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ABSTRACT

Un-shrouded turbine blades are more common than shrouded ones in gas turbine aero-
engines since they reduce the weight and avoid the centrifugal loading caused by the
blades’ shrouds. Despite these important advantages, the absence of the shroud leads to
leakage flows across the tip gap and exposes the blade tip to high thermal load and
thermal damages. In addition, the leakage flows can contribute up to 30% of the
aerodynamic loss in a turbine stage. In this study, the effect of in-service burnout is
explored using a fundamental flat tip model of a high-pressure gas turbine blade. This
investigation is carried out both experimentally in a transonic wind tunnel and
computationally using the Reynolds Averaged Navier Stokes approach at high speed
conditions. It is found that exposing the tip to the in-service burnout effect changes the
leakage flow behaviour significantly when compared to the tip with sharp edges (i.e. the
tip at the start of its operational life). Different flow acceleration, flow structure and
shockwave pattern and interactions are captured for the round-edge flat tip (i.e. the tip
exposed to in-service burnout). The effective tip gap is found to be much larger for the
round-edge flat tip allowing more leakage flow into the tip gap which results into higher
tip leakage losses in comparison to the sharp-edge tip. Experimental and computational
flow visualisations, surface pressure distributions and discharge coefficient are given and
analysed for several pressure ratios over the tip gap.
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NOMENCLATURE

PR Pressure ratio (ratio of static pressure at the tip gap exit to
the stagnation pressure at its inlet)

RANS Reynolds Averaged Navier Stokes

SYMBOLS

A Area

Cp Discharge Coefficient

h Tip gap height

M Mach number

M, et Actual mass flow rate

Mjgen Isentropic mass flow rate

Po Stagnation pressure

Po1 Stagnation pressure at the inlet to the tip gap

Ps Static pressure at the tip surface

R Gas Constant

To Stagnation Temperature

% Velocity

Vy Velocity in x-direction

y Adiabatic constant

p Mass density

INTRODUCTION

Gas turbine engines form a significant important part of the aero-propulsion industry and
their development and advancement have great impact on the economics of this sector,
therefore they are considered as essential research area with high potential. An effective
way of enhancing the performance of these engines is through increasing the temperature
of the gases entering the high pressure turbine stage. Hence in the modern gas turbine
engines, gas temperature at the inlet to turbine stage is pushed to a very high limit.
However despite this advantage, this approach will also expose the blades to high
temperature and high heat transfer, and requires suitable cooling techniques for the blade
material to sustain a sufficiently long operational life [1, 2, 3, 4].

Turbine blade tip is considered as a very complicated region to design within a high
pressure turbine stage since it is exposed to a much greater heat load in comparison to the
rest of the blade and it is very difficult to be cooled. There have been a lot of research
studying the effect of the shrouded and un-shrouded tips on the turbine efficiency, Gao et
al. [5] provided a comprehensive comparison between the two. In the case of shrouded
blades, a shroud is used to interconnect all the blades and provides a sealing between the
tip of the blades and the casing surface. In some industrial applications partial shrouds are



used to reduce the stresses caused by the full shroud on the blades while still benefiting
from some of advantages of shrouded design [6, 7].

Despite all the benefits, shroud increases the weight, exposes the blades to mechanical
stresses and gives rise to high centrifugal loading therefore there is a high potential to
move towards the un-shrouded blades in the aero-engines. In the case of un-shrouded
blades, the pressure difference between the blade surfaces gives rise to the development
of the so-called leakage flows across the tip gap which starts from the pressure side and
ends at the suction side of the blade. These leakages flows expose the tip region to a very
high thermal load and damage, hence this region is considered as a critical area to design
in the case of the un-shrouded turbine blade. In addition to thermal damages, these
leakage flows contribute to one third of the total aerodynamic loss in a turbine stage,
therefore any small improvement in reducing these flows will result in a great
enhancement in the engine’s efficiency [8, 9].

There have been a lot of studies on the tip leakage flows to explore the important factors
affecting these flows and their development. As the flow reaches the pressure side of the
tip, it separates and develops a separation bubble. This acts like a vena-contracta and can
accelerate the flow to high speed conditions provided the pressure difference across the
tip is sufficient. The development of the high speed flow gives rise to the formation of
shockwaves in the tip gap which interact with the tip flow [8, 10]. Moore et al. [11] and
Moore and Elward [12] provided a comprehensive study on the development of
separation bubble and its vena-contracta effect as well as the formation of the shockwave
due to the over expansion of high speed tip flow at the inlet to the tip gap using water
table experiments. They showed that as the flow Mach number exceeded 0.8 at the gap
exit, tip leakage flow was able to accelerate to supersonic conditions. Chen et al. [8]
studied the tip leakage flow at transonic conditions experimentally and computationally
using two-dimensional modelling and captured flow fluctuations due to the shockwave
formation over the tip surface and its interaction with the leakage flow. It was also
discovered that as the tip leakage flows changed from being subsonic to supersonic the
length of separation bubble at the inlet significantly decreased.

