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ABSTRACT 13 

Un-shrouded turbine blades are more common than shrouded ones in gas turbine aero-14 

engines since they reduce the weight and avoid the centrifugal loading caused by the 15 

blades’ shrouds. Despite these important advantages, the absence of the shroud leads to 16 

leakage flows across the tip gap and exposes the blade tip to high thermal load and 17 

thermal damages. In addition, the leakage flows can contribute up to 30% of the 18 

aerodynamic loss in a turbine stage. In this study, the effect of in-service burnout is 19 

explored using a fundamental flat tip model of a high-pressure gas turbine blade. This 20 

investigation is carried out both experimentally in a transonic wind tunnel and 21 

computationally using the Reynolds Averaged Navier Stokes approach at high speed 22 

conditions. It is found that exposing the tip to the in-service burnout effect changes the 23 

leakage flow behaviour significantly when compared to the tip with sharp edges (i.e. the 24 

tip at the start of its operational life). Different flow acceleration, flow structure and 25 

shockwave pattern and interactions are captured for the round-edge flat tip (i.e. the tip 26 

exposed to in-service burnout). The effective tip gap is found to be much larger for the 27 

round-edge flat tip allowing more leakage flow into the tip gap which results into higher 28 

tip leakage losses in comparison to the sharp-edge tip. Experimental and computational 29 

flow visualisations, surface pressure distributions and discharge coefficient are given and 30 

analysed for several pressure ratios over the tip gap.   31 

 32 

 33 

Keywords 34 

Turbine blade tip, tip leakage, burnout effect, discharge coefficient, wind tunnel tests, 35 

RANS.  36 
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NOMENCLATURE 38 

 39 
PR Pressure ratio (ratio of static pressure at the tip gap exit to 

the stagnation pressure at its inlet) 

RANS Reynolds Averaged Navier Stokes  

 40 

 41 

 42 

SYMBOLS 43 
A Area 

CD Discharge Coefficient 

h Tip gap height  

M Mach number 

ṁact Actual mass flow rate 

ṁisen Isentropic mass flow rate 

P0 Stagnation pressure 

P01 Stagnation pressure at the inlet to the tip gap 

Ps Static pressure at the tip surface 

R Gas Constant 

To Stagnation Temperature 

v Velocity 

vx Velocity in x-direction 

𝛾 Adiabatic constant 

𝜌 Mass density 

 44 

 45 

INTRODUCTION 46 

Gas turbine engines form a significant important part of the aero-propulsion industry and 47 

their development and advancement have great impact on the economics of this sector, 48 

therefore they are considered as essential research area with high potential. An effective 49 

way of enhancing the performance of these engines is through increasing the temperature 50 

of the gases entering the high pressure turbine stage. Hence in the modern gas turbine 51 

engines, gas temperature at the inlet to turbine stage is pushed to a very high limit. 52 

However despite this advantage, this approach will also expose the blades to high 53 

temperature and high heat transfer, and requires suitable cooling techniques for the blade 54 

material to sustain a sufficiently long operational life [Park et al., 2014, Rezasoltani et al., 55 

2015, Xue et al., 2015, Xue and Ng, 2018].  56 

 57 

Turbine blade tip is considered as a very complicated region to design within a high 58 

pressure turbine stage since it is exposed to a much greater heat load in comparison to the 59 

rest of the blade and it is very difficult to be cooled. There have been a lot of research 60 

studying the effect of the shrouded and un-shrouded tips on the turbine efficiency, Gao et 61 

al. (2012) provided a comprehensive comparison between the two.  In the case of 62 

shrouded blades, a shroud is used to interconnect all the blades and provides a sealing 63 
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between the tip of the blades and the casing surface. In some industrial applications 64 

partial shrouds are used to reduce the stresses caused by the full shroud on the blades 65 

while still benefiting from some of advantages of shrouded design [Porreca et al., 2008, 66 

Rebholz et al., 2016].  67 

 68 

Despite all the benefits, shroud increases the weight, exposes the blades to mechanical 69 

stresses and gives rise to high centrifugal loading therefore there is a high potential to 70 

move towards the un-shrouded blades in the aero-engines. In the case of un-shrouded 71 

blades, the pressure difference between the blade surfaces gives rise to the development 72 

of the so-called leakage flows across the tip gap which starts from the pressure side and 73 

ends at the suction side of the blade. These leakages flows expose the tip region to a very 74 

high thermal load and damage, hence this region is considered as a critical area to design 75 

in the case of the un-shrouded turbine blade. In addition to thermal damages, these 76 

leakage flows contribute to one third of the total aerodynamic loss in a turbine stage, 77 

therefore any small improvement in reducing these flows will result in a great 78 

enhancement in the engine’s efficiency [Chen at al., 1993, Denton, 1993]. 79 

 80 

There have been a lot of studies on the tip leakage flows to explore the important factors 81 

affecting these flows and their development. As the flow reaches the pressure side of the 82 

tip, it separates and develops a separation bubble. This acts like a vena-contracta and can 83 

accelerate the flow to high speed conditions provided the pressure difference across the 84 

tip is sufficient. The development of the high speed flow gives rise to the formation of 85 

shockwaves in the tip gap which interact with the tip flow [Chen et. al, 1993 & Saleh et 86 

al., 2013]. Moore et al. (1988) and Moore and Elward (1993) provided a comprehensive 87 

study on the development of separation bubble and its vena-contracta effect as well as the 88 

formation of the shockwave due to the over expansion of high speed tip flow at the inlet 89 

to the tip gap using water table experiments. They showed that as the flow Mach number 90 

exceeded 0.8 at the gap exit, tip leakage flow was able to accelerate to supersonic 91 

conditions. Chen et al. (1993) studied the tip leakage flow at transonic conditions 92 

experimentally and computationally using two-dimensional modelling and captured flow 93 

fluctuations due to the shockwave formation over the tip surface and its interaction with 94 

the leakage flow. It was also discovered that as the tip leakage flows changed from being 95 

subsonic to supersonic the length of separation bubble at the inlet significantly decreased.  96 

