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Abstract 

Efficiency improvement is an important aspect to reduce the use of fossil-
based fuel in order to achieve a sustainable future. Gas turbines are mainly 
fossil-fuel based turbomachines, and, therefore, efficiency improvement is 
still the subject of many on-going research activities in the gas turbine 
community. This study is incorporated into a research project that investi-
gates design possibilities of efficiency improvement at the high pressure 
turbine (HPT) stage. 

In the search for HPT-stage efficiency gains, leading edge (LE) contouring 
near the endwall is one of the methods found in the published literature 
that has shown a potential to increase the efficiency by decreasing the 
amount of secondary losses. The overall objective of the thesis is to con-
tribute to the development of gas turbine efficiency improvements in rela-
tion to the HPT stage. Particularly, the influence of the LE fillet on losses 
and flow structure is investigated concentrating on the secondary flow. 
The core investigation is of an experimental nature. Detailed investigations 
of the flow field in an annular sector cascade (ASC) are presented with and 
without the LE fillet, using a geometric replica of a modern gas turbine 
nozzle guide vane (NGV) with a contoured tip endwall. Furthermore, a 
separate investigation is performed on a hub-cooled NGV, which focuses 
on endwalls, specifically the interaction between the hub film cooling and 
the mainstream (MS). 

The experimental investigations indicate that the LE fillet has no signifi-
cant effect on the flow and energy losses of the investigated NGV. The 
reason why the LE fillet does not affect the losses might be 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 de-
pends heavily on the incoming boundary layer. Oil flow visualisation for 
the baseline case displays a clear saddle point, with a separation line where 
the horseshoe (HS) vortex separates into the suction side (SS) and the 
pressure side (PS), whereas for the filleted case, the saddle point is not no-
ticeable. The investigation of a cooled vane, using a tracer gas carbon diox-
ide (CO2), reveals that the upstream platform film coolant is concentrated 
along the SS surfaces and does not reach the PS of the hub surface, leaving 
it less protected from the hot gas. 
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Sammanfattning 

För att åstadkomma en uthållig kraftproduktion i framtiden och en minsk-
ning i användandet av fossila bränslen är effektivitetsförbättringar av cen-
tral betydelse. Gasturbiner är i grund och botten fossilbaserade turbo-
maskiner och därför bedrivs forsknings- och utvecklingsarbete kring verk-
ningsgradsförbättringar. Den här studien ingår i ett forskningsprojekt som 
undersöker designmodifieringar med målet att höja verkningsgraden för ett 
högtrycksturbinsteg. 

Förändringar av bladets eller ledskenans framkantsgeometri nära ändväg-
garna har i den öppna litteraturen funnits vara en lovande metod för att 
minska ändväggsförlusterna. Det övergripande målet med denna studie är 
att bidra till utvecklingen av effektiva högtrycksturbinsteg för gasturbiner. 
Kärnan i undersökningen är experimentell. Särskilt påverkan från föränd-
ring av framkanten på förluster och flödesstruktur undersöks, med fokus 
på det sekundära flödet. Detaljerade strömningsundersökningar i ett båg-
format statorgitter bestående av en geometrisk replika av en stator från en 
modern gasturbin presenteras, med och utan geometrisk förändring av 
framkanten. Vidare så genomförs en separat undersökning av en filmkyld 
ledskena utan framkantsförändring med fokus på interaktionen mellan 
filmkylningen vid inre ändväggen och huvudflödet. 

De experimentella undersökningarna visar att den undersökta geometriska 
förändringen av framkanten inte är av signifikant betydelse för strömnings-
förlusterna med den studerade ledskenan. Anledningen till att designför-
ändringen inte påverkar förlusterna kan bero på användandet av en tredi-
mensionell ledskena med en existerande typisk kärlradie mellan ledskenan 
och ändväggarna. Observationerna visar också att den komplexa ändväggs-
strömningen är starkt beroende av det inkommande gränsskiktets egen-
skaper. Oljevisualisering för referensledskenan visar en tydlig stagnations-
punkt på ändväggen där gränsskiktet delas upp likt en hästskoformation i 
virvlar på sug- respektive trycksidan av ledskenan. För den modifierade 
framkanten har ingen tydlig stagnationspunkt på ändväggen observerats. 
Spårgasundersökningar med den filmkylda ledskenan visar att filmkylning-
en på den inre plattformen är koncentrerad längs sugsidan och når inte 
trycksidan på plattformen som därmed är mindre skyddad mot den varma 
gasströmningen. 
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N o m e n c l a t u r e  
Symbols 

A Area [mm2] 

c Chord length [mm] 

D Diameter [mm] 

h Height [mm] 

l Height [mm] 

M Mach number [-] 

p Pressure [Kpa] 

r Radius [mm] 

R Radius [mm] 

Re Reynolds number [-] 

s Pitch [mm] 

S Length [mm] 

x, y, z Axial, pitchwise and spanwise distance re-
spectively 

[mm] 

v Velocity [m/s] 

Y Mass flux ratio [%] 

α Tangential flow angle or yaw angle [º] 

β Radial flow angle or pitch angle [º] 

δ Uncovered turning angle [º] 

κ Specific heat ratio [-] 

Δ Difference [-] 

ξ Stagger angle [º] 

ρ Density [kg/m3] 

ζ Energy loss coefficient [-] 

ω Vorticity [1/s] 
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Subscripts 

ax Axial Reference 

ave Average 

baro Barometric 

BL Boundary Layer 

co Cooled 

ef Effective 

exit Exit 

f Fillet 

hub Hub 

in Inlet 

iso Isentropic 

kg Kilogram 

kin Kinetic 

LE Leading Edge 

max Maximum 

mid Midspan 

MS Mainstream 

pb Parallel Bar 

PS Pressure Side 

ran Random 

s Static 

sc Settling Chamber 

sec Second 

SS Suction Side 

sys Systematic 

TE Trailing Edge 

thr Throat 

tip Tip 

0m Inlet metal 
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1 Upstream Plane Position 

2 Downstream Plane Position 

3 Downstream Hub Static Pressure Tap Plane Position 

 

Abbreviations 

ASC Annular Sector Cascade 

BR Blowing Ratio 

CAD Computer Aided Design 

CFD Computational Fluid Dynamics 

CV Corner Vortex 

HPT High Pressure Turbine 

HS Horseshoe 

KTH Kungliga Tekniska Högskolan (in Swedish) 

LE Leading Edge 

MR Momentum Ratio 

MS Mainstream 

MW Mega Watt 

NGV Nozzle Guide Vane 

PS Pressure Side 

PV Passage Vortex 

SLA Stereo Lithography Apparatus 

SS Suction Side 

TE Trailing Edge 

TIT Turbine Inlet Temperature 

Tu Turbulence Intensity 
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1  Introduction 

1 . 1  B a c k g r o u n d  
The enormous growth in industrialization and air transportation has 
caused a distinctive public sense of responsibility about the use of fossil-
based fuel and the resulting impact on climate change and carbon diox-
ide (CO2) emissions. The conventional energy production system, which 
is mainly fossil-fuel based, will keep its central position in the global en-
ergy production over the coming decades. Therefore, efficiency im-
provement is now a highly central aspect to reduce the impact of the 
fossil-based fuel in order to achieve a sustainable world. Gas turbines 
(Figure 1-1) are mainly fossil-fuel based turbomachines and, therefore, 
efficiency improvement is an important issue in the research and devel-
opment sector of the gas turbine industry. 

Gas turbines provide propulsion to most of the world’s modern air-
crafts and drive approximately 17% of the world’s power generating 
units. Since their introduction in 1939, gas turbine engines have signifi-
cantly advanced and become one of the most compact conventional 
power sources currently available (Mayle, 1991). 

 

 

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

 



2 
 

For modern gas turbines, the turbine inlet temperature (TIT) is typically 
equal to or even higher than 1800 K, and there is a continuous push to 
increase the temperature by the industry. This temperature is well above 
the melting point of the blade material. However, due to extensive film 
cooling and internal cooling, it is possible to achieve a temperature 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. 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 cool-
ing or by decreasing overall losses (increasing the performance), and 
most likely the optimum solution would be the best choice. Today, the 
aviation industries also need to cut down on the amount of carbon diox-
ide emissions (European Commission Climate Action, 2012). Therefore, 
for both industrial and aviation industries, gas turbine designers have to 
face many interdisciplinary aspects in the design process where the HPT 
is perhaps the most challenging component to design. The reason is that 
it 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 overall efficiency as the downstream losses 
are substantially affected by the prehistory. Typically, for one gas turbine 
of around 50 megawatt (MW), a 0.1% increase in turbine efficiency 
leads to 0.75 million kilogram fuel savings per year (Mamaev, 2011). The 
modern gas turbine development trend indicates that the consequential 
features of first-stage NGV, in future, would be of small in height and 
have a long chord length, which might lead to an increase in the second-
ary loss. Therefore, in the HPT stage efficiency, it is necessary to focus 
on the secondary flow and the effect this has on the losses. The interac-
tion of the mainstream flow and the secondary flow is a complex phe-
nomenon, and introducing the film cooling makes it even more com-
plex. Essentially, it is also important to consider various design features 
that have positive effects on the efficiency improvement and cooling ef-
fectiveness. 

Flow visualisation and aerodynamic measurements are essential to ob-
tain an idea about the flow physics and gain knowledge about the com-
plex 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 exper-
iments. 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, can-
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not 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 high-
er priority.  

1 . 2  B a s i c  U n d e r s t a n d i n g  o f  S e c o n d a r y  
F l o w  a n d  a  R e v i e w  o f  a  V o r t e x  M o d e l  

As stated in the introduction, understanding the secondary flow phe-
nomena in turbines is essential in order to be able to further increase the 
turbine efficiency. A comprehensive study of the secondary flow (with-
out considering end clearance) in axial turbines was given by Dunham 
(1970), Sieverding (1985) and Langston (2001). From the secondary 
flow investigation, three main vortices are identified (these are described 
in more detail later): the horseshoe (HS) vortex, the passage vortex (PV) 
and the corner vortex (CV), although all of these vortices are mutually 
produced and it is difficult to separate them from each other.  