The chocking behaviour of the tip leakage flows and development of the shockwaves in
the tip gap have been pointed out by many studies including research presented by
Harvey [13], Green et al., [14] , and Molter et al., [15]. Zhange and He [16] studied the
chock nature of the tip leakage flow at transonic conditions and its implications. They
discovered that as the tip flow becomes chocked, it sets a limiter to the local tip leakage
mass flow rate and results into a decoupling between the mass flow rate of the leakage
flow and the blade loading. Therefore, it was concluded that for the chocked tip leakage
flow, the blade loading can be increased with a slight or no increase in the tip leakage
losses.

The structure of the shockwave developed over the tip surface was studied by Zhang et
al. [17]. It was found that most of the tip flow was of supersonic type and had the
maximum Mach number of 1.8. In addition the surface heat transfer was predominantly
influenced by the structure of the shockwaves formed inside the tip gap. The shockwave



system started with the formation of an oblique shockwave which reflected at the casing
and the tip surface for a few times and ended with the formation of a normal shockwave.
On overall the surface heat transfer was smaller at the tip regions with supersonic
conditions in comparison to the areas with subsonic conditions.

One of the main factors influencing the tip flow structure and development is the tip
geometry. Hence there has been an effort to study different tip geometries including flat
tip, suction-side squealer tip, pressure-side squealer tip, cavity tip and winglet tip models
and many more [18, 19, 20, 21, 22]. One of the typical turbine blade tip is known as the
squealer tip model, which is effectively a recessed tip and has a thin rim which is
extending along either the pressure side or suction side edge or both. Experimental
investigations have shown that using squealer tip model reduces the overall heat load
when compared to the plain flat tip model. In addition it is found that the squealer rim can
reduce the tip leakage flow since it provides sealing effect against this flow [23, 18].
Moreover the location of the rim influences the effectiveness of this tip to a large extent.
Study by Kwak et al. [24] shows that the suction side squealer has a better performance
in reducing the overall heat transfer over the tip surface in comparison to the pressure
side squealer and cavity tip model (i.e. the full squealer tip model). Newton et al. [25]
also performed an investigation on different squealer tips with comparison to the flat tip
model. It was concluded that the tip flow was dominated by a separation bubble at the
inlet to the gap for the flat tip model and the area with separated flows increased by
enlarging the size of the tip gap. The heat transfer distributions showed that the suction
side squealer model had the best performance since it provided the minimum net heat
flux in comparison to the full squealer and the flat tip models. The effect of opening at
the leading edge and trailing edge for different squealer tips was explored by Caloni et al.
[26]. The opening at the trailing edge was found beneficial in increasing the sealing
effectiveness, the leading edge opening allowed more flow entering the tip and the
combination of both openings improved the heat transfer distribution.

Another well-known tip geometry is the winglet-squealer model, which has a winglet on
the pressure side edge and a squealer rim on the suction side edge. Papa et al. [20]
performed an experimental study where this tip geometry was tested and compared to a
full squealer model. The heat transfer distribution over the winglet-squealer tip was found
to be much lower in comparison to the squealer tip. In addition increasing the tip gap size
did not change the overall heat transfer for the winglet-squealer tip whereas for squealer
tip the heat transfer was increased for a larger tip gap. More recently Zhong et al., [22]
have studied the heat transfer distributions for different winglet-squealer tip models and
have explored the implications of different locations of winglet on the flow over the
squealer tip.

The development of leakage flow over the blade tip exposes the tip surface to a
significantly high thermal load and results in a series of surface damages such as in-
service burnout, after being a while in operation [27]. Therefore a more realistic tip
model for a blade tip in service is one which its sharp edges have been eroded and turned
into round edges due to an exposure to a high heat load. Despite this, there have been
very few researches studying the effect of the in-service burnout on the tip leakage flow



behaviour in high pressure gas turbines, most of which have concentrated on simply
looking at the effect of varying the gap height [28]. As far as we are aware there has been
only one work done by Ameri and Bunker [29, 30] looking at round-edge tip model of
erosion, while focusing on the heat transfer distributions over the tip and the shroud
surfaces of a first stage turbine blade in details. However, that research provided no flow
visualisation and associated flow analysis was given only for the overall pressure
distribution over the tip surface along the pressure side, mean line and suction side of the
tip surface.

It is clear from the literature that there is a large gap in knowledge on in-service burnout
effect. It is the aim of this study to bridge this gap by studying the tip leakage flows over
a flat tip model at the beginning of its operational life i.e. a tip with sharp edges and
comparison with a tip geometry exposed to an in-service burnout after a while being in
operation i.e. a tip with round edge. This can be done through testing the quasi three
dimensional models of both tip geometries. The tip geometries are designed based on the
Rains’s model of tip leakage flows [31]. This approach and its reasoning are explained
next, and in the following section. Flat tip model is the most fundamental model in this
field and hence was chosen in this study. Studies of the effect of in-service burnout on
more complex tips as of having cavity will be presented in the near future.

This fundamental study focuses on the main aspect of the tip leakage flows which is
mainly due to two-dimensional geometry effects [8, 10]. This is a principal approach
embedded in the traditional aerodynamic modelling such as the lifting line theory for
studying the wings and the blade element approach to study the blades where the two-
dimensional geometry effects are first explored and then followed by a three-dimensional
study that stiches the two-dimensional flows together by the assumption of high aspect
ratio, which is in our case the ratio between the chord length and maximum profile
thickness. Three-dimensional effects will be included in a future publication. The tip
geometries in this investigation are tested at the engine operational condition (i.e.
transonic conditions) both experimentally and computationally, and the flow
visualisation, pressure measurement, different flow contours, and the discharge
coefficient, Cp (as a measure of loss associated with the tip leakage flows) are obtained.

