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Abstract

The tips of unshrouded, high-pressure turbine blades are prone to significantly
high heat loads. The gap between the tip and over-tip casing is the root cause of
undesirable over-tip leakage flow that is directly responsible for high thermal material
degradation and is a major source of aerodynamic loss within a turbine. Both must
be minimised for the safe working and improved performance of future gas-turbines.

A joint experimental and numerical study is presented to understand and charac-
terise the heat transfer and aerodynamics of unshrouded blade tips. The investigation
is undertaken with the use of a squealer or cavity tip design, known for offering the
best overall compromise between the tip aerodynamics, heat transfer and mechanical
stress. Since there is a lack of understanding of these tips at engine-realistic con-
ditions, the present study comprises of a detailed analysis using a high-speed linear
cascade and computational simulations. The aero-thermal performance is studied
to provide a better insight into the behaviour of squealer tips, the effects of casing
movement and tip cooling. The linear cascade environment has proved beneficial for
its offering of spatially-resolved data maps and its ability to validate computational
results. Due to the unknown tip gap height within an entire engine cycle, the effects
of gap height are assessed. The squealer’s aero-thermal performance has been shown
to be linked with the gap height, and qualitative different trends in heat transfer are
established between low-speed and high-speed tip flow regimes.

To the author’s knowledge, the present work is the first of its kind, providing
comprehensive aero-thermal experimental research and a dataset for a squealer tip
at engine-representative transonic conditions. It is also unique in terms of conduct-
ing direct and systematic validations of a major industrial computational fluid dy-
namics method for aero-thermal performance prediction of squealer tips at engine-
representative transonic conditions.

Finally, after recognising the highest heat loads are found on the squealer rims, a
novel shaped squealer tip has been investigated to help improve the thermal perfor-
mance of the squealer with a goal to improve its durability. It has been discovered that
a seven percent reduction in tip temperature can be achieved through incorporating
a shaped squealer and maximising the internal cooling performance.
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Chapter 1

Introduction

This thesis documents an experimental and numerical study of unshrouded gas tur-
bine blade tips with an assessment of the aerodynamic and thermal performance. The
main goal of this thesis is to develop a tip design concept to reduce the high thermal
load associated with a widely-established unshrouded tip configuration, known as a
squealer tip. The tip itself is prone to very high heat loads on its rim seals, but is of-
ten a preferred choice for its best overall performance. Without greatly compromising
the aerodynamic benefit of a squealer tip, the goal is to reduce the tip heat transfer
and to extend its life in the harsh environment it lives in. The thesis takes these
aspects into consideration, but more importantly under engine-realistic aerodynamic

flow conditions that are often neglected.

1.1 General Background

Born in Coventry, England, Sir Frank Whittle registered a patent in 1930 for the first
turbojet engine whilst a German-born engineer, Dr. Hans von Ohain, was granted a
similar patent for turbojet engine theory in 1936. Both are known as co-inventors of
the jet engine, even though Whittle’s patent was granted first. On 27th August 1939,
Heinkel He 178 claimed the first flight using von Ohain’s design, taking off from the
Baltic Coast. This was shortly followed by flight of the Gloster E.28/29 on 15th May



(a) Cutaway (b) Production Engine

Figure 1.1: Rolls-Royce Trent XWB Turbofan Engine
(Images reproduced from (Nathan, 2011; Norris, 2013))
1941 from RAF Cranwell, testing Whittle’s invention.

Since then, the revolution of air transportation lay with the gas turbine, inevitably
based on the Whittle engine. Since the turn of the war, the growth and demands
of civil air travel have been astonishing and have heavily relied on advancements in
science and technology to improve the power and efficiency, and to reduce the carbon
footprint of the modern gas turbine. In 2014, the world’s busiest airports were Dubai
and London Heathrow reporting in excess of 68.1 million passengers travelling long-
haul (Anderson, 2015), signifying the importance and requirement of cleaner, quieter,
more efficient and more durable gas turbine engines. Providing 3.6% of the UK GDP
through the aviation industry (Economic Benefits from Air Transport in the UK,
2011) and the proposed plan to expand London Heathrow by introducing a third
runway shows an economic reliance on improved and advanced turbomachinery.