 97 

The chocking behaviour of the tip leakage flows and development of the shockwaves in 98 

the tip gap have been pointed out by many studies including research presented by 99 

Harvey, (2004), Green et al., (2005), and Molter et al., (2006). Zhange and He (2011) 100 

studied the chock nature of the tip leakage flow at transonic conditions and its 101 

implications.  They discovered that as the tip flow becomes chocked, it sets a limiter to 102 

the local tip leakage mass flow rate and results into a decoupling between the mass flow 103 

rate of the leakage flow and the blade loading. Therefore, it was concluded that for the 104 

chocked tip leakage flow, the blade loading can be increased with a slight or no increase 105 

in the tip leakage losses.  106 

 107 

The structure of the shockwave developed over the tip surface was studied by Zhang et 108 

al. (2011). It was found that most of the tip flow was of supersonic type and had the 109 
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maximum Mach number of 1.8. In addition the surface heat transfer was predominantly 110 

influenced by the structure of the shockwaves formed inside the tip gap. The shockwave 111 

system started with the formation of an oblique shockwave which reflected at the casing 112 

and the tip surface for a few times and ended with the formation of a normal shockwave. 113 

On overall the surface heat transfer was smaller at the tip regions with supersonic 114 

conditions in comparison to the areas with subsonic conditions.  115 

 116 

One of the main factors influencing the tip flow structure and development is the tip 117 

geometry. Hence there has been an effort to study different tip geometries including flat 118 

tip, suction-side squealer tip, pressure-side squealer tip, cavity tip and winglet tip models 119 

and many more [Azad et al., 2002, Key et al., 2006, Papa et al., 2003, & Saha et al., 120 

2006, Zhang et al., 2016]. One of the typical turbine blade tip is known as the squealer tip 121 

model, which is effectively a recessed tip and has a thin rim which is extending along 122 

either the pressure side or suction side edge or both. Experimental investigations have 123 

shown that using squealer tip model reduces the overall heat load when compared to the 124 

plain flat tip model. In addition it is found that the squealer rim can reduce the tip leakage 125 

flow since it provides sealing effect against this flow [Azad et al, 2000, Azad et al., 126 

2002]. Moreover the location of the rim influences the effectiveness of this tip to a large 127 

extent. Study by Kwak et al. (2004) shows that the suction side squealer has a better 128 

performance in reducing the overall heat transfer over the tip surface in comparison to the 129 

pressure side squealer and cavity tip model (i.e. the full squealer tip model). Newton et al. 130 

(2006) also performed an investigation on different squealer tips with comparison to the 131 

flat tip model. It was concluded that the tip flow was dominated by a separation bubble at 132 

the inlet to the gap for the flat tip model and the area with separated flows increased by 133 

enlarging the size of the tip gap. The heat transfer distributions showed that the suction 134 

side squealer model had the best performance since it provided the minimum net heat 135 

flux in comparison to the full squealer and the flat tip models. The effect of opening at 136 

the leading edge and trailing edge for different squealer tips was explored by Caloni et al. 137 

(2016). The opening at the trailing edge was found beneficial in increasing the sealing 138 

effectiveness, the leading edge opening allowed more flow entering the tip and the 139 

combination of both openings improved the heat transfer distribution.   140 

 141 

Another well-known tip geometry is the winglet-squealer model, which has a winglet on 142 

the pressure side edge and a squealer rim on the suction side edge. Papa et al. (2003) 143 

performed an experimental study where this tip geometry was tested and compared to a 144 

full squealer model. The heat transfer distribution over the winglet-squealer tip was found 145 

to be much lower in comparison to the squealer tip. In addition increasing the tip gap size 146 

did not change the overall heat transfer for the winglet-squealer tip whereas for squealer 147 

tip the heat transfer was increased for a larger tip gap. More recently Zhong et al., (2016) 148 

have studied the heat transfer distributions for different winglet-squealer tip models and 149 

have explored the implications of different locations of winglet on the flow over the 150 

squealer tip.   151 

 152 

The development of leakage flow over the blade tip exposes the tip surface to a 153 

significantly high thermal load and results in a series of surface damages such as in-154 

service burnout, after being a while in operation [Saravanamuttoo et al., 2001]. Therefore 155 
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a more realistic tip model for a blade tip in service is one which its sharp edges have been 156 

eroded and turned into round edges due to an exposure to a high heat load. Despite this, 157 

there have been very few researches studying the effect of the in-service burnout on the 158 

tip leakage flow behaviour in high pressure gas turbines, most of which have 159 

concentrated on simply looking at the effect of varying the gap height [Burnes and Hurtz 160 

2018]. As far as we are aware there has been only one work done by Ameri and Bunker 161 

(1999) looking at round-edge tip model of erosion, while focusing on the heat transfer 162 

distributions over the tip and the shroud surfaces of a first stage turbine blade in details. 163 

However, that research provided no flow visualisation and associated flow analysis was 164 

given only for the overall pressure distribution over the tip surface along the pressure 165 

side, mean line and suction side of the tip surface.  166 

 167 

It is clear from the literature that there is a large gap in knowledge on in-service burnout 168 

effect. It is the aim of this study to bridge this gap by studying the tip leakage flows over 169 

a flat tip model at the beginning of its operational life i.e. a tip with sharp edges and 170 

comparison with a tip geometry exposed to an in-service burnout after a while being in 171 

operation i.e. a tip with round edge. This can be done through testing the quasi three 172 

dimensional models of both tip geometries. The tip geometries are designed based on the 173 

Rains’s model of tip leakage flows. This approach and its reasoning are explained next, 174 

and in the following section. Flat tip model is the most fundamental model in this field 175 

and hence was chosen in this study. Studies of the effect of in-service burnout on more 176 

complex tips as of having cavity will be presented in the near future.   177 

 178 

This fundamental study focuses on the main aspect of the tip leakage flows which is 179 

mainly due to two-dimensional geometry effects [Chen et al., 1993, Saleh et al., 2013]. 180 