EXPERIMENTAL PROCEDURE

The experimental work of this investigation was carried out in the transonic wind tunnel
of the high speed section of the White head laboratory, School of Engineering and
Materials Science, Queen Mary University of London. This is a closed circuit transonic
wind tunnel which has a working section of a cross section area of 127mm in width and
135mm in height. The flow when passing through the empty working section i.e. without
any model, can accelerate up to a maximum Mach number of 1.4.

The tip leakage flows in this study were modelled using the same approach in Chen et al.
[8] which was originally proposed by Rains [31]. Rains’s model assumed that the
pressure gradient in the chordwise direction was much smaller than the pressure variation



perpendicular to the chord. It proposed that the two components of flow moment in the
direction parallel to chord and perpendicular to the chord were decoupled. Rains’s model
also assumed that the momentum component parallel to chord was approximately
constant across the tip gap starting from pressure side and ending at the suction side edge.
Using this model the blade tip can be considered as series of planes which are cut
perpendicular to the chord of the blade tip as shown in Figure 1.

Yaras et al [32] studied the velocity vector distributions over a turbine blade in a planar
cascade in which they found that apart from the areas close to the leading and trailing
edges, most of the tip leakage flows cross the tip almost normal to the chord. Hence it
was concluded that at any local plane perpendicular to the chord the main variation in the
flow momentum is in the direction perpendicular to the blade chord. Typical streamline
and main flow features of the leakage flows over turbine blade tip was discussed in
Thorpe et al. [33] based on which the leakage flows crosses the tip almost at
perpendicular to the tip chord apart from small areas at the leading and trailing edges.
Flow streamlines and visualisation of the tip leakage flows presented by different papers
showed similar flow pattern [34, 25, 19, 35].

The flow pattern captured in all of these researches shows that the approach used by
Chen et al. [8] and the model proposed by Rains [31] are applicable to the leakage flows
over the whole tip region except the small areas close to the leading and trailing edges.
This confirms the reliability of using two dimensional or quasi three dimensional
modelling to study the tip leakage flows. Therefore the results obtained from this study
should be applicable to the leakage flows over the blade tip regions where flow is
perpendicular to the chord except for the areas close to the leading edge and trailing edge.
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Figure 1: Simple modelling of leakage flow by considering a plane perpendicualr to
chord direction (introduced by Rains) [36].
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Figure 2a: The sharp-edge flat tip model.
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Figure 2b: The round-edge flat tip model.

Figures 2a and 2b show the experimental models tested in this investigation. The top
surfaces of the models represent the tip surfaces and the top wall of the working section
represents the casing surface. The axial length of each tip is 100mm and the tip gap
height for both models is 20 mm which is about 10 times greater than the actual tip gap
height in the real engine. This scale was chosen since operating the transonic wind tunnel
at narrow tip gap was extremely difficult and almost not possible.



The ratio of the tip gap height to the streamwise length of the gap is 5 which corresponds
to the middle section of the tip surface of the high pressure turbine blade in the real
engine where the thickness is maximum. This is the region on the tip which is furthest
from the leading and trailing edges, and the leakage flow crosses the tip gap at a direction
almost perpendicular to the chord line. Changing the gap mildly was found not to
fundamentally alter the flow regime. For example slightly increasing the gap was found
to mildly reduce the flow speed in the gap and in the transonic case to mildly lengthen the
system of the oblique shockwaves (to be discussed later). A comprehensive study of the
effect of varying the ratio of the gap height to the streamwise length is left for future
research. The quasi-three dimensional principle used in the experimental work and the
two-dimensional principle used in the computational work which were based on the
Rains’s model, are applicable to provide reliable fundamental results. In addition the
radius of the round edge in the case of the round-edge tip model is 10mm and the ratio of
this radius to the height of the tip gap is 0.5. This represents a simple model of a round-
edge tip, a tip being in service and exposed to high heat load.

Flow visualisation is a very effective technique to establish more insight into the flow
field and flow behaviour. In this investigation Schlieren flow visualisation was used to
capture the important flow features. This is an optical technique which visualises the
refractive index in the testing section. In the case of the tip leakage flows of this
investigation the refractive index changed as a result of a change in the density since the
flows were of compressible type. Figure 3 shows the setup of the z-type Schlieren flow
visualisation which was used in this study, this figure is based on the diagram by Settles
[37]. As it can be observed the set up includes two parabolic mirrors which are oppositely
tilted, an extended light source, a camera and a knife edge. The light rays from the light
source (which is located at the focal point of the first mirror) reach and reflect at the first
mirror. This mirror is then rotated to direct the rays into the test section. The light rays
travel to the second mirror and reflect. The reflected rays carry the information of the
flow in the working section which can be captured by a camera. The most focused image
of the flow is formed at the focal point of the second mirror. Using a knife edge at this
point can help with adjusting the sensitivity of the Schlieren set up via blocking some of
the reflected light rays. The more rays blocked by the knife edge, the more sensitive the
set up becomes, hence more flow structure and disturbance can be captured by the set up
[37].