A modern, high-bypass ratio gas turbine engine is shown in Figure 1.1. A high
bypass ratio helps to increase the thrust and reduce the specific fuel consumption
(SFC), and are designed to meet requirements of new engines and produce a lower
noise output than low or zero-bypass designs. The low-pressure turbine stage at the
exit of the engine core provides power to the front fan. To further increase the power

supplied to this fan, the power generated in the engine core has to be increased and is



achieved either by increased turbine entry temperatures or increased mass flow rates
to the core. However, to increase the mass flow rate, the size and weight of the core
have to be increased and poses a limiting factor.

Given the state-of-the-art, in order to meet the requirements of increased power
and efficiency of new aero-engines, attention has been drawn for mechanisms to in-
crease the rotational speed of the turbine stage and to increase the turbine entry tem-
perature (TET). Naturally, the considered choices are plausible, but from a design
point of view, they must be well balanced with the imposed thermal and mechanical
stresses.

Within the core of a modern engine, the high-pressure turbine typically uses one
of two types of rotor blade. These come in the form of either shrouded or unshrouded
blades (Figure 1.2). A shrouded blade tip is one which carries a shroud which forms
a link with its neighbouring blades and is therefore, part of a continuous ring. The
main objective of a shrouded blade tip is to act as a seal to limit the leakage flow in
the radial direction. Since the shroud contributes to a significant portion of the total
mass of each blade, it is subject to high centrifugal stresses. This therefore limits the
rotational speed of shrouded rotor blades.

Eliminating the shroud eliminates these limitations and can result in faster rota-
tional speeds. However, the removal of the shroud is at the expense of fluid leakage
and thus reduced turbine efficiency. Shrouded blades are equipped with fins and
fences that help provide blockage. Without these, the gap between the blade tip and
the casing wall gives rise to increased fluid leakage over the tip due to the pressure
difference between the two aerofoil surfaces. Mixing losses, as well as fluid interaction
with the endwall flow, all attribute to the losses generated over the tip region. The
greater the distance of the blade tip to the casing wall, the greater the loss.

Sealing techniques are often employed to minimise the unavoidable leakage losses.

As previously described, one method is by the use of a shroud. However, for un-



(a) Shrouded Tip: Rolls-Royce Trent 800 (b) Unshrouded Tip: GE High-Pressure
High-Pressure Turbine Blade After 8299 hours Turbine Blade with Squealer Tip
(cleaned)

Figure 1.2: Examples of shrouded and unshrouded turbine blade tips in operation
(Reproduced from Bunker (2013))
shrouded blades, techniques and research have frequently included the use of flat
(plain), squealer (cavity), winglet and winglet-squealer (squealet) tips. Such designs
are shown in Figure 1.3.

The choice of tip is subject to numerous advantages and disadvantages. A squealer
tip acts as a double seal and the cavity vortex structures help to reduce the losses
generated. Furthermore, it is a suitable tip choice since the contact area with the cas-
ing when under thermal expansion is much less than other tip contenders. However,
the difficulty of cooling the thin rim walls of a squealer design are a cause for concern
in terms of its life and durability. Tip choices such as the winglet were sought mostly
for their aerodynamic benefit. The pressure difference between the pressure side and
suction side surface can be reduced, thus reducing the leakage flow. However, the
benefits are largely offset by the increased tip area exposed to the high temperature
mainstream flow and also the difficulty of effectively cooling the tip.

The key to improving aero-engines is by increasing the TET, but it is also a

function of the overall pressure ratio of the compression system. The major benefit
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(a) Flat Tip (Reproduced from Zhang & He  (b) Winglet Tip (Reproduced from O’'Dowd
(2014)) et al. (2013))

(c) Squealer Tip (Reproduced from Bunker  (d) Winglet-Squealer Tip (Reproduced from
(2013)) Schabowski et al. (2014a))

Figure 1.3: Various unshrouded tip geometries (Reproduced from a multiple sources)

provided by a higher TET is the increase in power generated (specific work), but is
also capable of reducing the SFC; an important criterion for civil aero-engines, as
shown in Figures 1.4a and 1.4b. Reduced or lower SFC not only results in reduced
fuel costs and running costs of an aero-engine, but can also target environmental
sustainability through lower carbon dioxide (COs) emissions.