The total flow field can be divided into two regions: LE flow region and 
inside passage flow region. The flow region inside the turbine passage 
can be divided into two distinct flow characteristics: the flow in the mid-
span region (far away from the endwalls) and the flow near the endwalls 
(hub and casing). The flow through the midspan regions may be consid-
ered as a two-dimensional flow with streamwise and tangential pressure 
gradients. But, the flow near the endwall boundary layer is a three-
dimensional flow with a spanwise velocity gradient together with 
streamwise and tangential pressure gradients. According to the global 
aerodynamic aspect, there is a pressure gradient in the mainstream (MS) 
flow in order to develop the flow in the MS direction. Since the flow 
needs to turn, the mainstream or primary flow sets up a pressure gradi-
ent across the blade passage from the PS to the SS. The pressure gradi-
ent (Figure 1-2) for the flow deviation can be obtained from Eq. 1: 

dp
dr

ρ
V
r

ρ
V
r

 
(1) 

 

Here, VMS is the velocity in the MS flow and rMS the radius of curvature 
of the streamline in the MS flow, whereas VBL is the velocity in the 
boundary layer flow and rBL the radius of curvature of the streamline in 
the boundary layer.  
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Figure 1-2 Secondary flow generation based on equilibrium consideration (Sieverding, 2004) 

 

The slower moving boundary layer fluid is subjected to the same pres-
sure gradient. Since the velocity in the boundary layer is less than the ve-
locity in the MS flow (VBL < VMS), the radius of curvature for the MS 
flow is greater than that of the boundary layer flow (rMS > rBL). Thus, the 
flow on the endwall inside the passage is directed from the pressure sur-
face to the suction surface, and to satisfy the continuity equation, there 
is a back flow further away from the endwall, leading to a vertical flow 
at exit. This characteristic flow is known as the endwall flow.  

Around the leading edge (LE) regions, 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 pressure 
field presented by the vane. Owing to this adverse pressure gradient im-
posed 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 a “horseshoe vortex” as it forms a 
horseshoe shape pattern. 

 

Figure 1-3 Horseshoe (HS) vortex formation (Gregory-Smith, 1997) 
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Figure 1-3 depicts a diagrammatic explanation of the HS vortex. 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 and flows upstream, forming a saddle point, where 
the upstream flow separates from the surface. As the flow moves 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 for the performance of the machine. Some effects of the HS 
vortex are summarised below (Devenport et al., 1990): 

 “The horseshoe vortex is responsible for large-scale, low-frequency bistable un-
steadiness that is created in the nose region. 

 The vortex, for some application like the junction between a submarine hull and 
sail, generates unwanted noise. 

 The vortex is subject to bring high momentum, freestream fluid into the corner 
between the wing and surrounding surface. This leads to energize the flow and 
increases the shear stress. 

 The vortex also brings the main stream hot gas into the endwall which are sensi-
tive to heat transfer. 

 The trailing leg of the vortex stretches very far downstream of the blade and in-
creases the non-uniformity of the wake and can interfere the operation of the 
downstream which is in this case rotor blade”. 

The nature of the flow inside the turbine cascade 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 sur-
face (Figure 1-3), 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, 
such as, for example, a PV. Different vortex models are developed 
based mainly on the experimental investigations and flow visualisations. 
The first classical secondary flow model (Figure 1-4) was introduced by 
Hawthrone in 1955. The model shows the resulting components of the 
exit vorticity in the direction of the flow when fluid with inlet endwall 
boundary layers is deflected through the cascade. After passing the vane 
passage and the endwalls, the resultant vortices consist of the PV and 
counter-rotating trailing edge (TE) filament vortex (secondary vortex). It 
is also noticeable that relative contributions to the total secondary vor-
tex are much lower than those of the PV. 
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Figure 1-4 Model of Hawthrone (cited in Roux, 2004) 

 

The Langston model, on the other hand, shows a general picture (Figure 
1-5) of the generation and development of the two legs of a HS vortex 
and a PV. 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 boundary layer separates at the saddle points forming a well-
known HS vortex at the endwall of the cascade with the SS and PS leg. 
The PS horseshoe vortex becomes a strong PV due to the passage pres-
sure gradient. The SS leg is drawn into an adjacent passage and rotates 
in the opposite direction to the larger PV. This smaller vortex is known 
as counter vortex, and can be thought of as a “planet” rotating around 
the axis of the PV (the “sun”) (Langston, 2001). When the PS leg of the 
HS vortex enters into the channel, it continuously sucks in the main 
flow and the boundary layers on the endwall move from the pressure 
surface to the suction surface. Since the PS leg has the same sense of ro-
tation as the PV, this PS leg can be regarded as part of the PV. This vor-
tex is gradually lifted away from the endwall and shifts towards the suc-
tion surface downstream from the blade channel. The SS leg of the HS 
vortex stays under the PS leg and leaves the blade channel along with it. 
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Langston, 1980 
Sharma and Butler, 1987 

Kawai et al., 1990 
 

Wang et al., 1995 

 

Sauer, 1997 

 

Tekeishi et al., 1989 

Figure 1-5 Secondary flow vortex model 

 

Sharma and Butler (1987) proposed a vortex model indicating that the 
effects of the inlet boundary layer given by Langston are incorrect. The 
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SS leg wraps itself around the PV instead of adhering to the suction sur-
face. This wrapping was not visible in Langston’s velocity and pressure 
flow field measurements. One major finding from this model is that the 
inlet boundary layer losses convect through the passage without causing 
any additional losses, which can be distinguished from the passage loss. 
This occurrence is independent of the amount of turning. Tekeishi et al. 
(1989), Kawai et al. (1990), Sauer (1997) and Wang et al. (1995) reported 
more complex secondary flow models with slight modifications, which 
can be seen in Figure 1-5. 

Flow visualisation (Figure 1-6 and Figure 1-7) is another way of con-
firming the flow structure of the occurrence of the secondary flow. 
Sieverding and Van den Boche investigated the secondary flow using 
smoke (Figure 1-6). 

 

 

Figure 1-6 Synchronous evolution of HS and passage vortices (Sieverding, 1983) 

 

From this experiment the synchronous evolution of HS and PV can be 
distinguished. The development and interaction of the passage and 
counter vortices were shown as they were marked with the smoke. In 
the beginning, the two stream surfaces were parallel to the endwall in a 
low-speed air-flow cascade. However, inside the passage, one can see 
the evolution and movement of each vortex. A curling of the stream 
surface was found, which signified presence of the vortices. Goldstein’s 
model indicates that the SS leg of the HS vortex stays above the PV and 
travels with it (Goldstein and Spores, 1988). This result is opposite to 
what was found in the Langston (1980) model, where it is mentioned 
that the SS leg of the HS vortex stays under the PS leg and leaves at the 
same time. Goldstein and Spores (1988) have postulated that there is 
another small and intense vortex present at the junction, which they 
termed as the LE vortex.  
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Figure 1-7 Oilflow presentation of the endwall and blade surface flow by Tominaga et al. (1995) 

 

 

Figure 1-8 Three-dimensional flow field in the endwall region by Goldstein and Spores (1988) 
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The oil flow presentation, as shown in Figure 1-7, depict the conse-
quence of the secondary flow patterns like HS vortex, endwall separa-
tion lines, endwall crossflow and PV. 

At a later stage, Wang et al. (1995) performed a detailed flow visualisa-
tion study (Figure 1-5) using laser light and multiple smoke wires in a 
cascade flow similar to that which Goldstein used in his model (Figure 
1-8). They performed the test at a low Reynolds number (Re) for flow 
visualisation with smoke. 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. 

In general, the main features are the same as those in the simple models. 
The variation occurs in the propagation of the SS leg of the HS vortices 
and their interaction with the PV and the suction surface boundary lay-
er. 

1 . 3  A e r o d y n a m i c s  o f  V a n e  C a s c a d e s  a n d  
L o s s e s  

The aerodynamics of the flow in a two-dimensional/three-dimensional 
turbine cascade is still a focus of many on-going research activities in the 
gas turbine community. A detailed description of the turbine blade aer-
odynamics in two-dimensional and three-dimensional vane cascade can 
be found in Lakshminarayana (1996) and in Acharya and Mahmood 
(2006). Vortex structures are a major source of the pressure or aerody-
namic losses across the vane/blade passage. Because they entrain the 
hot fluid from the mainstream flow and enhance the convective turbu-
lent transport in the endwall region as well as on the blade surface; this 
also causes a high local thermal loading on the turbine passage wall.  

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. The relative magnitudes of these 
losses depend on the type of machine, blade aspect ratio and tip clear-
ance. For many machines, each loss shares 1/3 of the total loss (Denton, 
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1993). The profile loss is generated in the blade boundary layers well 
away from the endwalls (hub and shroud) and it is due to the deviation 
of the flow as well as the friction on the profile surfaces and the separa-
tion of the boundary layers on the blade. In the case of the profile loss, 
the flow is often assumed to be two-dimensional. The extra losses gen-
erating at a TE, as well as, the shock losses are usually included as a pro-
file loss (Denton, 1993). The endwall loss or as it sometimes called, the 
secondary loss (described before) is due to a combination of many fac-
tors. It is difficult to separate the enwall loss from the profile loss and 
leakage loss (Denton 1993). In low aspect ratio cascades, due to an in-
crease in endwall surfaces, the secondary loss increases significantly. The 
tip leakage loss (in the case of the rotor blade) 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 un-
shrouded. In the present study, the tip leakage is not investigated. 
Therefore, it will not be discussed any further. 

In order to describe the loss, it is necessary to predict the complex flow 
field and calculate the loss accurately. The best solution is to investigate 
the loss experimentally. Also, the experiment needs proper care to ob-
tain the same effect as achieved with real turbines. The best option for 
the designer is to use a full-scale machine with detailed flow conditions. 
There are large implication regarding cost and difficulties when using 
such machines, and it is only possible to use such a machine in final test 
of the prototype for the acceptance in the power plants. Additionally, it 
is not possible to take detail measurements when using the full-scale 
machines (Wiers, 2002). This is because the high temperature would eas-
ily melt or deform the small probe used to take the measurements. One 
solution to this challenge is to conduct these measurements in a cold 
test facility. In this case, the 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). The flow in the turbomachine is 
completely three-dimensional, with radial pressure gradients upstream 
and downstream of the blade. The annular cascade model is more simi-
lar to the real machine than a linear cascade model. Although the annu-
lar cascade is different from the real machine in size, and it is made 
based on similarity principles, such as geometric similarity, Mach similar-
ity, Reynolds similarity etc. The ASC, with its limited number of blades, 
is a useful tool for carrying out the three-dimensional experimental in-
vestigations. A comparative study of a linear cascade and an annular 
cascade with the same two-dimensional blade geometry can be found in 
Moustapha et al. (1985). The findings can be summarised as follows 
(Moustapha et al., 1985): 
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 “In general, the average total pressure losses are much higher for the annu-
lar cascade compared to the linear cascade along most of the span. 