In addition the static pressure distribution was measured at the tip surface of the models
using 2mm pressure tappings and a suitable scannivalve. These formed the quantitative
experimental results in this study. All the experimental results of the two tip models are
presented in the Results section.
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Figure 3: Z-type Schlieren flow visualisation set up in this investigation. [37]

COMPUTATIONAL PROCEDURE

The flow domains for both sharp-edge flat tip and round-edge flat tip models were
meshed and solved using the ANSYS commercial package. Structured mesh (i.e.
quadrilateral mesh cells) was used for the sharp-edge flat tip model whereas the flow
field of round-edge flat tip was meshed using hybrid mesh, combination of structured and
unstructured mesh cells (i.e. using both triangular and quadrilateral mesh cells). The
computational domains for both tip models are included in Figures 4, where for clarity
only one fifth of the computational grid lines are plotted. The tip leakage flows for both
sharp-edge and round-edge tip geometries were computed using the Reynolds Averaged
Navier-stokes (RANS) equations approach and compressible Spalart Allmaras model was
selected as the turbulent model for both tip models.
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Figure 4: The computational domain for (a) the sharp-edge flat, (b) round-edge flat tip
models, where for clarity only one fifth of the computational grid lines are plotted.

The pressure inlet and pressure outlet boundary conditions were used at the inlet to the tip
gap and its exit. Adiabatic wall with no slip condition was chosen for all the solid
boundaries within the computational domain. The tip leakage flows for both tip
geometries were solved using FLUENT within ANSY'S where finite volume method and
collocated grid approach were applied. Since the tip flows were of compressible type, the
density-based solver was employed, and in order to enhance the convergence rate and
stability, implicit solution method was used as the time-averaged flow solution was
sought for the RANS. In addition second order upwind scheme was used for the
convection terms and second order central scheme was applied for the diffusion terms.
The first grid point above each solid boundary was at a distance with y+ value of about
30 and hence at the log region of the turbulent boundary layer. Therefore enhanced wall
models were used in the RANS solution for both tip models.

It was important to use very fine mesh cells in the flow area where very large gradient
were expected. These included the gap between the blade tip and the casing wall where
flow features such separation, shockwave and etc were anticipated. Hence there were 100
nodes used within the tip gap region (in the vertical direction) for both tip geometries.
The distance between the nodes was adjusted so that more nodes were used close to the
tip surface and the casing wall. In addition mesh independency study was established to
ensure that mesh resolution has reached the sufficient level beyond which increasing the
mesh refinement does not influence the computational data. This was established via
increasing the grid density at the domain areas with large gradients and monitoring the
flow data at different mesh resolutions. The flow data which were compared at different
grid resolutions included both the direct data from the simulations such as the tip surface
static pressure and those which were calculated using the flow data such as the discharge
coefficient (as a measure of loss). The grid resolution beyond which increasing its
refinement and cells did not change the flow results (or only changed it by a negligible
value), was selected as the sufficient resolution providing grid independent results. In the
case of this study the grid with 1.1x10° cells was found as a sufficient mesh resolution
providing grid independent results. In addition in each case, simulation continued running
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to the point where the residual plots flattened at the sufficient level and running further
iterations did not change the results.

RESULTS

This section includes both experimental and computational results of both sharp-edge flat
tip and round-edge flat tip models. The flow Reynolds number based on the tip gap
height and the flow conditions at the exit, was about 2.5x10°, which is about five to ten
times greater than that found in the typical engine conditions. However the computational
works for tip flows at different Reynolds numbers showed that the tip flow behaviour and
the shockwave structure within the tip gap were not affected considerably by this much
difference in the flow Reynolds numbers. In addition tip leakage flows were tested at
different pressure ratios in a range of 0.85 to 0.58 which covered different flow
conditions of both subsonic and transonic for comparison. The leakage flows over high
pressure turbine blade tips are mostly transonic, hence the transonic pressure ratios tested
in this investigation are relevant to the typical operating conditions of a high pressure
turbine in an engine.

Figures 5 illustrate the experimental Schlieren flow visualisation for the flat tip model
with sharp edge at three different flow conditions with PR (i.e. the ratio of the static
pressure at the exit to the stagnation pressure at the inlet of the tip gap) of 0.58, 0.60, and
0.65. As it was explained in the “Experimental Procedure” Schlieren flow visualisation is
an optical technique which visualises the refractive index gradient which can be due to
the density changed or temperature change. The focus of this study is the aerodynamic
behaviour of the tip flows and the refractive index gradient of the flows tested in the wind
tunnel was due to the density change since the flows were of compressible type with high
speed conditions. Hence one parameter that can be defined to form the base on which the
Schlieren results in this investigation are developed, is the density gradient. In Figures 5
the compressible flow features including acceleration through an expansion fan, oblique
and normal shockwaves as well as other flow structures such as separation bubble are
outlined by black pattern within a bright background. This is since these flow patterns
form regions of flow with high density gradient in comparison to rest of the flow field.
The effect of the PR on the development of these features in the Schlieren results are
explained in the following.