This is a principal approach embedded in the traditional aerodynamic modelling such as 181 

the lifting line theory for studying the wings and the blade element approach to study the 182 

blades where the two-dimensional geometry effects are first explored and then followed 183 

by a three-dimensional study that stiches the two-dimensional flows together by the 184 

assumption of high aspect ratio, which is in our case the ratio between the chord length 185 

and maximum profile thickness. Three-dimensional effects will be included in a future 186 

publication. The tip geometries in this investigation are tested at the engine operational 187 

condition (i.e. transonic conditions) both experimentally and computationally, and the 188 

flow visualisation, pressure measurement, different flow contours, and the discharge 189 

coefficient, CD (as a measure of loss associated with the tip leakage flows) are obtained. 190 

 191 

 192 

EXPERIMENTAL PROCEDURE 193 

The experimental work of this investigation was carried out in the transonic wind tunnel 194 

of the high speed section of the White head laboratory, School of Engineering and 195 

Materials Science, Queen Mary University of London. This is a closed circuit transonic 196 

wind tunnel which has a working section of a cross section area of 127mm in width and 197 

135mm in height. The flow when passing through the empty working section i.e. without 198 

any model, can accelerate up to a maximum Mach number of 1.4. 199 
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The tip leakage flows in this study were modelled using the same approach in Chen et al. 200 

(1993) which was originally proposed by Rains et al. (1954). Rains’s model assumed that 201 

the pressure gradient in the chordwise direction was much smaller than the pressure 202 

variation perpendicular to the chord. It proposed that the two components of flow 203 

moment in the direction parallel to chord and perpendicular to the chord were decoupled. 204 

Rains’s model also assumed that the momentum component parallel to chord was 205 

approximately constant across the tip gap starting from pressure side and ending at the 206 

suction side edge. Using this model the blade tip can be considered as series of planes 207 

which are cut perpendicular to the chord of the blade tip as shown in Figure 1.  208 

 209 

Yaras et al (1991) studied the velocity vector distributions over a turbine blade in a planar 210 

cascade in which they found that apart from the areas close to the leading and trailing 211 

edges, most of the tip leakage flows cross the tip almost normal to the chord. Hence it 212 

was concluded that at any local plane perpendicular to the chord the main variation in the 213 

flow momentum is in the direction perpendicular to the blade chord. Typical streamline 214 

and main flow features of the leakage flows over turbine blade tip was discussed in 215 

Thorpe et al., (2005) based on which the leakage flows crosses the tip almost at 216 

perpendicular to the tip chord apart from small areas at the leading and trailing edges. 217 

Flow streamlines and visualisation of the tip leakage flows presented by different papers 218 

showed similar flow pattern [Atkins et al., 2008, Newton et al., 2006, Key et al., 2006, 219 

Ameri, 2001].  220 

 221 

The flow pattern captured in all of these researches shows that the approach used by 222 

Chen et al., (1993) and the model proposed by Rains are applicable to the leakage flows 223 

over the whole tip region except the small areas close to the leading and trailing edges. 224 

This confirms the reliability of using two dimensional or quasi three dimensional 225 

modelling to study the tip leakage flows. Therefore the results obtained from this study 226 

should be applicable to the leakage flows over the blade tip regions where flow is 227 

perpendicular to the chord except for the areas close to the leading edge and trailing edge.  228 

 229 

 230 

Figure 1: Simple modelling of leakage flow by considering a plane perpendicualr to 231 

chord direction (introduced by Rains) [Fordham, 1994]. 232 
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 233 

Figure 2a: The sharp-edge flat tip model. 234 

 235 

 236 

Figure 2b: The round-edge flat tip model. 237 

 238 

Figures 2a and 2b show the experimental models tested in this investigation. The top 239 

surfaces of the models represent the tip surfaces and the top wall of the working section 240 

represents the casing surface. The axial length of each tip is 100mm and the tip gap 241 

height for both models is 20 mm which is about 10 times greater than the actual tip gap 242 

height in the real engine. This scale was chosen since operating the transonic wind tunnel 243 

at narrow tip gap was extremely difficult and almost not possible.  244 

 245 

Casing Wall 

 Tip Surface 

Flow 
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The ratio of the tip gap height to the streamwise length of the gap is 5 which corresponds 246 

to the middle section of the tip surface of the high pressure turbine blade in the real 247 

engine where the thickness is maximum. This is the region on the tip which is furthest 248 

from the leading and trailing edges, and the leakage flow crosses the tip gap at a direction 249 

almost perpendicular to the chord line. Changing the gap mildly was found not to 250 

fundamentally alter the flow regime. For example slightly increasing the gap was found 251 

to mildly reduce the flow speed in the gap and in the transonic case to mildly lengthen the 252 

system of the oblique shockwaves (to be discussed later). A comprehensive study of the 253 

effect of varying the ratio of the gap height to the streamwise length is left for future 254 

research. The quasi-three dimensional principle used in the experimental work and the 255 

two-dimensional principle used in the computational work which were based on the 256 

Rains’s model, are applicable to provide reliable fundamental results. In addition the 257 

radius of the round edge in the case of the round-edge tip model is 10mm and the ratio of 258 

this radius to the height of the tip gap is 0.5. This represents a simple model of a round-259 

edge tip, a tip being in service and exposed to high heat load. 260 

 261 

Flow visualisation is a very effective technique to establish more insight into the flow 262 

field and flow behaviour. In this investigation Schlieren flow visualisation was used to 263 

capture the important flow features. This is an optical technique which visualises the 264 

refractive index in the testing section. In the case of the tip leakage flows of this 265 

investigation the refractive index changed as a result of a change in the density since the 266 

flows were of compressible type. Figure 3 shows the setup of the z-type Schlieren flow 267 

visualisation which was used in this study, this figure is based on the diagram by Settles 268 