 In the inner endwall side (between 20% and 40% span) the average losses 
are found to be higher for the linear cascade compared to the annular cas-
cade. 

 Blade surface pressure distributions on the pressure surface are about the 
same for the annular cascade and the linear cascade. 

 When compared at the same corresponding radial location, the magnitude of 
static pressure coefficient on the suction surfaces are always higher in the 
annular cascade than in the linear cascade due to the radial pressure gradi-
ent. 

 However, the suction surface pressure coefficient distributions in the axial 
direction follow similar patterns in both types of cascade employing same 
blade geometry. Thus, the two dimensional local separation bubbles also 
appear on the blade suction surface in an annular passage.” 

 

In general, the main vertical 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, there are some particu-
larities 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 (CV) increases and the coun-
ter vortex takes a larger portion of the flow field (Taremi et al., 2010). 
The 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 of 
off-design operating conditions, such as changes in Reynolds number, 
blade loading distribution, channel acceleration (Perdichizzi, 1990) and 
Zweifel coefficient. To correctly compare the different Mach numbers, 
it is necessary to redesign 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 num-
ber (Perdichizzi, 1990 and Dossena, 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 investiga-
tions, the profile and secondary loss increases when the loading is in-
creased. They also reported a higher exit flow angle with a higher load-
ing, resulting in both underturning and overturning, which might wors-
en the performance of the subsequent blade rows. Gregory-Smith and 
Cleak (1990) investigated the influence of the inlet turbulence on the 
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secondary flow and losses. They reported that the turbulence level has a 
small effect on the secondary loss, although the higher inlet turbulence 
leads to a reduction of the inlet boundary layer thickness. 

1 . 4  R e v i e w  o f  t h e  S t a t e - o f - t h e - A r t  
L e a d i n g  E d g e  C o n t o u r i n g  

There are a number of studies in the open literature reporting methods 
for reducing secondary losses in turbine stages, for instance, (1) bounda-
ry layer obstacles using fences, grooves and cross-flow blowing; (2) 
endwall contouring; and (3) airfoil design modifications by LE modifica-
tion, blade lean and blade thickening in the endwall region. LE contour-
ing near the endwall is one of the methods that has the potential to de-
crease secondary losses. A similar approach is established in the aviation 
industry in the wing/body junction. Many of the previous studies were 
directed towards the wing/body junction where only the certain specific 
flow features like the HS vortices are present. 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, for example, the presence of PV. 
The first experimental investigation of a turbine blade cascade using LE 
bulbs (convex connection between the LE and platform) was done by 
Sauer et al. (1997), and, after that, several studies were started on the de-
sign and shape of the LE contouring. 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 re-
spect of heat transfer on the platform by reducing the necessary plat-
form cooling. However, the intensified HS vortex may lead to increased 
mixing losses downstream of the blade. On the other hand, the LE fillet 
is believed to reduce the strength of the formation of the HS vortex and 
thereby achieve reduced endwall flow 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 ob-
tain the shape of the fillet or bulb and their design parameters. 

Sauer and Wolf (1997), Sauer et al. (2000) and Zess and Thole (2002), 
have revealed that one boundary layer thickness height and two bounda-
ry layer thickness lengths are a good design parameter for choosing the 
fillet geometry. These proportions are required since the distance be-
tween the vortex core and the LE of the airfoil, in the absence of a fillet, 
was greater than the distance between the vortex core and the endwall. 
All these authors concluded that LE fillet or bulb can decrease the total 
loss to a substantial amount. Sauer and Wolf (1997) found a reduction in 
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the secondary loss of 25% while using the bulb compared with a base-
line profile. Afterwards, Sauer et al. (2000) found a reduction in second-
ary loss of 50% when using a bulb. However, the blade geometries were 
different for the two cases. Results from Zess and Thole (2002) indicat-
ed that using an LE fillet decreased the generation of a HS vortex and 
also delayed the development of a passage vortex. 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. 
 
Shih and Lin (2002) and Lethander et al. (2003) investigated the thermal 
effect of the fillet. It was found that using a fillet could reduce the adia-
batic wall temperature (Lethander et al. 2003). Different fillet sizes were 
studied to optimise 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 pos-
sible using fillets. 
 
After that, Becz and Majewski (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, 2003 and Lethander et al., 2003), and it was 
revealed 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) 
found two good fillet profiles: linear profile and parabolic profile. These 
two profiles were also investigated by Mahmood et al. (2007a, 2007b) 
and Saha et al. (2006). They found a reduction of secondary flows, vor-
tices, kinetic energy and Nusselt number compared with their base pro-
file. It was also revealed that the SS extension of the fillet should be 
more pronounced than the PS to get rid of any extra vortices. There-
fore, 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. How-
ever, they mentioned that fillet induces the displacement of the flow 
from the endwall to the midspan. 
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1 . 5  S u m m a r y  o f  t h e  I n t r o d u c e d  A r e a  
From the introduction, the following aspects can be highlighted: 

 It is important to increase the efficiency of the HPT, since a small 
amount of efficiency improvement can lead to a high amount of 
gain in the overall performance. 

 Secondary flow phenomenon are still not fully understood and, de-
spite many studies, as outlined previously; there is still an urgent 
need for a detailed investigation into the complex secondary flow 
under realistic flow conditions in order to get further insights. 

 In order to decrease the secondary flow and losses, several ap-
proaches have been investigated in the open literature. LE contour-
ing using a fillet is one method which shows a large potential for the 
reduction of secondary flow generated losses. 

 For secondary flow investigation, the three-dimensional Navier-
Stokes method could be used to solve the flow field. However, this 
method is still not adequate to resolve the secondary flow phenom-
ena correctly. Therefore, it is still necessary to conduct the studies 
experimentally. 
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2  Research Outl ine 

2 . 1  R e s e a r c h  Q u e s t i o n / M o t i v a t i o n  
From the literature study, it can be indicated that test data, comparable 
studies and physical descriptions of the effect of LE contouring are 
lacking proper explanations to some extents. The coherent under-
standing of the LE contouring is also lacking in open literature. It is 
reported in the literature 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 ful-
ly 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, as a realistic radial pressure gradient is developed in the annu-
lar cascade. Also, most of the previous studies of fillets were per-
formed in low speed facilities on a big-scale model. The secondary 
flow depends strongly on the Mach number, and the relative impact of 
secondary flow losses on the total stage losses decreases as the Mach 
number increases. A HPT vane is normally operated in a transonic 
range (Mach no. 0.7 – 1.0). Therefore, it is necessary to perform exper-
iments in the transonic case in order to assess the actual impact of 
secondary losses accurately. Previous studies are mostly performed on 
two-dimensional profiles, while it is well known that the secondary 
flow is a three-dimensional phenomenon. Therefore, it is worth testing 
the secondary flow in a three-dimensional vane to carry out an assess-
ment in the relevant environment. Furthermore, all the previous inves-
tigators compared the LE fillet with the baseline case where there is 
absolutely no fillet in the endwall-blade junction. It is well known that, 
in a real case scenario, a typical fillet always exists. 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 aban-
doned due to the real engine not having any significant effect, alt-
hough a significant potential in reducing loss was being shown in the 
laboratory environment. Therefore, it is important to perform trials 
with different inlet profiles to simulate real engine conditions. As a re-
sult, the present study is performed with the LE fillet together with an 
existing real fillet in a transonic ASC for two inlet profiles, to investi-



18 
 

gate whether the LE fillet is beneficial and if it increases the efficiency 
of a NGV.  

2 . 2  R e s e a r c h  O b j e c t i v e s  
The overall objective of the thesis is to contribute to the development 
of efficiency improvements of the gas turbine regarding the first HPT 
stage. From the overall objective of the work, the following particular 
goals are considered to be assessed: 

 The influence of a LE fillet on losses. 
 Physical interpretation of the structure of the flow with a fil-

leted case and baseline case. 
 Detailed downstream flow field analysis, because it is im-

portant for the subsequent blade row. 
 To produce data over a wide range of operating conditions, 

using different prehistories to give better conclusions of the 
fillet effect on the secondary flow. 

 To provide excellent experimental data for the numerical vali-
dation of complex turbine flows. 

2 . 3  R e s e a r c h  M e t h o d o l o g y  
The work is carried out by formulating the technical aspects of the LE 
contouring for the aerodynamic performance. The work is started 
from a literature study on design possibilities of the LE fillet followed 
by the experimental campaign of the first design. The action plans can 
be summarised as follows: 

 The first phase of the work involves in comprehensive litera-
ture studies of the LE contouring in order to find appropriate 
design concepts and measurement techniques. The study also 
includes the information about flow physics and secondary 
flow phenomena inside the high-pressure gas turbine stages. 
Based on the information achieved from the literature study, 
the decision is taken to design and manufacture a 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 is per-
formed. The experimental investigation includes inlet investi-
gations, load investigations, downstream flow-field investiga-
tions and oil-flow visualisation. 

 The third phase starts with an investigation of different inlet 
conditions for which the LE fillets are not designed. Thus, the 
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results indicate whether the fillet design is beneficial for aero-
dynamic designers of the high pressure guide vane or not. 

 In the fourth phase, the focus is put on the endwall flows, 
specifically the interaction between the hub film cooling and 
the secondary flow. 
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3  Object of  Investigation 

Two configurations of a reference NGV have been used for considera-
tion with the same geometric dimension: one instrumented NGV (Paper 
I and Paper III) and one cooled NGV (Paper II). The instrumented 
NGV has been fabricated by rapid prototyping technique (SLA). This 
vane is used for load, downstream flow-field and loss measurements. 
The cooled NGV is used to trace the influence of the secondary flow on 
the upstream platform cooling. The reference NGV design parameters 
are listed in Table 3-1.  

