profile and endwalls as well as TE cooling (details are restricted proprietary data).There 
was no surface pressure measurement for the cooled vane. Due to the manufacturing process, 
geometrical variations were found for the instrumented and cooled vane. To find the actual 
deviation, optical scanning was performed externally on both the vanes to provide full field 
information about the geometrical deviation between the vane and CAD model (Larsson, 
2010). From the scanning result, as expected geometric deviations were found to be much 
higher for the instrumented vane compared to the cooled vane. There was a large deviation 
found in the endwall and at the TE. The deviation was most prominent in the TE region which 
is one of the most important zones. This also affects the throat area and the development of 
the secondary flow. 
 
 

(a) Instrumented vane (b) Cooled NGV 
 

Figure 9-3: (a) NGV for LE contouring investigations, and (b) NGV for external cooling 
investigations

 
As can be seen in Figure 9-4, a strong deviation was found in the instrumented vane TE which 
resulted in a sharper and less thick shape compared to the cooled vane TE. When comparing 
deviation, the instrumented vane was about 0.3 to 0.4 mm thinner compared to the CAD 
(Pütz, 2010). Due to a less thick and sharper edge the TE loss is expected to be decreased for 
the instrumented vane. On the other hand, optical measurements of the cooled NGV indicate 
small geometric deviations. They can be neglected as the influence of the cooling air on the 
flow field was expected to display over- performing effects of the small deviations that could 
be found. 
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(a) Instrumented vane 

 

 
(b) Casted vane (cooled vane) 

 
Figure 9-4: Optical geometry measurement, TE at midspan, comparison between instrumented NGV 

and cooled NGV (Larsson, 2010)
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9.3 Appendix C: Details of Area Traverse 

In order to explore the detailed flow field within the scope of the present investigation, area 
traverse measurements were performed using pneumatic probes upstream and downstream of 
the NGV together with spatially fixed measuring points in the cascade flow path. 
Furthermore, tracer gas analysis and flow filed visualisations were used. For uncooled and 
cooled NGV loss calculation, Eq. 8 and Eq. 7 respectively were used assuming the flow to be 
adiabatic and approximately the same free-stream and cooling air temperature. The various 
angle definitions used in the thesis are based on Figure 9-5. 
 

Figure 9-5: Definition of pitch and yaw angle (adapted from Pütz, 2010) 
 
A probe head coordinate system x, y, z were introduced to define the pitch angle and yaw 
angle. As can be seen in Figure 9-5, x is the nominal flow direction with  = 16.05°, i.e. the 
exit angle (sometimes also called yaw angle) the NGV designed for. z is parallel to the radius 
of the probe head position. The  angle is the angle between the radial projection of the local 
flow vector and a circumference at probe head position. The pitch angle (acq) that is acquired 
from the probe pressure data and calibration curves need to be corrected due to the annular 
geometry of the test section and the geometry of the L-probe using simple trigonometric 
relations. To evaluate the data the technical computing tool Matlab® was used. For the flow 
vector and vorticity analysis, ref is used and it is defined as the angle between the flow and 
nominal direction. 
 
In order to infer the relative strengths of vortices, it would require measurements in two 
closely spaced planes to obtain all three components of vortices. However, simplified 
expressions derive from the incompressible Helmholtz equation (Gregory-Smith et al., 1988) 
can be used to obtain approximate values of all three components from the data in one plane. 
The approach uses the measured total pressure distribution in addition to the component of the 
velocity. For flow vector analysis, the radial and circumferential part of the velocity vector (uz 
and uy) are determined by  
 

u	 α  (C1)
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u	  (C2)

 
The axial component of the vorticity (ωx) can be calculated as: 
 

 
(C3)

 
The front view of 5-hole probe tip and definition of the yaw and pitch planes for the 
calibration are depicted in Figure 9-6. The calibrations of the 5-hole and 3-hole probe were 
performed in-house in a semi open calibration nozzle (Vogt and Fridh, 2005). The probe was 
fixed to a traverse mechanism which was instructed to provide orientation of the probe head 
from yaw angles ± 24 and pitch angles ± 24. For flow field measurements, the total pressure, 
static pressure, tangential (yaw) flow angle, radial flow angle (pitch) and Mach numbers were 
reconstructed at each point iteratively using an in-house designed Matlab routine (Vogt and 
Fridh, 2005 and Fridh, 2010).  

 
 

Figure 9-6: Yaw and pitch angles defined by five-hole probe (left), front view of the 5-hole probe 
head

 
The ASC was equipped with a fully automatic traverse mechanism which is able to scan the 
upstream and downstream flow field. The mechanism is depicted in Figure 9-7. Two 
automatic traverse units were used to control radial, circumferential and yaw motions of 
probes. The horizontal linear traverse unit created a linear horizontal movement which was 
transformed to circumferential movement by a pin-connection and the rails, which guided the 
carts. A second traverse unit was attached to the cart in order to adjust the radial and yaw 
position. 
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Figure 9-7: Traverse system (Glodic, 2008)
 
A digital protractor was placed on the cart to read the angular position. The cart was equipped 
with an angle measuring unit and a probe tower where the probe was fastened. The angle 
measuring unit has an accuracy of 0.01 deg and was used for calculating of the absolute 
position of the cart and the probe in already defined cylindrical coordinate systems. The probe 
tower allowed changing the probe position by moving it in radial direction as well as 
changing its yaw angle. The cart had roll-bearing wheels that rolled on the outer 
circumferential of the test sector. Cart rails hold the cart in the right axial position. The 
pneumatic probe was guided by a Teflon support sleeve, which was connected to the cart by a 
Teflon arc which was able to slide back and forth on the test sector. 
 