(2001). As it can be observed the set up includes two parabolic mirrors which are 269 

oppositely tilted, an extended light source, a camera and a knife edge. The light rays from 270 

the light source (which is located at the focal point of the first mirror) reach and reflect at 271 

the first mirror. This mirror is then rotated to direct the rays into the test section. The light 272 

rays travel to the second mirror and reflect. The reflected rays carry the information of 273 

the flow in the working section which can be captured by a camera. The most focused 274 

image of the flow is formed at the focal point of the second mirror. Using a knife edge at 275 

this point can help with adjusting the sensitivity of the Schlieren set up via blocking some 276 

of the reflected light rays. The more rays blocked by the knife edge, the more sensitive 277 

the set up becomes, hence more flow structure and disturbance can be captured by the set 278 

up [Settles, 2001]. 279 

 280 

In addition the static pressure distribution was measured at the tip surface of the models 281 

using 2mm pressure tappings and a suitable scannivalve. These formed the quantitative 282 

experimental results in this study. All the experimental results of the two tip models are 283 

presented in the Results section. 284 

 285 
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 286 

Figure 3: Z-type Schlieren flow visualisation set up in this investigation. [Settles, 2001] 287 

 288 

 289 

COMPUTATIONAL PROCEDURE 290 

The flow domains for both sharp-edge flat tip and round-edge flat tip models were 291 

meshed and solved using the ANSYS commercial package. Structured mesh (i.e. 292 

quadrilateral mesh cells) was used for the sharp-edge flat tip model whereas the flow 293 

field of round-edge flat tip was meshed using hybrid mesh, combination of structured and 294 

unstructured mesh cells (i.e. using both triangular and quadrilateral mesh cells). The 295 

computational domains for both tip models are included in Figures 4, where for clarity 296 

only one fifth of the computational grid lines are plotted. The tip leakage flows for both 297 

sharp-edge and round-edge tip geometries were computed using the Reynolds Averaged 298 

Navier-stokes (RANS) equations approach and compressible Spalart Allmaras model was 299 

selected as the turbulent model for both tip models.  300 

 301 

 302 
(a) 303 

 304 

Camera 
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Mirror 2 
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Mirror 1 
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 305 
(b) 306 

Figure 4: The computational domain for (a) the sharp-edge flat, (b) round-edge flat tip 307 

models, where for clarity only one fifth of the computational grid lines are plotted. 308 

  309 

The pressure inlet and pressure outlet boundary conditions were used at the inlet to the tip 310 

gap and its exit. Adiabatic wall with no slip condition was chosen for all the solid 311 

boundaries within the computational domain. The tip leakage flows for both tip 312 

geometries were solved using FLUENT within ANSYS where finite volume method and 313 

collocated grid approach were applied. Since the tip flows were of compressible type, the 314 

density-based solver was employed, and in order to enhance the convergence rate and 315 

stability, implicit solution method was used as the time-averaged flow solution was 316 

sought for the RANS. In addition second order upwind scheme was used for the 317 

convection terms and second order central scheme was applied for the diffusion terms. 318 

The first grid point above each solid boundary was at a distance with y+ value of about 319 

30 and hence at the log region of the turbulent boundary layer. Therefore enhanced wall 320 

models were used in the RANS solution for both tip models. 321 

 322 

It was important to use very fine mesh cells in the flow area where very large gradient 323 

were expected. These included the gap between the blade tip and the casing wall where 324 

flow features such separation, shockwave and etc were anticipated. Hence there were 100 325 

nodes used within the tip gap region (in the vertical direction) for both tip geometries. 326 

The distance between the nodes was adjusted so that more nodes were used close to the 327 

tip surface and the casing wall. In addition mesh independency study was established to 328 

ensure that mesh resolution has reached the sufficient level beyond which increasing the 329 

mesh refinement does not influence the computational data. This was established via 330 

increasing the grid density at the domain areas with large gradients and monitoring the 331 

flow data at different mesh resolutions. The flow data which were compared at different 332 

grid resolutions included both the direct data from the simulations such as the tip surface 333 

static pressure and those which were calculated using the flow data such as the discharge 334 

coefficient (as a measure of loss). The grid resolution beyond which increasing its 335 

refinement and cells did not change the flow results (or only changed it by a negligible 336 

value), was selected as the sufficient resolution providing grid independent results. In the 337 

case of this study the grid with 1.1×10
5
 cells was found as a sufficient mesh resolution 338 

providing grid independent results. In addition in each case, simulation continued running 339 
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to the point where the residual plots flattened at the sufficient level and running further 340 

iterations did not change the results. 341 

 342 

 343 

RESULTS 344 

This section includes both experimental and computational results of both sharp-edge flat 345 

tip and round-edge flat tip models. The flow Reynolds number based on the tip gap 346 

height and the flow conditions at the exit, was about 2.5×10
5
, which is about five to ten 347 

times greater than that found in the typical engine conditions. However the computational 348 

works for tip flows at different Reynolds numbers showed that the tip flow behaviour and 349 

the shockwave structure within the tip gap were not affected considerably by this much 350 

difference in the flow Reynolds numbers. In addition tip leakage flows were tested at 351 

different pressure ratios in a range of 0.85 to 0.58 which covered different flow 352 

conditions of both subsonic and transonic for comparison. The leakage flows over high 353 

pressure turbine blade tips are mostly transonic, hence the transonic pressure ratios tested 354 

in this investigation are relevant to the typical operating conditions of a high pressure 355 

turbine in an engine. 356 

 357 

Figures 5 illustrate the experimental Schlieren flow visualisation for the flat tip model 358 

with sharp edge at three different flow conditions with PR (i.e. the ratio of the static 359 

pressure at the exit to the stagnation pressure at the inlet of the tip gap) of 0.58, 0.60, and 360 

0.65. As it was explained in the “Experimental Procedure” Schlieren flow visualisation is 361 

an optical technique which visualises the refractive index gradient which can be due to 362 

the density changed or temperature change. The focus of this study is the aerodynamic 363 

behaviour of the tip flows and the refractive index gradient of the flows tested in the wind 364 

tunnel was due to the density change since the flows were of compressible type with high 365 

speed conditions. Hence one parameter that can be defined to form the base on which the 366 

Schlieren results in this investigation are developed, is the density gradient. In Figures 5 367 

the compressible flow features including acceleration through an expansion fan, oblique 368 

and normal shockwaves as well as other flow structures such as separation bubble are 369 

outlined by black pattern within a bright background. This is since these flow patterns 370 

form regions of flow with high density gradient in comparison to rest of the flow field. 371 