Table 3-1 Geometric parameter of NGV 

Design Parameter Value 

True chord (c) 129.2 mm 

Axial chord at hub radius (cax,hub) 62.5 mm 

Pitch-to-chord ratio at midspan 0.826 

Hub radius at exit 615.3 mm 

Tip-to-hub ratio at exit 1.097 

Aspect ratio based on TE vane height (hTE/c) 0.463 

Average effective exit angle (αef) (αef = arcsin(Athr/Aax)) 16.5° 

Stagger angle (ξ) 33.3° 

LE radius 13.8 mm 

Uncovered turning angle (δ) 19° 

Inlet metal angle (α0m) 120° 
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Figure 3-1 CAD model of the reference vane 
with the conventional fillet without LE fillet 

Figure 3-2 CAD model of the LE fillet 

 

 

Figure 3-3 ASC with the LE fillet 

The investigated NGVs are cooled gas turbine vanes (geometrically 
similar) with three-dimensional design features (Figure 3-1). This vane 
was designed with similar profiles along full height (hub, midspan and 
tip) as the ratio Dave/hTE was high (≈ 21.6). This means that all geomet-
rical relative parameters and angles (Pitch/chord, inlet flow angle, δ and 
so on) are correspondingly the same. The LE shows a slight forward 
sweep and the trailing edge (TE) has a circumferential positive lean of 
4° at the midspan. The tip platform has an axis-symmetric S-shaped 
endwall contouring to reduce the secondary flow. It increases accelera-

LE fillet 
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tion close to the tip, thus thinning the boundary layer and reducing the 
HS vortex (Diech, 1960). Finally, two typical fillets with variable radii 
(average value rf = 5 mm) are placed at the junction of the vane and the 
lower and upper endwall to provide a smooth transition between them. 
The vane has a reference exit Mach number of 0.9 and a Reynolds 
number at midspan of 2.6×106 (Putz, 2010). 

The LE fillet has been fabricated by rapid prototyping technique SLA 
and attached as plastic add-ons in the reference vane. The height of the 
LE fillet is about 10% of the LE blade height and the upstream exten-
sion is about 30% of cax. The SS extension is more pronounced than the 
PS extension, and the contour follows an elliptical path both from the 
SS and PS matching at the stagnation location (Figure 3-4). The design 
of the fillet is based upon the work reported in Mahmood et al. (2005), 
Zess and Thole (2001) and Becz et al. (2004). The height of the fillet 
varies linearly from the blade surface to the endwall. The circumferential 
length of the fillet on the SS is larger than that on the PS. Therefore, the 
fillet has an asymmetric profile. The fillet has been designed based on 
the inlet boundary layer thickness. In the real engine, the inlet condition 
of the NGV varies based on the vane-combustor interfaces. In the ex-
periment it varies based on the inlet flow field, for instance, due to a 
turbulence grid. The boundary layer thickness depends on the inlet con-
dition and varies with different turbulence grids. For the present investi-
gations, the inlet boundary layer thickness is approximately 8-10% of 
the inlet span when a parallel bar (pb) turbulence grid is used. There-
fore, the height of the fillet is taken as 10% of the LE vane height. The 
same fillet has been used with a fence (where the inlet boundary layer 
thickness is approximately 14-16%) instead of the pb turbulence grid. 
This essentially gives the opportunity to test the effectiveness of the fil-
let with different inlet variations without changing the fillet design. The 
detailed dimensions of the fillet are outlined in Table 3-2 and illustrated 
in Figure 3-4. 

Table 3-2 LE fillet specifications 

 lf/LE height xf/cax SSS/cax SPS/cax 

LE fillet 0.10 0.30 0.566 0.322 
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(a) 

 

(b) 

Figure 3-4 (a) Schematic of the axial section view of the LE fillet and NGV front part and (b) 
Schematic of the radial section view of the LE fillet and NGV front part 
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For the instrumented vane, the LE fillet is attached as add-ons at the 
hub endwall junction. No LE fillet is attached at the tip endwall. The 
cooled NGV is investigated without LE contouring, focusing on the 
endwall secondary flow. The vane is used to perform a tracer gas analy-
sis using CO2. CO2 is used to measure the concentration of CO2 in or-
der to observe the picture of the secondary flow in the cooled NGV. 
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4  Experimental Method 

4 . 1  D e s c r i p t i o n  o f  t h e  R i g  a n d  
E q u i p m e n t  

The ASC facility was designed to provide a test facility for different 
kinds of experimental investigations to improve the efficiency of mod-
ern gas turbines. It is installed at the Division of Heat and Power 
Technology at KTH, Sweden. A schematic representation of the air 
supply system in the wind tunnel room is shown in Figure 4-1. Air is 
supplied by a twin screw compressor which is powered by a 1 MW 
electric motor. Since the compressor exit air temperature is approxi-
mately 180°C, an air cooler is used to cool the air to 30°C. At this 
condition, the maximum continuous air flow can be approximately 4.7 
kg/sec at 4 bars. 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 4-1 Schematic of the air supply system for the wind tunnel room 

 

ASC 
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The incoming air (Figure 4-2) first enters the settling chamber, which 
consists of a honeycomb and five mesh screens which are used to 
smooth the 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 fol-
lowed by a changeable turbulence grid where a parallel bar (pb) turbu-
lence grid or a fence (Figure 4-3) can be used to obtain different prehis-
tories (inlet profile) 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 4-4). 

 

(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 4-2 ASC arrangement (Bartl, 2010) 

 

 

Figure 4-3 Fence and pb turbulence grid 

The ASC is equipped with a fully automatic traverse mechanism which 
can scan the upstream and downstream flow field. An axial cross-
sectional view of the test sector is depicted in Figure 4-5. It shows the 
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main locations where the measurements can be taken. The inlet measur-
ing plane is located at 55.7% cax,hub upstream from the NGV leading edge 
denoted by ‘1’ in Figure 4-5. The inlet total pressure is measured by a 3-
hole cobra probe to achieve an inlet total pressure profile. The probe 
was calibrated before the run in a semi-open calibration rig. The inlet 
measuring plane is not used while traversing the downstream plane in 
order to avoid the upstream disturbance. Instead, the inlet total pressure 
is derived from the data monitoring at the settling chamber where a pi-
tot tube is used to obtain the inlet total pressure. A pb turbulence grid 
with a midspan streamwise turbulence intensity (Tu) of 1.5% (with an 
exit Mach number of 0.9) (Putz, 2010), two different fences (15 mm and 
20 mm height from the hub) and one no-grid condition are used for the 
inlet flow-field measurements. However, for the downstream loss meas-
urements, only the pb turbulence grid and the 20 mm fence are used. 
The downstream probes are positioned in a plane at 107.1% cax,hub (posi-
tion ‘2’ in Figure 4-5) downstream of the NGV0. The endwall pressure 
measurements are 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 operating points. The downstream measurements are 
performed by a 5-hole L-probe (diameter = 2.5 mm) (Figure 4-6) and by 
a 3-hole L-probe (diameter = 0.6 mm) (Figure 4-7) which are calibrated 
for the Mach number range of 0.1 to 0.95 in the semi-open calibration 
rig (Appendix C). The surfaces of all three NGVs are equipped with 
pressure taps of 0.4 mm diameter perpendicular to the surface at a 25%, 
50% and 75% span. The NGV0 has 45 taps, the NGV-1 has 43 taps 
and the NGV+1 has 29 taps. The positions of all the pressure taps are 
described in Appendix B. Flow and leakage tests were performed prior 
to the final installation of the vanes in the test section. Some taps were 
found to be faulty during leakage tests and those were excluded from 
the results. 

 

Figure 4-4 Radial section view of the test section with the LE fillet and outlet volume 

 

NGV0 NGV+1NGV-1

Inlet

Exit 
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Figure 4-5 Axial section view of the test sector with the LE fillet through NGV0 

 

 

 

Figure 4-6 View of the 5-hole probe (Wiers, 
2002) 

Figure 4-7 View of the 3-hole probe (Bartl, 
2010) 

 



31 
 

Pneumatic pressure measurements are averaged from 60 sequenced 
scans with two PSI pressure scanners (PSI 9116). The PSI 9116 pressure 
acquisition unit has an accuracy of ±0.05% (Roux, 2004) of its full scale 
which corresponds to ±51.75 Pa and ±103.5 Pa for the relevant chan-
nels. The atmospheric pressure is acquired by a Solartron barometer 
with an accuracy of 0.01% (Roux, 2004) of its full scale, which corre-
sponds to ±11.5 Pa. The overall averaged uncertainty of the kinetic en-
ergy loss coefficient is calculated to ∆ζkin = ± 0.18% (Appendix A). The 
angle measurements have an accuracy of ±0.6°.  Several measurements 
are performed twice in order to ensure the repeatability of the meas-
urements. Since both the baseline and filleted cases are performed using 
the same instruments, the relative error between the cases is lower. The 
details of the measurement uncertainty and the post-processing are pre-
sented in Appendix A and Appendix C respectively. 

4 . 2  D e s c r i p t i o n  o f  D i f f e r e n t  I n l e t  
C o n d i t i o n  

To investigate the effects leading to the NGV, inlet total pressure meas-
urements are performed using a 3-hole cobra probe for four different 
inlet conditions: using a pb turbulence grid, a 20 mm fence, a 15 mm 
fence and no-grid. The total pressure loss up to the inlet of the LE 
(55.7% cax,hub upstream from LE) is highly dependent on the turbulence 
grid. As can be seen from Figure 4-8, the pb turbulence grid has the 
highest pressure loss and the no-grid condition has the lowest total 
pressure loss. This is expected.  
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Figure 4-8 Inlet total pressure profile at 55.7% cax,hub upstream of the LE 

 

For the pb grid, the flow needs to pass through the gap between the 
bars, which are responsible for more total pressure drop due to friction, 
whereas in case of the fences, the flow path is empty except for the re-
gion near the hub. In the no-grid condition, the flow path is completely 
empty. As a result, it is necessary to put 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 conditions. The pb turbulence grid 
produces the hub total pressure gradient of approximately 8–10% of the 
span whereas the fence produces approximately 14–16% of the span. 
The inlet measurements are performed for different exit Mach numbers, 
which reveal that the radial total pressure distribution does not vary with 
the operating point. One measurement is performed twice to ensure the 
high repeatability of the radial total pressure distribution, since this radi-
al pressure distribution is important for the downstream loss evaluation. 
It should be mentioned here that the inlet total pressure does not vary 
tangentially (Putz, 2010 and Roux, 2004) in this cascade. As can be seen 
from Figure 4-8, 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 fence shows an 
unexpected, unsymmetrical profile at the tip above 70% span. There is a 
strong decrease in velocity between 70% and 95% span for the fence 
and no-grid condition due to nature of the upstream tip contraction 
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with a sharp corner (Figure 4-5) which might cause a boundary layer 
separation resulting in a lower velocity (Putz, 2010). However, this be-
haviour is not found in pb grid cases. 