Bearing in mind that in modern engines the TET is often hundreds of degrees
Kelvin higher than the melting temperature threshold of the materials used, blade
cooling is crucial. The survival of the blades is achieved through the desired material
properties, thermal barrier coatings and by actively cooling components with air
bled from the compressor. However, use of the cooling air is disadvantageous since it
reduces the overall efficiency of the engine. In order to maximise the gain in efficiency

through increased TET, the advancement of material properties such as superalloys



(Pollock & Tin, 2006) and advanced cooling schemes must be well addressed. As
described by Friedrichs (1997), the life expectancy of a rotor blade can be doubled

by reducing the mean temperature by only 15 K.

1.2 Implications of Over-Tip Leakage Flow

The challenges faced within the gas turbine industry to improve efficiency and per-
formance, whilst keeping the costs and weight minimal can only feasibly be achieved
by the processes described in Section 1.1. In order to effectively do so, the use of
unshrouded tips is paramount since the more traditional shrouded tip approach in-
troduces high stresses to the blade, tip, root and disc. Shrouds also increase weight
and require a significantly larger amount of cooling to avoid damage. Transitioning
to unshrouded tips means that tip clearance control becomes a fundamental issue. A
clearance gap, or a tip gap, must exist to prevent rubbing with the casing endwall,
but must also be small enough to prevent a high efficiency penalty.

The setting of the high-pressure turbine means that high temperature gas leaks
over the tip because of the driving pressure potential between the pressure side and
the suction side. This is known as over-tip leakage (OTL) flow. The loss caused by
the OTL flow may be as high as one-third of the overall turbine stage losses (Booth,
1985). The tip flow itself reduces the extracted work done on the rotor since the fluid
is not able to turn the blade. The losses themselves are caused by boundary layer
viscous losses in the gap and mixing within and past the gap.

On top of the losses are the heat transfer issues associated with OTL flow. It is
evident that the tip experiences high heat transfer rates because the flow is of a high
temperature and has a high velocity. Additionally, since the tip is difficult to cool,
the problem is exacerbated and is twofold. With high temperatures and a lack of

effective cooling, burn-out, creep and structural failures are all accelerated and can
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Figure 1.4: Trends in Rolls-Royce aero-engines TET and SFC over time (Reproduced from
Rolls-Royce (2005))
be collateral if parts of the tip break free.

Therefore, it is important that both the aerodynamic losses and heat transfer are
minimised. One of the most effective methods to minimise the losses can be achieved
through improved aerodynamic tip geometries, however this often has adverse effects
in terms of heat transfer, as described previously. The present research focuses on
these aspects. Firstly, to understand the effects of tip clearance on a reputable geome-

try, the squealer tip, with and without casing motion effects. Secondly, to understand



the effects of tip cooling on the squealer and examine the predictability of it through
computational fluid dynamics, and thirdly, to address the high heat transfer issue
without compromising the aerodynamic performance a squealer tip provides. Most
importantly, the research is conducted under engine-realistic conditions since it has
been recognised that low-speed studies do not accurately translate to those that are
high-speed. Often high-pressure turbines experience transonic OTL flow and it is
important that high-speed research is conducted and engine conditions are matched

to better understand the OTL flow and heat transfer effects.

1.3 Motivation for Current Research

The motivation of the current research is to improve high-pressure turbine blades
based on the aerodynamic and thermal constraints. It is of high interest to understand
the aero-thermal performance of unshrouded tips to help improve current designs and
meet the demands placed on aero-engine designers. The major motivation of this
thesis is to improve the durability of high-pressure turbine blade tips through both
aerodynamic and thermal perspectives.

Recent aero-thermal research of high-speed, high-pressure turbine blade tips has
shown qualitatively different flow features to those seen in low-speed environments
and simulations. For designers, it is important that the flow physics are well under-
stood before an appropriate and optimal design can be achieved. This means that
conducting tests at engine-realistic conditions is crucial. Perhaps from a practical-
ity perspective, the research conducted by Moore et al. (1989) and Moore & Elward
(1993) were overshadowed. Their early work on turbine blade tips had shown com-
pressible effects and tip flow that was of a transonic nature. The formation of shocks
and high heat transfer regions were reported and gave an indication of different flow