The effect of the PR on the development of these features in the Schlieren results are 372 

explained in the following.    373 

 374 

As the flow reaches the leading edge of sharp-edge flat tip model, it turns to adjust itself 375 

around the tip geometry and accelerates. This acceleration is similar to the acceleration of 376 

the flow around the leading edge of an aerofoil. However since the edge of this tip is 377 

sharp, flow separates on its arrival and forms a separation bubble. This separation bubble 378 

acts like a vena contracta and can accelerate the tip flow to transonic condition provided 379 

the pressure difference across the tip is sufficient. 380 

 381 
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 382 
(a) 383 

 384 

(b) 385 

 386 

(c) 387 

Figure 5: Experimental Schlieren flow visualisation over sharp-edge flat tip model at 388 

different PR of a) 0.58, b) 0.60, c) 0.65. 389 

In all cases presented above the pressure difference across the tip has accelerated the 390 

leakage flow to transonic Mach numbers. In addition as the pressure ratio PR decreases 391 

from 0.65 to 0.58, the pressure difference across the tip and hence the acceleration of the 392 

tip flow which occurs through an expansion fan at the leading edge increases, the size of 393 

the of the expansion fan becomes larger for smaller PR. Larger flow acceleration at the 394 

inlet leads to more coherent shockwave development within the tip gap. The shockwave 395 

formation starts at the aft portion of the separation bubble where numbers of compression 396 

waves form and collapse to form an oblique shockwave. As illustrated by Figures 5, for 397 

PR of 0.58 this oblique shockwave reflects as another oblique shockwave at the casing 398 

wall and the pattern ends with a normal shockwave. In the case of PR=0.60 the pattern 399 

includes one oblique shockwave and one normal shockwave and in the case of PR=0.65 400 

there is only one normal shockwave.  401 

Flow  

Flow  

Flow  
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Another flow feature which is clearly captured in the Schlieren results is the separation 402 

bubble, as the PR decreases from 0.65 to 0.58 the size of the separation bubble decreases 403 

and this is due to an increase in the acceleration of the tip flow which suppresses the 404 

separation bubble and decreases its size. The effective tip gap for this tip is defined as the 405 

minimum distance between the casing wall and the separation bubble, hence as the PR 406 

decreases the effective tip gap increases as a result of suppressing the separation bubble. 407 

Schlieren technique provides qualitative results and is developed based on density 408 

gradient as the main parameter in this investigation. It can be observed as the PR 409 

decreases there is larger flow area with distinguishable and high density gradient. 410 

 411 

The experimental surface static pressure distributions over the tip surface of the sharp-412 

edge flat tip provide quantitative results and are included in Figure 6 for the three cases 413 

presented in Figures 5. The streamwise distance of X=0 mm in this figure, indicates the 414 

leading edge of the sharp-edge model i.e. the tip pressure side edge and X=100 mm is the 415 

tip suction side edge.   416 

 417 

Figure 6: Experimental surface static pressure distributions of sharp edge flat tip model. 418 

As evident in Figure 6, the pressure distributions dictate the patterns captured by the 419 

Schlieren flow visualisations shown in Figures 5. For PR of 0.60 and 0.58, each 420 

distribution includes an interruption which is due to the normal shockwave present in 421 

each case. The interruption in the case of the PR=0.58 is stronger since in this case the 422 

pressure difference across the tip is higher and hence the normal shockwave is much 423 

stronger in comparison to the case with PR=0.60. In addition for PR=0.65, the pressure 424 

distribution does not include any indication of the normal shockwave, this is since the 425 

normal shockwave is much weaker in this case and it is formed over the separation 426 

bubble.  427 
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 428 

(a)        429 

 430 

(b) 431 

 432 

(c) 433 

Figure 7: Experimental Schlieren flow visualisation over round-edge flat tip model at 434 

different PR of a) 0.58, b) 0.60, c) 0.65. 435 

Schlieren flow visualisation for the round-edge flat tip model (which represents the 436 

model exposed to the burnout effect) at pressure ratios of 0.58, 0.60, and 0.65 are 437 

included in Figures 7. Similar to the Figures 5, here the Schlieren results are developed 438 

based on density gradient being the main parameter, and the black flow patterns in light 439 

background represent the flow features with high density gradient i.e. with 440 

compressibility effects. For this tip, the flow behaves in a very different manner 441 
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compared to the sharp-edge model. The first difference that is noticeable in these figures 442 

is the absence of the separation bubble which was present for the sharp-edge flat tip and 443 

dominated its leakage flows. This is due to the leading edge of this model being round 444 

which allows the flow to turn, accelerate and adjust itself smoothly without causing any 445 

separation. The acceleration of the tip flow for the flow conditions presented in Figures 7 446 

is such that leakage flows reach transonic conditions and include high speed flow features 447 

such as shockwave. The development of the shockwave occurs at the point where flow 448 

passes over the round leading edge of this tip, it has to change its direction and align itself 449 

parallel to the rest of tip surface. Since the flow is of high speed compressible regime the 450 

change of direction gives rise to the production of a number of compression waves that 451 

collapse and form a shockwave. The shockwaves in these figures are less visible 452 

compared to those shown in Figures 5 thus the flow resistance is reduced for the round-453 

edge tip.   454 

 455 

One interesting and remarkable flow feature which can be observed for the flow over the 456 

round-edge flat tip model is the developed shockwave over this tip. In this case the 457 

formed shockwave does not reach the casing (upper) surface unlike the one in the case of 458 

the sharp-edge flat tip model. In addition as the pressure ratio, PR decreases from 0.65 to 459 

0.58 the pressure difference across the tip and hence the tip flow acceleration increases 460 

and this leads to a taller shockwave meaning the acceleration in the traverse direction 461 

increases and hence the area with high density gradient increases in the traverse direction. 462 

 463 

The experimental surface static pressure distributions of round-edge flat tip model for 464 

these flow conditions are included in Figure 8 which dictates the patterns observed in the 465 