  

Figure 4-9 Spanwise inlet yaw angle distribution  
at 55.7% cax,hub upstream of the LE using a pb 

grid 

Figure 4-10 Spanwise inlet yaw angle distribution  
at 55.7% cax,hub upstream of the LE using a 20 

mm fence 

 

In the downstream flow-field investigations, the pb grid and 20 mm 
fence has been used. Figure 4-9 and Figure 4-10 show the flow angle 
upstream of the LE edge. The nature of the flow angle is slightly differ-
ent for the pb grid cases compared with the 20 mm fence cases: there is 
a small increase in the yaw angle in the pb grid cases, up to 30% span 
and then decreases. 
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5  Results and Discussion 

5 . 1  L o a d  D i s t r i b u t i o n  
Loading distributions at different operating points provide valuable in-
formation about the streamline: the aerodynamic force experienced by 
the streamline and the consequence in the pressure and suction surfaces. 
The loading distributions are displayed in terms of the normalised sur-
face length (x/cax) to show the diffusion experienced by the blade sur-
face boundary layers. The isentropic Mach number (Roux, 2004; Wiers 
2002), total pressure coefficient (Burd and Simon, 2000), static pressure 
coefficient (Mahmood and Acharya, 2007) as well as the absolute static 
pressure (Haselbach et al., 2002) can be used to present the loading dis-
tribution. Here, the local isentropic Mach number is used to evaluate of 
the loading distributions using the following equation: 

M
2

κ 1
p
p

1  

 

(2) 

 

The local Mach number in the SSs, calculated using the inlet free stream 
total pressure (isentropic), may be slightly higher than the actual Mach 
number (local), as the total pressure was not corrected for any shock 
losses. This consequence, however, is expected to be small due to the 
relatively low Mach numbers. The evaluated loading distribution trials 
presented in this thesis are summarised in Table 5-1. Runs 1–6 give in-
formation about the performance at different operating points (Miso3 = 
0.9 (reference case), 0.7 and 0.5) for the baseline and filleted cases using 
a pb turbulence grid (Paper I). Runs 7–12 provide information about the 
performance at different operating points using the fence, giving infor-
mation about the influence of the upstream flow field as well as the LE 
fillet (Paper III). 
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Table 5-1 Presented load measurements 

Run Measurement Miso3 Comments 

1 Baseline case + pb grid 0.9 Paper I 

2 Baseline case + pb grid 0.7 Paper I 

3 Baseline case + pb grid 0.5 Paper I 

4 Filleted case + pb grid 0.9 Paper I 

5 Filleted case + pb grid 0.7 Paper I 

6 Filleted case + pb grid 0.5 Paper I 

7 Baseline case + fence 0.9 Paper III 

8 Baseline case + fence 0.7 Paper III 

9 Baseline case + fence 0.5 Paper III 

10 Filleted case + fence 0.9 Paper III 

11 Filleted case + fence 0.7 Paper III 

12 Filleted case + fence 0.5 Paper III 

 

Figure 5-1 and Figure 5-2 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 show a smooth velocity distribution 
without zones of intense deceleration. The low Mach number on the PS 
and the delayed acceleration increases the load on the front part of the 
vane, which is favorable from the loading point of view. As expected, 
kinks and abrupt changes in the acceleration or deceleration only occur 
on the SS in the region of the highest velocity, which may result in a 
weak oblique shock wave and additional losses. There is no evidence of 
suction-surface flow separation from the experiments. This is due to the 



37 
 

fact that, in case of the flow separation, there should be a region of ap-
proximately constant static pressures, which are absent in this case. 

No major deviation can be observed when comparing the baseline case 
and the filleted case. The distributions of the three different spans show 
the similar streamlining along the investigated height, although some 
small local variations do exist. This also confirms the similar relative 
pitch along the profile, which is one of the geometrical design parame-
ters for this vane. As can be seen from Figure 5-1 and Figure 5-2, there 
are some local variations for 25%, 50% and 75% span near the LE re-
gion 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 creates additional materi-
al, thus narrowing the passage cross-section. However, the fillet is used 
up to a short distance, from the LE, where the level of the velocity is 
low. As a result, it is hard to distinguish the effect at the 25% span. Un-
fortunately, it was not possible to measure the loading below a 25% 
span with the instruments used in the experiment. When nearing the 
maximum velocity position at the SS for 25% span, a transition from 
lower velocity before the maximum velocity position occurred, levelling 
out at maximum velocity position and then increasing the velocity, 
compared to 50% and 75% span. 

 

Figure 5-1 Profile Miso distribution at different spans for the baseline and filleted case at reference 
operating point Miso3 = 0.9 using a pb grid 
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Figure 5-2 Profile Miso distribution at different spans for the baseline and filleted case at reference 
operating point Miso3 = 0.9 using a fence 

 

 

Figure 5-3 Profile Miso distribution at 25% spans at the reference operating point (Miso3 = 0.9) 
using the pb grid and fence 
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Figure 5-3 shows the effect of the inlet conditions on the loading 
distribution at 25% span at Miso3 = 0.9. There is almost no difference in 
the loading distribution. This essentially implies that the loading dis-
tribution is not affected by the inlet flow field. 

Figure 5-4 Profile Miso distribution at 25% spans for the baseline and filleted case at different 
operating points 

 

Figure 5-4 illustrates the effect of off-design performances in the 25% 
span profile. Increasing the exit Mach numbers results in a more aft-
loaded vane. The similar behaviour is found in the 50% and 75% spans. 
It should be indicated here that the peak Mach number position at the 
SS of the profile is equal for the different Mach numbers. The throat 
position of the investigated vane is 0.61 of cax. Therefore, the exit Mach 
number is higher than the throat surface Mach number. Additionally, 
the maximum velocity at the SS is close to the TE. Therefore, the sec-
ondary loss as well as the profile loss should be at low level for this cas-
cade 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 vmax,ss to vexit (Mamaev, 2010). The resulting consequences on the 
profile and the secondary loss are discussed in the next sections. 
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Values of the exit diffusion factor are moderate and reduced from 0.14 
to 0.07 with a decrease of Miso3 from 0.9 to 0.5 (Figure 5-5).  

	 /
/  

(3) 

 

 

 

Figure 5-5 Exit diffusion factor 

5 . 2  S t r u c t u r e  o f  t h e  F l o w  
In order to gain a complete picture of the flow field, downstream area 
traverses are performed with pneumatic probes together with flow visu-
alisations. A list of measurement campaigns which are presented in this 
thesis are listed in Table 5-2. Run 13 confirms a satisfactory periodicity 
level (Paper I). The periodicity of the ASC cascade was also checked by 
Bartl (2010) and Putz (2010). Runs 14–24 give information about the 
downstream flow field and losses (Paper I and Paper III). Additionally, 
Runs 25–27 are performed for the surface flow visualisation with oil 
(Paper III). Runs 28–33 are performed on cooled vane (Paper II). 
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Table 5-2 Presented periodicity, loss, flow field and flow visualisation 

Run Measurement Miso3 Comments 

13 Baseline case + pb grid with 5 HP 0.9 Midspan trav-
erse, periodicity 

14 

15 

16 

Baseline case + pb grid with 5 HP

Baseline case + pb grid with 5 HP 

Baseline case + pb grid with 5 HP 

0.9

0.7 

0.5 

 

 

 

 

Area traverse, 
losses 

17 

18 

19 

Filleted case + pb grid with 5 HP

Filleted case + pb grid with 5 HP 

Filleted case + pb grid with 5 HP 

0.9

0.7 

0.5 

20 

21 

22 

23 

24 

Filleted case + fence with 5 HP

Filled case + fence with 3 HP 

Filleted case + fence with 3 HP 

Filleted case + fence with 3 HP 

Baseline case + fence with 5 HP 

0.9

0.9 

0.7 

0.5 

0.9 

25 Baseline case + pb grid 0.9

Oil visualisation 26 Filleted case + pb grid 0.9

27 Filleted case + pb grid (oil sprayed 
differently) 

0.9

28 Fully air-cooled vane (7.75% of 
hot gas) 

0.9 Partial area trav-
erse, losses 

29 Partially air-cooled vane (0.5% of 
hot gas) 

0.9 Partial area trav-
erse, losses 
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30 Partially CO2 cooled (0.5% match-
ing BR) 

0.9 Partial area trav-
erse, losses 

31 Partially CO2 cooled (0.6% match-
ing MR) 

0.9 Partial area trav-
erse, losses 

32 Partially CO2 cooled (0.5% match-
ing BR) 

0.9 Partial area trav-
erse with con-
centration probe 

33 Partially CO2 cooled (0.5% match-
ing BR) 

0.9 Partial area trav-
erse with con-
centration probe 

 

For a full area traverse with a 5-hole probe, there are 1170 measuring 
points with 39 tangential and 30 radial steps (Figure 5-6), whereas with a 
3-hole probe there are 780 points with 39 tangential and 20 radial steps 
(Figure 5-7). The horizontal axis represents the normalised pitchwise lo-
cation, whereas the vertical axis represents the normalised span. The 
black line starting from 0 to the upward direction represents the TE lo-
cation of NGV0. Looking from the downstream, the left portion repre-
sents the SS and the right portion the PS. 