As the flow reaches the leading edge of sharp-edge flat tip model, it turns to adjust itself
around the tip geometry and accelerates. This acceleration is similar to the acceleration of
the flow around the leading edge of an aerofoil. However since the edge of this tip is
sharp, flow separates on its arrival and forms a separation bubble. This separation bubble
acts like a vena contracta and can accelerate the tip flow to transonic condition provided
the pressure difference across the tip is sufficient.
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Figure 5: Experimental Schlieren flow visualisation over sharp-edge flat tip model at
different PR of a) 0.58, b) 0.60, c) 0.65.

In all cases presented above the pressure difference across the tip has accelerated the
leakage flow to transonic Mach numbers. In addition as the pressure ratio PR decreases
from 0.65 to 0.58, the pressure difference across the tip and hence the acceleration of the
tip flow which occurs through an expansion fan at the leading edge increases, the size of
the of the expansion fan becomes larger for smaller PR. Larger flow acceleration at the
inlet leads to more coherent shockwave development within the tip gap. The shockwave
formation starts at the aft portion of the separation bubble where numbers of compression
waves form and collapse to form an oblique shockwave. As illustrated by Figures 5, for
PR of 0.58 this oblique shockwave reflects as another oblique shockwave at the casing
wall and the pattern ends with a normal shockwave. In the case of PR=0.60 the pattern
includes one oblique shockwave and one normal shockwave and in the case of PR=0.65
there is only one normal shockwave.
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Another flow feature which is clearly captured in the Schlieren results is the separation
bubble, as the PR decreases from 0.65 to 0.58 the size of the separation bubble decreases
and this is due to an increase in the acceleration of the tip flow which suppresses the
separation bubble and decreases its size. The effective tip gap for this tip is defined as the
minimum distance between the casing wall and the separation bubble, hence as the PR
decreases the effective tip gap increases as a result of suppressing the separation bubble.
Schlieren technique provides qualitative results and is developed based on density
gradient as the main parameter in this investigation. It can be observed as the PR
decreases there is larger flow area with distinguishable and high density gradient.

The experimental surface static pressure distributions over the tip surface of the sharp-
edge flat tip provide quantitative results and are included in Figure 6 for the three cases
presented in Figures 5. The streamwise distance of X=0 mm in this figure, indicates the
leading edge of the sharp-edge model i.e. the tip pressure side edge and X=100 mm is the
tip suction side edge.
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Figure 6: Experimental surface static pressure distributions of sharp edge flat tip model.

As evident in Figure 6, the pressure distributions dictate the patterns captured by the
Schlieren flow visualisations shown in Figures 5. For PR of 0.60 and 0.58, each
distribution includes an interruption which is due to the normal shockwave present in
each case. The interruption in the case of the PR=0.58 is stronger since in this case the
pressure difference across the tip is higher and hence the normal shockwave is much
stronger in comparison to the case with PR=0.60. In addition for PR=0.65, the pressure
distribution does not include any indication of the normal shockwave, this is since the
normal shockwave is much weaker in this case and it is formed over the separation
bubble.
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Figure 7: Experimental Schlieren flow visualisation over round-edge flat tip model at
different PR of a) 0.58, b) 0.60, c) 0.65.

Schlieren flow visualisation for the round-edge flat tip model (which represents the
model exposed to the burnout effect) at pressure ratios of 0.58, 0.60, and 0.65 are
included in Figures 7. Similar to the Figures 5, here the Schlieren results are developed
based on density gradient being the main parameter, and the black flow patterns in light
background represent the flow features with high density gradient i.e. with
compressibility effects. For this tip, the flow behaves in a very different manner
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compared to the sharp-edge model. The first difference that is noticeable in these figures
is the absence of the separation bubble which was present for the sharp-edge flat tip and
dominated its leakage flows. This is due to the leading edge of this model being round
which allows the flow to turn, accelerate and adjust itself smoothly without causing any
separation. The acceleration of the tip flow for the flow conditions presented in Figures 7
is such that leakage flows reach transonic conditions and include high speed flow features
such as shockwave. The development of the shockwave occurs at the point where flow
passes over the round leading edge of this tip, it has to change its direction and align itself
parallel to the rest of tip surface. Since the flow is of high speed compressible regime the
change of direction gives rise to the production of a number of compression waves that
collapse and form a shockwave. The shockwaves in these figures are less visible
compared to those shown in Figures 5 thus the flow resistance is reduced for the round-
edge tip.

One interesting and remarkable flow feature which can be observed for the flow over the
round-edge flat tip model is the developed shockwave over this tip. In this case the
formed shockwave does not reach the casing (upper) surface unlike the one in the case of
the sharp-edge flat tip model. In addition as the pressure ratio, PR decreases from 0.65 to
0.58 the pressure difference across the tip and hence the tip flow acceleration increases
and this leads to a taller shockwave meaning the acceleration in the traverse direction
increases and hence the area with high density gradient increases in the traverse direction.