physics found under a high-speed regime. The bulk of the research that followed



was mostly under low-speed conditions and therefore unable to capture any com-
pressibility effects that would be seen in a real engine. Following the comparison of
low-speed and high-speed flows using modern, advanced computational fluid dynamics
methods, as documented by Wheeler et al. (2011), the significance of engine-realistic
conditions became apparent. The experimental research by O’Dowd (2010) revealed
a reversal in the heat transfer effects when comparing high and low-speed flows. Fur-
thermore, compressible effects at a transonic condition similar to Moore et al. (1989)
and Moore & Elward (1993) were discovered by Zhang et al. (2011) and its impact on
the aerodynamic performance (Zhang & He, 2011). Following this, various research
has acknowledged the importance of high-speed testing and analysis (Coull & Atkins,
2015; Lavagnoli et al., 2013; Li et al., 2014), in particular for blade tip heat transfer.

As described in Section 1.2, it is extremely important to minimise the amount of
flow leaking over the tip region, both in terms of efficiency and durability. By address-
ing the aerodynamic performance only, designs such the winglet are highly effective.
This geometry is most capable of reducing the pressure gradient that drives the tip
leakage flow. However, research conducted by O’Dowd et al. (2013) revealed high
levels of heat transfer mainly due to the increase in tip area. Although purposefully
done to reduce the tip leakage and allow for extra film cooling holes, the durability
issue is not truly accounted for. Therefore, the current research is motivated by the
coupled aerodynamic and heat transfer effects and uses a practical tip design which
offers high performance (a squealer tip). However, as will be outlined in Chapter
2, there are a lack of studies and detailed analyses on squealer tips under engine-
realistic conditions, and to the author’s knowledge, none of the existing research has
addressed the effect of tip clearance on heat transfer or addresses the durability issue
under transonic conditions. For a squealer tip in particular, Figure 1.5 shows that
the degradation of in-service blade tips. The lifespan of blade tips used in-service is

high on the agenda along with methods to improve the tip cooling.



Figure 1.5: Distressed unshrouded turbine blade tips (Reproduced from Bunker (2013))

Lastly, it is recognised that true engine-realistic conditions are those that involve
rotation. These offer the highest fidelity in terms of replicating a real engine. How-
ever, there are only limited facilities offering these conditions and often only capable
of providing limited data. Therefore, the final motivation of this study aims to provide
highly detailed aerodynamic loss and heat transfer maps to help thoroughly under-
stand the aero-thermal performance under engine-realistic conditions. These results
are also much better suited to validating computational studies (computational fluid
dynamics) and should be of high value when progressing to higher fidelity testing and
simulations to help aid the understanding of the physical flow features present in an

engine-realistic setup.

1.4 Aims and Objectives

The following study is entirely focused on unshrouded turbine blade tips and draws
attention to the favourable squealer tip. The current challenge is brought about by
a lack of unshrouded engine experience for larger civil aircraft. The challenge to
improve gas turbine performance through increasing TET and blade rotation speeds
requires in-depth studies of both the heat transfer and the aerodynamics to help assist
in the development of unshrouded blade tips. Therefore, the study aims to achieve

the following:

1. Obtain both aerodynamic loss and heat transfer measurements on a squealer tip
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at engine-representative conditions in a linear cascade (matching Mach numbers

and Reynolds numbers)

2. Examine the effect of tip clearance on the aerodynamic loss and heat transfer

using a squealer geometry in a linear cascade at engine-representative conditions

3. Obtain aerodynamic loss and heat transfer measurements on a cooled squealer
tip at engine-representative conditions (limited to mainstream flow only) and

examine the effect of tip clearance

4. Conduct Computational Fluid Dynamics simulations and validate Rolls-Royce’s
solver which is a major aerodynamic design tool and the Ansys CFX solver
which is chosen for further conjugate heat transfer analyses of a novel shaped

tip configuration

5. Based on validated Computational Fluid Dynamics, understand the effect of

relative casing movement and examine tip clearance and geometrical effects

6. Develop an unshrouded tip to address the durability issue and further consoli-

date this with a conjugate heat transfer study

The main objective for the research is to provide detailed aerodynamic loss and
heat transfer measurements at engine-realistic conditions using a given tip geometry
to help develop durable unshrouded turbine tips. The study aims to prove a concept
of a novel tip geometry that can maintain high aerodynamic performance whilst
minimising the tip heat transfer. This is principally done through maximising the

internal cooling capability for the near-tip region.
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1.5 Thesis Structure

The structure of the thesis is as follows:

Chapter 2 is a review of the published literature outlining a detailed, but non-
exhaustive overview of the relevant research on the aerodynamics and heat transfer

of turbine blade tips.