Schlieren results. The streamwise position of X=0 mm in Figure 8, indicates the leading 466 

edge of the round-edge model i.e. the tip pressure side edge and X=100 mm is the tip 467 

suction side edge. The distributions start with a very steep and sudden gradient in the 468 

static pressure, this occurs in the location where the normal shockwave is developed for 469 

this tip model. As the pressure ratio increases from the 0.58 to 0.65 the interruption due 470 

to the normal shockwave becomes weaker. This is because as the pressure ratio increases 471 

the pressure difference across the tip and the acceleration of the tip flow decrease, hence 472 

the shockwave becomes weaker.  473 

 474 

The Mach number contours of both models at PR=0.58 are shown in Figures 9. 475 

Comparing these contours with the experimental Schlieren results in Figures 5a and 7a, 476 

shows there is a good qualitative agreement between the experimental and computational 477 

results of both tip geometries. In addition comparing the position of the shockwave in the 478 

experimental and computational results, it can be seen that for the round-edge model the 479 

shockwave is developed in the same position in both experimental and computational 480 

results. For the sharp-edge model the shockwave is developed earlier in the 481 

computational case compared to the experimental one, i.e. the shockwave position is 482 

shifted by about 5 mm towards the pressure-side edge. This is discussed in more details 483 

later in this section.  484 

 485 

For the round-edge tip, the Mach number contours show that the acceleration of the tip 486 

flow changes significantly in the traverse direction (i.e. from the tip surface to the casing 487 
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surface in the vertical direction). This variation is such that the flow close to the tip 488 

surface reaches transonic Mach numbers and gives rise to the shockwave production 489 

while the flow near the casing wall at the same streamwise location is subsonic.   490 

 491 

 492 

 493 

Figure 8: Experimental surface static pressure distributions of round-edge flat tip model. 494 

 495 

The computational flow velocity streamlines shown in Figures 10 present clear captures 496 

of features such as flow separation and flow smoothness for both tip geometries at 497 

PR=0.58. The tip leakage flow is completely attached for the round-edge model and 498 

hence effective tip gap in this case is the same as the geometrical tip gap i.e. the 499 

minimum distance between the casing surface and the tip surface. Whereas in the case of 500 

the sharp-edge geometry, there are two separations over the tip surface. The first 501 

separation occurs on the flow arrival due to the pressure side edge being sharp and results 502 

into a large separation bubble at the inlet to the tip gap and the second separation is much 503 

smaller and occurs further downstream due to the interaction of the normal shockwave 504 

with the boundary layer. The effective tip gap for this tip is defined as the minimum 505 

distance between the separation bubble at the inlet and the casing surface. The 506 

comparison between the effective tip gaps of the two tip geometries shows that the 507 

effective tip gap is much larger in the case of the round-edge flat tip model than for the 508 

sharp-edge tip. Therefore the tip leakage flow and its associated losses are expected to be 509 

greater for the round-edge tip model compared to the sharp-edge one. 510 

 511 
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Figure 9.a: The computational Mach number contours of the 
sharp-edge flat tip model with PR=0.58. 
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 528 

 529 

The experimental and computational static pressure distributions over the tip surface for 530 

both tip geometries at PR=0.58 are shown in Figure 11. This is the pressure ratio which 531 

represents a well-established transonic tip leakage flows with well-established shockwave 532 

system and largest flow acceleration and Mach number for both tip geometries. For the 533 

sharp-edge flat tip, the leakage flow for this PR consists of two oblique shockwaves and 534 

one strong normal shockwave. It is the only case where at least one shockwave reaches 535 

the attached flow over the tip surface and interacts with it. For the round-edge tip, 536 

PR=0.58 also has the strongest shockwave compared to the other two cases. In this figure 537 

the leading edge of each model is indicated by X=0 mm which represents the tip pressure 538 

side edge and X=100 mm belongs to the suction side edge of each tip. As it can be 539 

observed there is a significant difference between the distributions of pressure over the 540 

round-edge flat tip compared to the sharp-edge model.  541 

 542 

 

 

Figure 9.b:The computational Mach number contours of the 
round-edge flat tip model with PR=0.58. 
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For the sharp-edge model, the static pressure distribution is almost flattened over a region 543 

at the inlet to the tip gap. This is due to the flow being separated over this area, as 544 

observed in the earlier figures, flow separates on its arrival at the tip and forms a 545 

separation bubble such pattern also exists in higher PRs. But further downstream the 546 

distribution includes a sharp interruption which is due to the development of the 547 

shockwave in this region and its interaction with the boundary layer reflecting the strong 548 

transonic nature of the flow in this case which is much stronger compared to the higher 549 

PRs. The pressure then increases smoothly downstream of shockwave and becomes 550 

almost constant near suction side edge.  551 

 552 

 553 

Figure 10a : The flow velocity streamlines over sharp-edge flat tip model, at PR=0.58 554 

 555 

 556 

Figure 10b : The flow velocity streamlines over round-edge flat tip model, at PR=0.58. 557 

  558 

There is a remarkably good agreement between the experimental and computational 559 

pressure distributions for the sharp-edge flat tip. It can be seen that qualitatively the 560 

simulations have predicted the same trend as the experimental distribution, and 561 

quantitatively there is a very strong agreement between the two. It can be also observed 562 

that the computational distribution has mildly under-predicted the length of the separation 563 

bubble at the inlet to the tip gap and this has caused the streamwise position of the 564 

interruption due to the normal shockwave, to be shifted by a small distance towards the 565 

pressure side edge of the tip. This is an expected result since the simulations were carried 566 
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out assuming fully turbulent flow and the shape of the separation bubble is affected by 567 

the mixing within the bubble. In the experimental case the shear layer is more likely to be 568 

laminar at the beginning and then becomes turbulent hence the mixing within the 569 

separation will be slightly different and the separation reattachment will be delayed. 570 

Therefore flow reattaches further downstream increasing the length of the separation and 571 

resulting in shifting the experimental pressure distribution further downstream.  572 

 573 

This type of agreement and similarity are always expected when comparing the 574 

experimental and computational data of this kind. Similar comparison was obtained by 575 