The experimental surface static pressure distributions of round-edge flat tip model for
these flow conditions are included in Figure 8 which dictates the patterns observed in the
Schlieren results. The streamwise position of X=0 mm in Figure 8, indicates the leading
edge of the round-edge model i.e. the tip pressure side edge and X=100 mm is the tip
suction side edge. The distributions start with a very steep and sudden gradient in the
static pressure, this occurs in the location where the normal shockwave is developed for
this tip model. As the pressure ratio increases from the 0.58 to 0.65 the interruption due
to the normal shockwave becomes weaker. This is because as the pressure ratio increases
the pressure difference across the tip and the acceleration of the tip flow decrease, hence
the shockwave becomes weaker.

The Mach number contours of both models at PR=0.58 are shown in Figures 9.
Comparing these contours with the experimental Schlieren results in Figures 5a and 7a,
shows there is a good qualitative agreement between the experimental and computational
results of both tip geometries. In addition comparing the position of the shockwave in the
experimental and computational results, it can be seen that for the round-edge model the
shockwave is developed in the same position in both experimental and computational
results. For the sharp-edge model the shockwave is developed earlier in the
computational case compared to the experimental one, i.e. the shockwave position is
shifted by about 5 mm towards the pressure-side edge. This is discussed in more details
later in this section.

For the round-edge tip, the Mach number contours show that the acceleration of the tip
flow changes significantly in the traverse direction (i.e. from the tip surface to the casing
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surface in the vertical direction). This variation is such that the flow close to the tip
surface reaches transonic Mach numbers and gives rise to the shockwave production
while the flow near the casing wall at the same streamwise location is subsonic.
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Figure 8: Experimental surface static pressure distributions of round-edge flat tip model.

The computational flow velocity streamlines shown in Figures 10 present clear captures
of features such as flow separation and flow smoothness for both tip geometries at
PR=0.58. The tip leakage flow is completely attached for the round-edge model and
hence effective tip gap in this case is the same as the geometrical tip gap i.e. the
minimum distance between the casing surface and the tip surface. Whereas in the case of
the sharp-edge geometry, there are two separations over the tip surface. The first
separation occurs on the flow arrival due to the pressure side edge being sharp and results
into a large separation bubble at the inlet to the tip gap and the second separation is much
smaller and occurs further downstream due to the interaction of the normal shockwave
with the boundary layer. The effective tip gap for this tip is defined as the minimum
distance between the separation bubble at the inlet and the casing surface. The
comparison between the effective tip gaps of the two tip geometries shows that the
effective tip gap is much larger in the case of the round-edge flat tip model than for the
sharp-edge tip. Therefore the tip leakage flow and its associated losses are expected to be
greater for the round-edge tip model compared to the sharp-edge one.
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Figure 9.b:The computational Mach number contours of the
round-edge flat tip model with PR=0.58.
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The experimental and computational static pressure distributions over the tip surface for
both tip geometries at PR=0.58 are shown in Figure 11. This is the pressure ratio which
represents a well-established transonic tip leakage flows with well-established shockwave
system and largest flow acceleration and Mach number for both tip geometries. For the
sharp-edge flat tip, the leakage flow for this PR consists of two oblique shockwaves and
one strong normal shockwave. It is the only case where at least one shockwave reaches
the attached flow over the tip surface and interacts with it. For the round-edge tip,
PR=0.58 also has the strongest shockwave compared to the other two cases. In this figure
the leading edge of each model is indicated by X=0 mm which represents the tip pressure
side edge and X=100 mm belongs to the suction side edge of each tip. As it can be
observed there is a significant difference between the distributions of pressure over the
round-edge flat tip compared to the sharp-edge model.
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For the sharp-edge model, the static pressure distribution is almost flattened over a region
at the inlet to the tip gap. This is due to the flow being separated over this area, as
observed in the earlier figures, flow separates on its arrival at the tip and forms a
separation bubble such pattern also exists in higher PRs. But further downstream the
distribution includes a sharp interruption which is due to the development of the
shockwave in this region and its interaction with the boundary layer reflecting the strong
transonic nature of the flow in this case which is much stronger compared to the higher
PRs. The pressure then increases smoothly downstream of shockwave and becomes
almost constant near suction side edge.

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

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

There is a remarkably good agreement between the experimental and computational
pressure distributions for the sharp-edge flat tip. It can be seen that qualitatively the
simulations have predicted the same trend as the experimental distribution, and
guantitatively there is a very strong agreement between the two. It can be also observed
that the computational distribution has mildly under-predicted the length of the separation
bubble at the inlet to the tip gap and this has caused the streamwise position of the
interruption due to the normal shockwave, to be shifted by a small distance towards the
pressure side edge of the tip. This is an expected result since the simulations were carried
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out assuming fully turbulent flow and the shape of the separation bubble is affected by
the mixing within the bubble. In the experimental case the shear layer is more likely to be
laminar at the beginning and then becomes turbulent hence the mixing within the
separation will be slightly different and the separation reattachment will be delayed.
Therefore flow reattaches further downstream increasing the length of the separation and
resulting in shifting the experimental pressure distribution further downstream.