 

 

Figure 5-6 Grid of measuring points for the 5-
hole probe 

Figure 5-7 Grid of measuring points for the 3-
hole probe 
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5 . 2 . 1  T o t a l  p r e s s u r e  a n d  l o s s  d i s t r i b u t i o n  
 

The total pressure is normalised by upstream average-midspan total 
pressure (p2/p1, ave, mid) to indicate downstream total pressure. Figure 5-8 
and Figure 5-10 represent the total pressure contour for the baseline 
(run 14) and filleted cases (run 17), using the pb grid in the upstream re-
spectively, at the reference operating Mach number Miso3 = 0.9. Figure 
5-12 and Figure 5-14 illustrate the total pressure distribution for the 
baseline (run 24) and filleted cases (run 20) using the fence. For all the 
above mentioned cases, the kinetic energy loss is calculated using the 
following equation and presented in Figure 5-9, Figure 5-11, Figure 5-13 
and Figure 5-15 respectively: 

1
 

 

(4) 

 

 

 

Figure 5-8 Normalised total pressure (p2/p1,ave, mid) distribution for the baseline case using a pb 
grid at Miso3 = 0.9 
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Figure 5-9 Kinetic energy loss distribution for the baseline case using a pb grid at Miso3 = 0.9 

 

 

 

 

Figure 5-10 Normalized total pressure (p2/p1,ave, mid) distribution for the filleted case using a pb 
grid at Miso3 = 0.9 
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Figure 5-11 Kinetic energy loss distribution for the filleted case using a pb grid at Miso3 = 0.9 

 

 

 

 

Figure 5-12 Normalised total pressure (p2/p1,ave,mid) distribution for the baseline case using a fence 
at Miso3 = 0.9 
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Figure 5-13 Kinetic energy loss distribution for the baseline case using a fence at Miso3 = 0.9 

 

 

 

Figure 5-14 Normalised total pressure (p2/p1,ave, mid) distribution for the filleted case using a fence 
at Miso3 = 0.9 
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Figure 5-15 Kinetic energy loss distribution for the filleted case using a fence at Miso3 = 0.9 
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sure distribution and kinetic energy loss distribution is that the behav-
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the wall to the probe head is also necessary to avoid the wall proximity 
effect (Treaster and Yocum, 1979). On the contrary, the sizes and loca-
tions of the secondary loss penetration depths and flow structure have 
significantly altered by changing the inlet turbulence grid. As can be seen 
from Figure 5-9 and Figure 5-13, the core loss (profile loss) remains the 
same quantitatively, albeit with shift in the tangential direction for the 
pb grid case. Therefore, it can be reported that the inlet condition can 
change the positions of the core-loss circumferentially although the loss 
value is similar. The pb grid cases (both baseline and filleted case) shift 
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. On the other 
hand, the core-loss does not change circumferentially for the baseline 
and filleted case with the same inlet condition (Figure 5-9, Figure 5-11 
and Figure 5-13, Figure 5-15). Therefore, it can be reported that the LE 
fillet, as expected, does not move the loss core circumferentially. 

Figure 5-16 Midspan total pressure distribution at different Mach numbers 

 

Figure 5-16 indicates the midspan total pressure distribution in the 
circumferential direction. As can be pointed out from the figure, the 
wake (profile loss and TE loss) location differs based on the inlet 
conditions and remains in the same location when inserting the LE 
fillet. An interesting phenomenon can be observed when looking at 
the compressibility effect with the same inlet condition. The circum-
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ferential location of the minimum total pressure does not change, 
although there is a minimal downward shift with an increase in the 
Mach number. 

5 . 2 . 2  E x i t  f l o w  a n g l e  d i s t r i b u t i o n   
 

The exit flow angle yields information about the turning of the flow, 
which is an important design criterion for a turbine vane or blade de-
sign. A lower value of the exit flow angle means higher turning. Fig-
ure 5-17 and Figure 5-18 indicate the exit flow angle distribution for 
the baseline (run 14) and filleted case (run 17) using the pb grid. In 
general, a similar picture is found in the baseline and filleted cases us-
ing the pb grid, although some local variations do exist in the sec-
ondary flow region. The similar behaviour is obtained by using the 
fence instead of the pb grid (run 20 and run 24).  

 

 

 

 

Figure 5-17 Exit flow angle distribution for the baseline case using a pb grid at Miso3 = 0.9 
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Figure 5-18 Exit flow angle distribution for the filleted case using the pb grid at Miso3 = 0.9 

 

Consequently, a similar nature can be found in all the cases with the 
same exit Mach number. Thus, the exit flow angle distribution in the 
mainstream flow is not significantly influenced by the prehistory or 
by the LE fillet. 

 

 

 

Figure 5-19 Pitch-averaged exit flow angle distribution at the reference operating point (Miso3 = 
0.9) 
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Figure 5-19 and Figure 5-20 show the distribution of the pitch-
averaged exit flow angles along the span. The curves show a typical 
behaviour of first underturning and then overturning from the mid-
span towards the endwall. Closer endwall values are obtained with 
the 3-hole probe (Figure 5-20). As expected from the exit flow dis-
tribution, no significant difference is found by inserting the LE fillet. 
However, there is a major increase in turning below the 10% span 
when the fence is used instead of the pb turbulence grid. 

 

 

 

Figure 5-20 Pitch-averaged exit flow angle distribution at different operating points 

 

Figure 5-20 illustrates the compressibility effect on the exit flow angle 
distributions. The 3-hole probe is used since it can almost reach the 
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history. When the pb grid is used as a prehistory, the exit flow angle in-
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here that for a cascade where throat Mach number (Mthr) is less than exit 
Mach number (i.e. Mthr < Mios3), the exit flow angle decreases with the 
decrease of the exit Mach number (Mios3) and vice versa (Mamaev, 2000). 
The investigated cascade has this feature of Mthr < Mios3. 
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5 . 2 . 3  R a d i a l  f l o w  a n g l e  d i s t r i b u t i o n  
 

 

Figure 5-21 Radial flow angle distribution for the baseline case using the pb grid at Miso3 = 0.9 

 

The radial flow angles, together with the exit flow angles, form the 
structure of the flow field: when the radial flow angle is negative, the 
flow is a downward-directed flow, and vice versa. 

 

Figure 5-22 Radial flow angle distribution for the filleted case using the pb grid at Miso3 = 0.9 
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Similar to the exit flow angle distribution, the radial flow angle distribu-
tion remains unaffected by the use of a LE fillet. In the mainstream 
flow, especially close to the SS, the radial flow angle is around 0°. Close 
to the PS (Δs/s = 0.1 to 0.4), both figures (Figure 5-21 and Figure 5-22) 
show a downwash, which is most likely caused by the tip endwall con-
touring. The regions of the secondary flow are strongly influenced by 
the radial flow. Changes in the endwall regions are discussed in the vor-
ticity analysis. 

5 . 2 . 4  V o r t i c i t y  a n d  f l o w  v e c t o r s  
 

The three-dimensional velocity vectors are calculated in a Cartesian co-
ordinate system as: 

v
v
v
v

 

 

The components vy and vz corresponds to the pitchwise and spanwise 
velocity component respectively, calculated from the velocity vector to-
gether with the exit flow angle (α) and the radial flow angle (β) according 
to the following equations: 

 

v	  (5) 

v	  (6) 

 

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

 
(7) 



54 
 

 

Figure 5-23 Vorticity and flow vector distribution for the baseline case using the fence at Miso3 = 0.9 

 

 

 

 

Figure 5-24 Vorticity and flow vector distribution for the filleted case using the fence at Miso3 = 0.9 
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Figure 5-25 Vorticity and flow vector distribution for the filleted case using the pb grid at Miso3 = 0.9 

 

 

Figure 5-26 Vorticity and flow vector distribution for the baseline case using the pb grid at Miso3 = 0.9 
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ondary flow analysis. Consequently, positive vorticity (marked in Figure 
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stream viewpoint) and vice versa. As described earlier, the black line 
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starting from the ‘0’ represents the TE of NGV0 and the SS is in the left 
portion and the PS is in the right portion. The TEs of NGV+1 and 
NGV-1 are also added in the figures to show and explain the different 
vortices. In general, the overall vortex structure is similar to the different 
prehistory applied and by inserting the LE fillet for Miso3 = 0.9. The na-
ture in the endwall regions shows some particularities, as expected. In 
general terms (Figure 5-23), the PS leg of the HS vortex (counterclock-
wise positive vortex) originating from NGV+1 comes to the SS of the 
NGV0 vane. The vortex either mixes with the endwall crossflow gener-
ating the well-known PV (counterclockwise rotation) (A) and/or, to-
gether with PV induces the corner vortices (clockwise rotation) (D). The 
SS leg of the HS vortex from NGV0 stays right after the PV (B), possi-
bly moving the PV upwards (C). C can also be treated as the corner vor-
tex (CV) as it can be induced by the PV. The TE shed vortex (E) with 
the clockwise rotating vorticity is found in all of the cases. As can be 
seen from Figure 5-23 and Figure 5-24, the clockwise rotating negative 
corner vortices are spread more circumferentially for the baseline case 
(run 24) compared with the filleted case (run 20) using the fence as a 
prehistory. However, the spanwise extension of vortices is slightly high-
er for the filleted case compared to the baseline case. This essentially 
means that the LE fillet shifts the position of the vortices. The similar 
behaviour is found by using the pb grid (Paper I). Comparing Figure 
5-23 and Figure 5-26, it is also found that the clockwise rotating corner 
vorticity and the PS passage vortex intensity are higher for the fence 
case compared with the pb grid case, due to an increase in the thickness 
of the inlet boundary layer. 

 

Figure 5-27 Vorticity and flow vector distribution for the baseline case using pb at Miso3 = 0.7 
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Figure 5-28 Vorticity and flow vector distribution for the baseline case using the pb at Miso3 = 0.5 

 

The compressibility significantly affects the vorticity structure in the 
downstream plane (Figure 5-26, Figure 5-27 and Figure 5-28). The SS 
leg of the HS vortex from the NGV0 seems to disappear and the PV is 
decreased (Figure 5-27 and Figure 5-28) over one pitch with the de-
crease in Mach number. There is no significant influence on the other 
vortices found in the low Mach case. However, the kinetic energy loss 
coefficient for the low Mach seems to be slightly higher compared with 
the high Mach cases (discussed later). The region might be the position 
of all vortices concentrates near the TE, creating two distinct vortices: 
clockwise rotating shed vortex and counterclockwise rotating passage 
vortex and/or corner vortex. 
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Figure 5-29 Vorticity distribution for fully air cooled NGV using a pb grid (turned) at Miso = 0.9 

 

Runs 28–33 in Table 5-2 has been performed using a cooled NGV (Pa-
per III). Only run 28 is operated with fully air cooled. In the other runs, 
vane surface film cooling is not used; only upstream platform cooling is 
used in order to see the influence of the secondary flow on the upstream 
cooling. Figure 5-29 shows the vorticity distribution (run 28) for the air-
cooled NGV. Compared with the uncooled cases, there is some differ-
ence found in the vorticity distributions, although the overall vortex 
structure remains similar to the uncooled case in the hub zone. The TE 
shed vortex is separated in different parts. Consequently, there is a sig-
nificant difference found in the downstream loss when the cooled vane 
is used (this is discussed in the aerodynamic loss section). 
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Figure 5-30 CO2 concentration and flow vectors 
for CO2 cooled NGV using the pb grid (turned) 

matching MR at Miso3 = 0.9 

Figure 5-31 CO2 concentration and flow vectors 
for CO2 cooled NGV using the pb grid (turned) 

matching BR at Miso3 = 0.9 

 

When CO2 is used as a tracer gas, a CO2 probe is used with the same 
dimensions as the 5-hole probe, which gives the opportunity to see the 
influence of the secondary flow on the platform cooling. Comparing the 
concentration contour and vorticity contour, one can see that the vorti-
city does not follow the concentration distribution. One of the most 
important phenomena that is revealed from the tracer gas analysis is that 
the present design of the upstream platform film coolant cannot reach 
the PS, leaving the PS less protected from the free-stream hot gas 
(Figure 5-30 and Figure 5-31). It should be mentioned here, again, that 
for the partial air or CO2 cases, the vane surface film cooling is not ap-
plied. This may alter the conclusions of fully cooled cases, since it is dif-
ficult to predict where cooling air ends, as a part of it may be washed in 
to the endwall boundary layer under the influence of the cross passage 
pressure gradient. 
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5 . 3  A e r o d y n a m i c  L o s s  
Figure 5-32 shows the mass-averaged kinetic energy loss coefficient ζ 
(including inlet boundary layer losses). 