Fordham et.al (1994), where the separation bubble length over flat tip model (at high 576 

speed conditions) was under-predicted by the computational work in comparison to the 577 

experimental results and this resulted in shifting the computational pressure distribution 578 

towards the pressure side edge, similar to the results presented here. Wheeler et al. (2013) 579 

also observed similar comparison and agreement in their study for the flat tip model at 580 

high speed conditions, where the length of the separation at the inlet to the tip gap was 581 

under predicted by their simulation. Hence it can be seen that this agreement is similar to 582 

those obtained by other studies. Also, the qualitative trend and quantitative values of the 583 

maximum and minimum peaks of the experimental and computational distributions have 584 

very strong agreement. In addition the computational testing was mesh independent 585 

hence it can be concluded that the simulations were reliable and provided sufficient 586 

solidity.   587 

 588 
Figure 11: Static pressure distributions over Tip surface at PR=0.58 (i.e. the case with 589 

well-established transonic flows, shockwave system, and highest flow Mach number). 590 
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In the case of the round-edge model, there is a very sharp decrease in the tip surface static 591 

pressure distribution at the inlet to the tip gap. This is due to the development of the 592 

shockwave at that region as observed in the flow visualisation results. The flow 593 

acceleration is the highest in the presented case and hence the shockwave is the strongest 594 

and has the most pronounced interruption. Further downstream the pressure variation 595 

becomes very small and then flattens close to the tip gap exit. The agreement between the 596 

experimental and computational distributions for the round-edge tip model, are even 597 

better than for the sharp-edge one and at some regions the data are almost identical. This 598 

is because the flow over this tip does not have the complications due to the separation 599 

bubble which is present in the case of the sharp-edge model. The strong quantitative and 600 

qualitative agreement between the experimental and computational studies for the round-601 

edge flat tip model demonstrates again the viability of the presented results. 602 

 603 

LOSS ESTIMATION, DISCHARGE COEFFICIENT 604 

The losses associated with the tip leakage flows contribute to about one third of the total 605 

losses in the high pressure turbine stage [Denton, 1993]. In addition these losses are 606 

proportional to the leakage flow mass flow rate. Therefore any small improvement in 607 

reducing these flows can have a significant impact on enhancing the turbine and engine 608 

efficiency. Thus an optimum tip geometry can be defined as the geometry which has the 609 

smallest leakage mass flow rate through the tip gap.   610 

 611 

To quantify the losses due to the tip leakage flows, the discharge coefficient 𝐶𝐷 has been 612 

calculated as a loss measure for each tip geometry at different flow conditions. The 613 

discharge coefficient is defined as the ratio of the actual mass flow rate, �̇�𝑎𝑐𝑡 to the 614 

isentropic mass flow rate, �̇�𝑖𝑠𝑒𝑛 and expressed by the following equations [Fordham, 615 

1994]: 616 

𝐶𝐷 =
�̇�𝑎𝑐𝑡

�̇�𝑖𝑠𝑒𝑛
, … ( 1 ) 

 
 

   

�̇�𝑎𝑐𝑡 = ∫ 𝜌𝑣𝑥

ℎ

0

 𝑑𝑦, … ( 2a ) 

Where 𝜌 and 𝑣𝑥 are calculated from RANS. 

 
   

 

  �̇�𝑖𝑠𝑒𝑛 = √
𝛾

𝑅𝑇0
 𝑃0ℎ𝑀 [1.0 + (

𝛾 − 1

2
) 𝑀2] ,−(𝛾+1)/2(𝛾−1) 

… ( 2b ) 

Where 𝑀 is calculated from PR isentropic relationship.  

 
   

Figure 12 shows the variation of calculated discharge coefficient using RANS data for 617 

different flow conditions and pressure ratios PR for both tip geometries. The pressure 618 
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ratio varies in a range of 0.85 to 0.58 where PR of 0.85 represents a subsonic flow 619 

condition and 0.58 represents a transonic condition.  620 

 621 

 622 

Figure 12: Computational discharge coefficient, CD variation with pressure ratio PR. 623 

 624 

The first result that can be clearly captured from this plot is that the discharge coefficient 625 

is much larger for the round-edge flat tip in comparison to the sharp-edge model at all 626 

tested conditions. As was observed in the experimental Schlieren and RANS contours the 627 

round-edge tip removes the separation bubble at the inlet which is present in the case of 628 

the sharp-edge tip. Hence the effective tip gap for the flat tip with round edge is larger in 629 

comparison to the flat tip with sharp edge. Therefore the tip leakage flow and its 630 

associated losses for the round-edge flat tip are expected to be much greater than those in 631 

the case of the sharp-edge model as evident in the above plot. 632 

 633 

As the pressure ratio PR (i.e. the ratio of the static pressure at the tip gap exit to the 634 

stagnation pressure at the inlet to the tip gap) decreases from 0.85 to 0.58, the static 635 

pressure difference across the tip and therefore the acceleration of the tip leakage flow 636 

increase and the tip flow changes from subsonic to supersonic. The discharge coefficient 637 

increases as the pressure ratio decreases for the sharp-edge geometry. This is because 638 

decreasing the pressure ratio increases the acceleration of the tip flows which results into 639 

suppression of the separation bubble (which dominates the tip flow for this tip and its size 640 

controls the tip leakage flow in this case) at the inlet to the tip gap. Suppression of the 641 

separation bubble increases the effective tip gap for this tip geometry and hence increases 642 

the tip leakage flows and the associated losses. For the round-edge tip geometry, the 643 

discharge coefficient shows a very interesting variation with pressure ratio. As the 644 

pressure ratio decreases from 0.85 to 0.58 for this tip, the discharge coefficient first 645 

mildly increases and then it decreases. A close look at the values of the PR at which these 646 

variations occur, shows that the PR range over which discharge coefficient increases 647 

belongs to the tip flows with subsonic and sonic conditions and the PR values over which 648 

it decreases corresponds to the tip flows with transonic conditions. 649 
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As it was observed earlier the main difference between the two geometries was that in the 650 

case of sharp-edge tip, flow separated on its arrival at the tip and produced a large 651 

separation bubble at the inlet to the tip gap which dominated the tip flow. The size of the 652 

separation bubble controlled the tip leakage flow at different PR. Whereas for the round-653 

edge model, the round edge removed this separation at the inlet and the tip flow smoothly 654 

adjusted itself around the tip leading edge with no separation. This is a big difference 655 

between the two tips and therefore we should expect some difference between the tip 656 

flow distributions of the two cases. The work by Ameri and Bunker (1999) (which is the 657 

only work on the round-edge tip as far as the authors are aware), which was focused on 658 

the heat transfer aspect, also showed that the round edge redistributed the flow at the inlet 659 

to the tip gap for the round-edge tip in comparison to the sharp-edge tip.  660 

 661 

The other important difference between the two geometries was the structure of the 662 

shockwaves in both cases. For the sharp-edge tip the oblique shockwave which was 663 

formed on the aft portion of the separation bubble reached the casing wall and reflected 664 

as another oblique shockwave and the shockwave pattern ended by a normal shockwave. 665 