This type of agreement and similarity are always expected when comparing the
experimental and computational data of this kind. Similar comparison was obtained by
Fordham [36], where the separation bubble length over flat tip model (at high speed
conditions) was under-predicted by the computational work in comparison to the
experimental results and this resulted in shifting the computational pressure distribution
towards the pressure side edge, similar to the results presented here. Wheeler et al. [38]
also observed similar comparison and agreement in their study for the flat tip model at
high speed conditions, where the length of the separation at the inlet to the tip gap was
under predicted by their simulation. Hence it can be seen that this agreement is similar to
those obtained by other studies. Also, the qualitative trend and quantitative values of the
maximum and minimum peaks of the experimental and computational distributions have
very strong agreement. In addition the computational testing was mesh independent

hence it can be concluded that the simulations were reliable and provided sufficient
solidity.
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Figure 11: Static pressure distributions over Tip surface at PR=0.58 (i.e. the case with
well-established transonic flows, shockwave system, and highest flow Mach number).
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In the case of the round-edge model, there is a very sharp decrease in the tip surface static
pressure distribution at the inlet to the tip gap. This is due to the development of the
shockwave at that region as observed in the flow visualisation results. The flow
acceleration is the highest in the presented case and hence the shockwave is the strongest
and has the most pronounced interruption. Further downstream the pressure variation
becomes very small and then flattens close to the tip gap exit. The agreement between the
experimental and computational distributions for the round-edge tip model, are even
better than for the sharp-edge one and at some regions the data are almost identical. This
is because the flow over this tip does not have the complications due to the separation
bubble which is present in the case of the sharp-edge model. The strong quantitative and
qualitative agreement between the experimental and computational studies for the round-
edge flat tip model demonstrates again the viability of the presented results.

LOSS ESTIMATION, DISCHARGE COEFFICIENT

The losses associated with the tip leakage flows contribute to about one third of the total
losses in the high pressure turbine stage [9]. In addition these losses are proportional to
the leakage flow mass flow rate. Therefore any small improvement in reducing these
flows can have a significant impact on enhancing the turbine and engine efficiency. Thus
an optimum tip geometry can be defined as the geometry which has the smallest leakage
mass flow rate through the tip gap.

To quantify the losses due to the tip leakage flows, the discharge coefficient C;, has been
calculated as a loss measure for each tip geometry at different flow conditions. The
discharge coefficient is defined as the ratio of the actual mass flow rate, . to the
isentropic mass flow rate, m;g.,, and expressed by the following equations [36]:

m
CD = aCt, ( 1 )

Misen

h
Myt = J pv, dy, (22 )
0
Where p and v, are calculated from RANS.

’ -1
Misen = RLTO PyhM [1.0 + (VT) MZ] ’_(V+1)/2()/—1) ~( 2b )

Where M is calculated from PR isentropic relationship.

Figure 12 shows the variation of calculated discharge coefficient using RANS data for
different flow conditions and pressure ratios PR for both tip geometries. The pressure
ratio varies in a range of 0.85 to 0.58 where PR of 0.85 represents a subsonic flow
condition and 0.58 represents a transonic condition.
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Figure 12: Computational discharge coefficient, Cp variation with pressure ratio PR.

The first result that can be clearly captured from this plot is that the discharge coefficient
is much larger for the round-edge flat tip in comparison to the sharp-edge model at all
tested conditions. As was observed in the experimental Schlieren and RANS contours the
round-edge tip removes the separation bubble at the inlet which is present in the case of
the sharp-edge tip. Hence the effective tip gap for the flat tip with round edge is larger in
comparison to the flat tip with sharp edge. Therefore the tip leakage flow and its
associated losses for the round-edge flat tip are expected to be much greater than those in
the case of the sharp-edge model as evident in the above plot.

As the pressure ratio PR (i.e. the ratio of the static pressure at the tip gap exit to the
stagnation pressure at the inlet to the tip gap) decreases from 0.85 to 0.58, the static
pressure difference across the tip and therefore the acceleration of the tip leakage flow
increase and the tip flow changes from subsonic to supersonic. The discharge coefficient
increases as the pressure ratio decreases for the sharp-edge geometry. This is because
decreasing the pressure ratio increases the acceleration of the tip flows which results into
suppression of the separation bubble (which dominates the tip flow for this tip and its size
controls the tip leakage flow in this case) at the inlet to the tip gap. Suppression of the
separation bubble increases the effective tip gap for this tip geometry and hence increases
the tip leakage flows and the associated losses. For the round-edge tip geometry, the
discharge coefficient shows a very interesting variation with pressure ratio. As the
pressure ratio decreases from 0.85 to 0.58 for this tip, the discharge coefficient first
mildly increases and then it decreases. A close look at the values of the PR at which these
variations occur, shows that the PR range over which discharge coefficient increases
belongs to the tip flows with subsonic and sonic conditions and the PR values over which
it decreases corresponds to the tip flows with transonic conditions.

As it was observed earlier the main difference between the two geometries was that in the
case of sharp-edge tip, flow separated on its arrival at the tip and produced a large
separation bubble at the inlet to the tip gap which dominated the tip flow. The size of the
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separation bubble controlled the tip leakage flow at different PR. Whereas for the round-
edge model, the round edge removed this separation at the inlet and the tip flow smoothly
adjusted itself around the tip leading edge with no separation. This is a big difference
between the two tips and therefore we should expect some difference between the tip
flow distributions of the two cases. The work by Ameri and Bunker [29, 30] (which is the
only work on the round-edge tip as far as the authors are aware), which was focused on
the heat transfer aspect, also showed that the round edge redistributed the flow at the inlet
to the tip gap for the round-edge tip in comparison to the sharp-edge tip.