 

 

Figure 5-32 Mass-averaged kinetic energy loss distribution for different cases at reference exit Mach 
number (Miso3= 0.9) 

 

As can be seen, the mass-averaged kinetic energy loss coefficient distri-
bution along the whole span is presented for the different cases at the 
reference exit Mach number 0.9. Consequently, all curves show the 
same behaviour. The profile loss can be defined from 30% to 70% of 
the span. Below 30% and above 70% of the span the secondary flow in-
fluence is apparent. Changing the turbulence grid causes 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 only small. Similar behaviour can be observed for the fil-
leted cases using different inlet turbulence grids. However, changing the 
turbulence grid significantly affects the hub secondary flow losses. As 
expected, the pb grid shows 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 with the pb grid, 
which essentially increases the secondary losses. The pb grid decreases 
the secondary loss all the way from 20% of the span till the hub. When 
comparing the effect of LE fillet with the baseline case, the conclusion 
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remains the same for the fence case as it does for the pb grid case. The 
secondary flow for the baseline case decreases from 20% to 13% of the 
span, and then increases below 13% compared with the filleted case 
when pb is used as a prehistory. As a result, the overall loss for the base-
line case and the filleted case remains the same. It can be concluded that 
the upstream flow-field history has a stronger impact concerning the 
evolution of the secondary flow losses in the present case whether a fil-
let is used or not. Figure 5-33 displays the compressibility effect on the 
secondary flow. The 5-hole probe and 3-hole probe show a slightly dif-
ferent nature in the endwall loss distribution most likely due to the wall 
proximity effects. The gradient of the kinetic energy loss coefficient is 
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 decrease in the secondary loss with the 
increase of the Mach number between 20% to 10% span. 

 

Figure 5-33 Mass-averaged kinetic energy loss distribution at different operating points 

 

Figure 5-34 shows the effect of film cooling on the aerodynamic losses. 
There is a clear increase of the losses by more than 3%. The behaviour 
of the loss in the midspan zone also fluctuates substantially for the 
cooled vane case. It should be noted here that a geometrical deviation 
was found (Putz, 2010) for the instrumented vane case with a 0.3mm–
0.4mm thinner TE, which reduces the trailing edge losses for the un-
cooled instrumented vane case. Moreover, the surface roughness is dif-
ferent for the cooled vane compared with the uncooled instrumented 
vane. 
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Figure 5-34 Mass-averaged kinetic energy loss distribution for a cooled and uncooled vane at Miso3 = 
0.9 

5 . 4  F l o w  v i s u a l i s a t i o n  
A coloured oil visualisation technique is used in order to obtain qualita-
tive pictures of complex three-dimensional secondary flows inside the 
ASC. Based on a large number of photographs and through direct flow 
inspection during the experiment, some interesting flow phenomena can 
be described. This simple method essentially yields valuable information 
about the location of the saddle point, recirculation zones and second-
ary flow phenomena. A mixture of viscous silicone oil, white titanium 
oxide power and ordinary pigment colour power are used to make dif-
ferent colour. The quantities of each component are estimated. 
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(a)  
(b) 

(c) 
(d) 

Figure 5-35 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 

 

Three runs (Table 5-2) are performed: the first one (run 25) for the 
baseline case (Figure 5-35a); the second one (run 26) for the filleted case 
without putting oil in the LE fillet (Figure 5-36a); and the third one (run 
27) for the filleted case putting oil in the LE fillet (Figure 5-36d). After 
spreading the oil, the rig is assembled quickly and the flow is switched 
on for 15–25 minutes, followed by additional time to dissemble the rig 
to obtain the pictures.  

 

 

Saddle point
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(a) 
(b) 

(c) 
(d) 

(e) 
(f) 

Figure 5-36 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 
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A close observation during the run time reveals one interesting phe-
nomena of an upward and downward flow near the endwall (marked as 
a red circle in Figure 5-35b) in the suction side. This behavior is found 
in the baseline as well as the filleted case (Figure 5-36b). As can be seen 
for the baseline (run 25) and filleted case (run 26), there is no major dif-
ference in the streamline. However, a considerable difference is ob-
served near the LE zone. The change around the LE zone for the fillet-
ed case is due to the insertion of the LE fillet. The baseline case shows a 
clear saddle point (Figure 5-35c) where the HS vortex separates into the 
SS and PS. Surprisingly, for the filleted case, the saddle point is not no-
ticeable (Figure 5-36c). Another run (27) is carried out where oil is 
spread over the LE fillet (Figure 5-36d). Yet, the saddle point is not no-
ticeable (Figure 5-36e), leading to the conclusion that the LE fillet might 
decrease the HS vortex, although the overall loss in the downstream 
plane is the same. From the flow visualisation through an ongoing CFD 
study, it is clear that there is no distinct saddle point or separation line 
present in the filleted case compared with the baseline case. 

(Baseline case) 

 

(Filleted case) 

Figure 5-37 Streamlines on the hub and vane surfaces from CFD 
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6  Summary and 
Conclusions 

Detailed investigations of the secondary flow in the ASC are presented 
with and without a LE fillet using a geometric replica of a modern gas 
turbine NGV with a contoured tip endwall. This study was incorporated 
into a research project that investigates the possibility of efficiency im-
provement in the HPT stage. 

Aerodynamic flow-field measurements have been conducted down-
stream of a cascade at +107.1% of cax,hub using aerodynamic probes to 
gain information about the secondary flow and the kinetic energy loss 
distributions. The vanes instrumented with static pressure taps have 
been used to study the aerodynamic forces acting on the vane surfaces 
for 25%, 50% and 75% of the span. Additionally, oil flow visualisations 
have been performed to display qualitative pictures of surface flow and 
the flow around the LE. Furthermore, a separate investigation is per-
formed on the hub-cooled NGV without the LE fillet focusing on the 
endwalls, specifically the interaction between the hub film cooling and 
the mainstream. The presented data includes the loading distribution, 
fields of total pressures and losses, exit flow angle and radial flow angle 
distribution, vorticity and concentration distributions, as well as, pitch-
averaged exit flow angles and losses. The study reveals some new find-
ings and also confirms some conclusions established in other investiga-
tions. 

 There is no significant influence of the LE fillet in all investigated 
flow performance. The reason why the LE fillet does not affect the 
losses might be due to the use of a three-dimensional vane with an 
existing typical fillet over the full hub and tip profile. The previous 
authors obtained a loss reduction, comparing a LE fillet with the 
baseline case having absolutely no fillet in low speed cases. In the 
present investigation, the comparison has been done between a LE 
filleted case and a baseline case, using a small fillet all the way to-
wards the TE. Additionally, the present investigation is performed 
in an ASC with relevant radial pressure gradients, which was not the 
case for all the previous works on the LE fillet. 
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 From load measurements, there is no evidence of SS flow separa-
tion. 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).  

 The normalised total pressure distribution and kinetic energy loss 
distribution essentially produce similar results. A closer investigation 
of the flow near the endwall reveals a wider zone of total pressure 
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. As a result, the fil-
leted case, in general, shifts the loss core towards the midspan direc-
tion. An important feature is revealed by changing the inlet prehis-
tory on the location of the core losses. The pb grid cases (both 
baseline and filleted case) shift the main loss core circumferentially 
by approximately 3.5% of the pitch compared with the fence case. 

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

 The radial flow angle distributions downstream of the vane remain 
unaffected by the use of the LE fillet. 

 From the vorticity distribution, the PV, the SS leg of the HS vortex, 
two counter-rotating corner vortices and the TE shed vortex are 
found with only a little difference in intensity for the filleted case 
compared with the baseline case in the SS. The PV intensity is 
slightly smaller for the filleted case compared with the baseline case. 
However, the spanwise extension of vortices is slightly higher for 
the filleted case compared with the baseline case. This essentially 
implies that the LE fillet shifts the position of the vortices. Howev-
er, 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 at the three different operating points for the 
baseline and the filleted cases. Losses from 30% to 70% of the span 
indicate the profile loss. The profile loss (for the uncooled vane) is 
accounted for approximately 2.5%, whereas the secondary loss is 
approximately 1.1% for the reference operating point (Miso3 = 0.9) 
using the pb grid. The secondary loss in the hub region is higher for 
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the baseline case up to 13% of the span compared with the filleted 
case, whereas it is lower from 13% to 20% of the span compared 
with the filleted case using the pb grid. The combined effects are 
same for the baseline and the filleted case. The Mach number influ-
ence is small. However, changing the inlet conditions from the pb 
grid to the fence strongly affects the secondary loss. As expected, 
the pb grid shows 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 hub LE fillet is not significant on 
reducing the secondary loss for the investigated vane. 

 The flow visualisation investigation indicates that the LE zone is al-
tered due to the use of the LE fillet leading to the lower HS vortex. 
However, the downstream flow structure is 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 many CFD analyses. 

 The cooled vane investigation with tracer gas (CO2) reveals that the 
upstream platform film coolant of the investigated NGV is concen-
trated along the SS surfaces and does not reach the PS of the hub 
surface, leaving it less protected from the hot gas. 
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7  Future Work 

The proposed future work can be summarised as follows: 

 It is assumed that the LE contouring did not increase efficiency be-
cause the reference NGV had a typical fillet at the junction of the 
vane and the endwall. In principal, one can check this assumption. 
For that, it is necessary to update the reference NGV by removing 
the typical fillet from the baseline NGV. 

 As can be found from the investigations, the cooled vane has a sig-
nificantly large loss compared with the uncooled case. The impact 
of the film cooling appears to be one of the main dominating fac-
tors. It would be interesting to study the influence of different cool-
ing holes (in positions and in shape) on the aerodynamic losses. 