Whereas for the round-edge geometry the acceleration in the traverse direction changed 666 

significantly. This was to the extent that at cases with higher pressure difference across 667 

the tip, the flow near the tip surface reached Mach number above one and produced a 668 

shockwave while the flow close to the casing wall at the same streamwise position 669 

remained subsonic. Therefore the shockwave in the case of the round-edge geometry did 670 

not reach the casing. As it can be observed there are significant differences between the 671 

tip flow developments for both tip geometries particularly at high speed conditions. The 672 

absence of the separation bubble and significant acceleration in traverse direction 673 

(particularly at high speed conditions), and the structure of the developed shockwave 674 

resulted in a different discharge coefficient distribution for the round-edge tip flow with a 675 

Mach number above 1 in comparison to the sharp-edge tip. 676 

 677 

As discussed above, the discharge coefficient variation for the round-edge model at 678 

transonic conditions is opposite to the one for the sharp-edge geometry. This opposite 679 

behaviour was explored further via studying and comparing the flow over the round-edge 680 

model at two transonic conditions i.e. PR=0.58, and PR=0.64. Despite the high degree of 681 

similarity in the flow pattern, it was found that the flow streamlines for the PR=0.58 (i.e. 682 

the case with higher flow Mach number) were separated by a larger distance from each 683 

other in comparison to the case with PR of 0.64. In other words, the tip leakage flow for 684 

pressure ratio of 0.58 were more deflected towards the casing wall than for the pressure 685 

ratio of 0.64 where the flow adjusted itself more smoothly around the tip geometry. 686 

Greater degree of deflection towards the casing could be due to the structure of the 687 

shockwave and hence the acceleration in the traverse direction in the case of this tip 688 

geometry. The shockwave became taller for the leakage flow with the higher Mach 689 

number. The deflection of the tip flow produced a blockage effect and reduced the tip 690 

leakage flows entering the tip gap and their associated losses. Hence it decreased the 691 

discharge coefficient.  692 

 693 

 694 

 695 
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 696 

 697 

CONCLUSION 698 

This study presents an experimental and computational investigation into leakage flows 699 

over high pressure turbine blade tips at high speed conditions. The in-service burnout 700 

effect is explored for a flat tip model via testing a sharp-edge flat tip model and a round-701 

edge flat tip model. This is where previous studies mostly looked at the effect of gap 702 

height and not the erosion of the tip edge [Burnes and Hurtz 2018]. As far as the authors 703 

are aware there is only one work by Ameri and Bunker (1999) on the round-edge tip 704 

modelling in-service erosion which focused on the heat transfer distribution over the tip 705 

and the shroud surfaces of a first stage turbine blade. The work did not include 706 

aerodynamic flow measurements other than overall pressure distribution over the tip 707 

surface along the pressure side, mean line and suction side of the tip surface. There was 708 

no detail on the flow development and behaviour as it crosses the tip from the pressure to 709 

the suction side, and there was no flow visualisation to provide more insight into the flow 710 

field. Hence our investigation is the first attempt to provide such comprehensive details 711 

about the flow development and structure as it crosses the round-edge tip as far as we are 712 

aware. 713 

 714 

It was found that in the case of the sharp-edge flat tip, flow separated on its arrival at the 715 

tip and developed a separation bubble. The separation bubble acted as a vena-contracta 716 

and was able to accelerate the tip flow to transonic condition when the pressure 717 

difference across the gap was sufficient. The transonic leakage flows included both 718 

oblique and normal shockwaves within the tip gap. In addition the effective tip gap for 719 

this tip geometry was defined as the minimum distance between the separation bubble 720 

and the casing wall and hence was controlled by the size of the separation bubble at the 721 

inlet to the tip gap.  722 

 723 

However for the round-edge tip model, the round edge removed the separation at the inlet 724 

and allowed the flow to adjust itself around the tip smoothly without causing any flow 725 

separation. The effective tip gap in this case was equivalent to the geometrical tip gap i.e. 726 

the vertical distance between the tip surface and the casing wall. Comparing this tip 727 

geometry to the sharp-edge model showed that the effective tip gap in the case of the 728 

round-edge tip is much larger than the one for the sharp-edge model. In addition the 729 

discharge coefficient 𝐶𝐷 was greater for the round-edge tip in comparison to the sharp-730 

edge geometry at all tested conditions. Hence it was concluded that the in-service burn 731 

out effect on the flat tip model removed the separation at the inlet to the tip gap, enlarged 732 

the effective tip gap and increased the tip leakage flows and its associated losses. 733 

 734 

The discharge coefficient variation with pressure ratio PR showed that in the case of the 735 

subsonic tip leakage flows as PR decreased (i.e. as flow Mach number increased) the 736 

discharge coefficient increased for both tip geometries. However as the flow category 737 

changed to transonic, further decrease in PR (i.e. further increase in flow Mach number) 738 

resulted in a further increase in the discharge coefficient for the sharp-edge tip but led to 739 
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an opposite behaviour for the round-edge model. This was since, at transonic conditions 740 

decreasing PR increased the deflection of the flow towards the casing wall for the round-741 

edge tip, which provided some blockage effects and decreased the leakage flow, and 742 

hence the discharge coefficient.   743 

 744 

In a following study we will present new results and analysis of models with geometries 745 

changes aimed at reducing the leakage flow. 746 
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