The other important difference between the two geometries was the structure of the
shockwaves in both cases. For the sharp-edge tip the oblique shockwave which was
formed on the aft portion of the separation bubble reached the casing wall and reflected
as another oblique shockwave and the shockwave pattern ended by a normal shockwave.
Whereas for the round-edge geometry the acceleration in the traverse direction changed
significantly. This was to the extent that at cases with higher pressure difference across
the tip, the flow near the tip surface reached Mach number above one and produced a
shockwave while the flow close to the casing wall at the same streamwise position
remained subsonic. Therefore the shockwave in the case of the round-edge geometry did
not reach the casing. As it can be observed there are significant differences between the
tip flow developments for both tip geometries particularly at high speed conditions. The
absence of the separation bubble and significant acceleration in traverse direction
(particularly at high speed conditions), and the structure of the developed shockwave
resulted in a different discharge coefficient distribution for the round-edge tip flow with a
Mach number above 1 in comparison to the sharp-edge tip.

As discussed above, the discharge coefficient variation for the round-edge model at
transonic conditions is opposite to the one for the sharp-edge geometry. This opposite
behaviour was explored further via studying and comparing the flow over the round-edge
model at two transonic conditions i.e. PR=0.58, and PR=0.64. Despite the high degree of
similarity in the flow pattern, it was found that the flow streamlines for the PR=0.58 (i.e.
the case with higher flow Mach number) were separated by a larger distance from each
other in comparison to the case with PR of 0.64. In other words, the tip leakage flow for
pressure ratio of 0.58 were more deflected towards the casing wall than for the pressure
ratio of 0.64 where the flow adjusted itself more smoothly around the tip geometry.
Greater degree of deflection towards the casing could be due to the structure of the
shockwave and hence the acceleration in the traverse direction in the case of this tip
geometry. The shockwave became taller for the leakage flow with the higher Mach
number. The deflection of the tip flow produced a blockage effect and reduced the tip
leakage flows entering the tip gap and their associated losses. Hence it decreased the
discharge coefficient.
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CONCLUSION

This study presents an experimental and computational investigation into leakage flows
over high pressure turbine blade tips at high speed conditions. The in-service burnout
effect is explored for a flat tip model via testing a sharp-edge flat tip model and a round-
edge flat tip model. This is where previous studies mostly looked at the effect of gap
height and not the erosion of the tip edge [28]. As far as the authors are aware there is
only one work by Ameri and Bunker [29, 30] on the round-edge tip modelling in-service
erosion which focused on the heat transfer distribution over the tip and the shroud
surfaces of a first stage turbine blade. The work did not include aerodynamic flow
measurements other than overall pressure distribution over the tip surface along the
pressure side, mean line and suction side of the tip surface. There was no detail on the
flow development and behaviour as it crosses the tip from the pressure to the suction side,
and there was no flow visualisation to provide more insight into the flow field. Hence our
investigation is the first attempt to provide such comprehensive details about the flow
development and structure as it crosses the round-edge tip as far as we are aware.

It was found that in the case of the sharp-edge flat tip, flow separated on its arrival at the
tip and developed a separation bubble. The separation bubble acted as a vena-contracta
and was able to accelerate the tip flow to transonic condition when the pressure
difference across the gap was sufficient. The transonic leakage flows included both
oblique and normal shockwaves within the tip gap. In addition the effective tip gap for
this tip geometry was defined as the minimum distance between the separation bubble
and the casing wall and hence was controlled by the size of the separation bubble at the
inlet to the tip gap.

However for the round-edge tip model, the round edge removed the separation at the inlet
and allowed the flow to adjust itself around the tip smoothly without causing any flow
separation. The effective tip gap in this case was equivalent to the geometrical tip gap i.e.
the vertical distance between the tip surface and the casing wall. Comparing this tip
geometry to the sharp-edge model showed that the effective tip gap in the case of the
round-edge tip is much larger than the one for the sharp-edge model. In addition the
discharge coefficient Cp was greater for the round-edge tip in comparison to the sharp-
edge geometry at all tested conditions. Hence it was concluded that the in-service burn
out effect on the flat tip model removed the separation at the inlet to the tip gap, enlarged
the effective tip gap and increased the tip leakage flows and its associated losses.

The discharge coefficient variation with pressure ratio PR showed that in the case of the
subsonic tip leakage flows as PR decreased (i.e. as flow Mach number increased) the
discharge coefficient increased for both tip geometries. However as the flow category
changed to transonic, further decrease in PR (i.e. further increase in flow Mach number)
resulted in a further increase in the discharge coefficient for the sharp-edge tip but led to
an opposite behaviour for the round-edge model. This was since, at transonic conditions
decreasing PR increased the deflection of the flow towards the casing wall for the round-
edge tip, which provided some blockage effects and decreased the leakage flow, and
hence the discharge coefficient.
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In a following study we will present new results and analysis of models with geometries
changes aimed at reducing the leakage flow.
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