 It would be an interesting study of different leading edge fillet (in 
size and shape) combining with other endwall features, for instance, 
endwall contouring. 

 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. 

 Numerical calculations should be performed for the LE fillet and 
for the cooled vane in order to understand the flow field more pre-
cisely. 

 From the geometrical deviation, the loss is found to be smaller in 
the instrumented vane. It would be useful to study the TE further, 
for instance, to study on the TE cutback and optimising 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. 
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9  Appendix A: Uncertainty 
Analysis 

In the experimental investigation, it is important to scrutinise the uncer-
tainty in order to accurately comprehend the presented results. The ex-
act inaccuracy or uncertainty estimation is barely possible in real-life ex-
periments. Essentially, the estimation of the uncertainty is based on the 
experience gained during the experiment and from the previous experi-
mental campaign of the same rig and equipment and from previous ex-
perimentalist 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 in-
struments in the measuring chain, and it is difficult to predict this error. 
Often the manufacturer states the systematic uncertainties of the cali-
brated instrument. Nevertheless, it is always better to ensure that the 
right properties are calibrated in an appropriate way with correctly in-
stalled instruments/transducers etc (Fahlen, 1994). In the present inves-
tigation, the atmospheric pressure is acquired by a Solartron barometer 
with an accuracy of 0.01% of its full scale. The barometer measures the 
atmospheric pressure between 0 and 115 kPa, which corresponds to an 
absolute error range of ±11.5 Pa. The pressure systems are used to 
measure the relative pressure for all the experiments. The pressures are 
measured with two sets of PSI 9116 modules in appropriate ranges, 
which are 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 is calculated for the pressure of psc, ps, p2 and p2s based 
on the global pressure accuracy (Holman, 2001).  
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∆ ∆ ∆  
(A1) 

 

The second type of error is the random error, which is related to the 
standard deviation value of the measured data. In the present investiga-
tion, each data point is time-averaged from 60 sequenced scans. The to-
tal uncertainty of each pressure measurement can be calculated based on 
the root mean square error propagation method. 

∆ ∆ ∆  
(A2) 

 

All uncertainties, except the pressures, are considered to be independ-
ent. The uncertainty budget for the kinetic energy loss coefficient, isen-
tropic Mach number for profile loss distribution, exit flow and radial 
flow angle distribution and others are presented below: 

 The overall average loss coefficient is calculated to ∆ζkin = ± 
0.18%. 

 Exit flow angle and radial flow angle uncertainty is ±0.6° 
 The total temperature sensor (pt 100 resistive temperature de-

tector) accuracy is ± 0.1 K at 0°C. The resistance is measured 
using a Keithley 2701 multimeter with an accuracy of 0.003 K 
(Keithley, 2008). 
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Figure 9-1 Overall averaged kinetic energy loss coefficient (run 17) 

 

The uncertainty of loss coefficient depends on the uncertainty of the 
upstream total pressure, downstream total pressure and static pressure, 
and can be calculated as follows (Mamaev, 2011): 
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1

 

(A6) 

 

1

1

 
(A7) 

 

Limitations:  

 Uncertainties during the calibration procedure and inaccuracy in 
other systems, for instance the traverse system are not taken in-
to account. 

 There is a pitch angle influence in the 3-hole probe measure-
ment. This influence is not present in the 5-hole probe meas-
urement. However, the wall proximity effect is stronger in the 
5-hole probe compared with the 3-hole probe. 

 The measured flow is actually unsteady to some extent, which 
induces an unknown uncertainty. 
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10 Appendix B: 
Instrumented Vanes 

The surfaces of all three NGVs are equipped with pressure taps of 
0.4 mm diameter, which are perpendicular to the surface at 25%, 
50% and 75% of the span. The NGV0 has 45 taps, the NGV-1 has 
43 taps and the NGV+1 has 29 taps. The NGV0 is equipped with 
pressure taps on both SS and PS. NGV-1 is used for SS only and 
NGV+1 is used for PS only. The flow and the leakage tests were 
performed prior to the final installation of the vanes in the test sec-
tion. 

 

Figure 10-1 Suction side of NGV Figure 10-2 Pressure  side of NGV 

 

Table 10-1 Normalised positions of surface pressure taps 

NGV0 NGV-1

Tap x/axial cord Tap x/axial cord

 75% span 75% span

1 (PS) 0.924923121979792 1 (SS) 0.0145995021232977 

2 (PS) 0.699370332405916 2 (SS) 0.0350124469175575 
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3 (PS) 0.200351442378093 3 (SS) 0.0819739346902914 

4 (SS) 0.151881681066042 4 (SS) 0.151881681066042 

5 (SS) 0.649524088446332 5 (SS) 0.249494801581491 

6 (SS) 0.924498462439596 6 (SS) 0.348923707717089 

  7 (SS) 0.448747986528042 

 50% span 8 (SS) 0.549084785473715 

7 (PS) 0.950394178289873 9 (SS) 0.64948015814907 

8 (PS) 0.899833232261977 10 (SS) 0.699121394054766 

9 (PS) 0.849439053972104 11 (SS) 0.749816957094743 

10 (PS) 0.799893875075804 12 (SS) 0.774491140723386 

11 (PS) 0.699196482716798 13 (SS) 0.798477083028262 

12 (PS) 0.599757428744694 14 (SS) 0.823737003953727 

13 (PS) 0.498847786537295 15 (SS) 0.849816957094743 

14(PS) 0.398590054578532 16 (SS) 0.8748572265339 

15 (PS) 0.299348089751364 17 (SS) 0.899809635378533 

16(PS) 0.200469981807156 18 (SS) 0.924498462439596 

17 (PS) 0.100848999393572 19 (SS) 0.949860887392005 

18 (PS) 0.00251667677380226 20 (SS) 0.979762776394787 

19 (SS) 0.00827774408732564

20 (SS) 0.0370830806549424 50% span

21 (SS) 0.0761976955730745 21 (SS) 0.150833838690115 
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22 (SS) 0.150833838690115 22 (SS) 0.648938750758035 

23 (SS) 0.249408732565191 23 (SS) 0.924439053972104 

24 (SS) 0.348802304426925

25 (SS) 0.448711340206186 25% span

26 (SS) 0.548984232868405 24 (SS) 0.00841383608600809 

27 (SS) 0.648938750758035 25 (SS) 0.037145528201932 

28 (SS) 0.699241964827168 26 (SS) 0.0764412589591773 

29 (SS) 0.749878714372347 27 (SS) 0.150747896540978 

30 (SS) 0.774499696785931 28 (SS) 0.249298846992833 

31 (SS) 0.799151000606428 29 (SS) 0.349267684636958 

32 (SS) 0.824605821710127 30 (SS) 0.449703957619196 

33 (SS) 0.84986355366889 31 (SS) 0.549236522281084 

34 (SS) 0.87477258944815 32 (SS) 0.649439077594266 

35 (SS) 0.899590661006671 33 (SS) 0.698566531629791 

36 (SS) 0.924439053972104 34 (SS) 0.749532564661888 

37 (SS) 0.949757428744694 35 (SS) 0.774166406980368 

38 (SS) 0.979714978775015 36 (SS) 0.798005609224057 

39 (PS) 0.986158277744087 37 (SS) 0.82330944219383 

  38 (SS) 0.84920535992521 

 25% span 39 (SS) 0.874368962293549 

40 (PS) 0.924400124649423 40 (SS) 0.899111872857588 
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41 (PS) 0.698924898722343 41 (SS) 0.924181988158305 

42 (PS) 0.200327204736678 42 (SS) 0.949361171704581 

43 (SS) 0.150747896540978 43 (SS) 0.979277033343721 

44 (SS) 0.649439077594266

45 (SS) 0.924181988158305

 

NGV+1

Tap x/axial cord 

 75% span 

1 (PS) 0.0100600380729243

2 (PS) 0.100893249377654

3 (PS) 0.200351442378093

4 (PS) 0.299341045541075

5 (PS) 0.398799238541514

6 (PS) 0.49973641821643

7 (PS) 0.599838922243374

8 (PS) 0.699370332405916

9 (PS) 0.799956069702738

10 (PS) 0.849524088446332

11 (PS) 0.899912139405477
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12 (PS) 0.924923121979792

13 (PS) 0.950446624688827

  

 50% span 

14 (PS) 0.200560946027896

15 (PS) 0.699196482716798

16 (PS) 0.924848392965434

  

 25% span 

17 (PS) 0.00257089435961357

18 (PS) 0.100872545964475

19 (PS) 0.200327204736678

20 (PS) 0.299407915238392

21 (PS) 0.398426301028358

22 (PS) 0.49894047990028

23 (PS) 0.599579308195699

24 (PS) 0.698924898722343

25 (PS) 0.799532564661888

26 (PS) 0.848956061078217

27 (PS) 0.899392334060455

28 (PS) 0.924400124649423
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29 (PS) 0.949953256466189
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11 Appendix C: Post-
Processing 

Within the scope of the present investigation, area traverse measure-
ments have been performed using pneumatic probes upstream and 
downstream of the nozzle guide vane. To evaluate the data the technical 
computing tool MATLAB 7.9.0 has been used. The 5-hole probe tip is 
depicted in Figure 11-1. The calibrations of the 5-hole and 3-hole probe 
have been performed in a semi open calibration nozzle. The probe is 
fixed to a traverse mechanism which is instructed to provide orientation 
of the probe head from yaw angles (α) ±24 and pitch angles (β) ± 20. 
Typical calibration coefficients (Figure 11-2 and Figure 11-3) are illus-
trated for one Mach number (0.85). 

 

Figure 11-1 Front view of the the 5-hole probe head (Roux, 2004) 

 



92 
 

 

Figure 11-2 Typical calibration coefficient at Mach number 0.85 

 

 

Figure 11-3 Typical 3D plots of calibration coefficient at Mach number 0.85 
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For flow field measurements, the total pressure, static pressure, tangen-
tial (yaw) flow angle, radial flow angle (pitch) and Mach numbers are re-
constructed at each point iteratively using an in-house designed Matlab 
routine (Vogt and Fridh, 2005 and Fridh, 2010). For uncooled and 
cooled NGV loss investigations Eq. C1 and Eq. C2 have been respec-
tively used assuming the flow to be adiabatic and approximately same 
free stream and cooling air temperature:  
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Finally, finite measurement points are integrated over one pitch for each 
radius in order to calculate mass-average parameters, such as kinetic en-
ergy loss coefficient. 
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