Chapter 3 describes the theory and implementation of the computational meth-
ods used for the analyses of the tip aerodynamics and heat transfer. The chapter

provides details of numerical solvers and performance calculations used.

Chapter 4 introduces the experimental facility and provides details of the Oxford
University High-Speed Linear Cascade used to obtain the near-tip aerodynamic loss
and tip heat transfer measurements. The chapter also describes the apparatus and

measurement techniques used.

Chapter 5 presents the experimental measurements obtained using the High-
Speed Linear Cascade using a squealer tip. Computational results are also presented
and compared directly to the experimental measurements. A tip gap survey is con-

ducted for both cases.

Chapter 6 continues the computational study on an uncooled squealer tip and
presents results with relative casing movement. The chapter includes a tip gap survey

and a comparison to a plain tip.

Chapter 7 presents the experimental measurements obtained using a cooled

squealer tip in the High-Speed Linear Cascade. Results of a simple computational

12



study of the cooled squealer are also presented. A tip gap survey is also conducted

for both cases.

Chapter 8 introduces theory behind a proposed concept of a shaped tip and

provides experimental and computational results to serve as proof of the concept.

Chapter 9 follows the concept-proof and presents computational, conjugate heat
transfer results on a shaped tip designed to enhance the cooling performance of un-

shrouded turbine tips to increase its in-service life.

Chapter 10 provides a summary of the research conducted, outlines the major

conclusions and suggestions for future study.

The research presented in Chapter 5 has been presented at the ASME Turbine
Blade Tip Symposium, in Hamburg, Germany in 2013 and has subsequently been
published in the American Institute of Aeronautics and Astronautics in the Journal
of Propulsion and Power (Virdi et al., 2015). The concept tip studied in Chapters 8

and 9 has been patented by He et al. (2013) assigned to Rolls-Royce plc.
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Chapter 2

Literature Review

2.1 Introduction

For over five decades, a vast amount of research has been undertaken to understand
and develop efficient and durable high-pressure turbine blade tips, yet the design of
unshrouded blades for large aero-engines remains a challenge. Due to the vulnerability
and concern of the lifespan of these tips, the field has grown in terms of importance and
popularity. The complex process of tip design involves minimising aerodynamic losses
and reducing the heat transfer from the hot gas to the tip surface. Linking research
knowledge and findings with real engine experience has become an increasingly vital
aspect to not only meet expected service hours, but to extend the material durability.
This is done by carefully considering the design choice and by implementing advanced
cooling methods as proposed in this study. Given that recent studies have shown
important compressibility effects, the objective becomes significantly more challenging
in regards to engineering high performance, high-pressure turbine blades.

The majority of unshrouded tip research has focused mostly on low-speed flows
with the goal of reducing the aerodynamic losses associated to the OTL flow. Thus,

in order to minimise the losses, two widely established tip designs have been explored;
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the squealer and the winglet. The squealer is essentially a plain or flat tip with a
cavity or recess, producing a rim that acts as a fluid sealing mechanism. The winglet
is, in essence, formed of pitchwise extensions of the blade at the tip region similar to
those found on aircraft wings (such as on the Boeing 737-700) used to reduce the drag
component. Tip designs have generally concentrated on reducing the aerodynamic
losses and then estimating the heat load so that protective cooling can be applied.
The awareness of the tip durability is acknowledged, however remains as one of the
biggest challenges.

This chapter provides a review of relevant literature related to the tip leakage flow
phenomenon and heat transfer studies of unshrouded turbine blades, and summarises

the current state-of-the-art in tip aero-thermal design and performance.

2.2 Aerodynamics and Tip Leakage Flow

2.2.1 High-Fidelity Rotor Tests

The research into the fluid dynamics and thermodynamics of gas turbines has been
carried out in numerous ways including both experimentally and numerically, both
of which have relied on sound theory to understand the aero-thermal performance.
In terms of being able to best replicate a real engine, high-fidelity rotational rigs
are superior. They are considered to be the next best alternative and often repli-
cate a complete stage of an engine. Their size, complexity, running costs and ability
of achieving well-resolved measurements are factors to why linear cascades are more
favourable for rotor studies. Often, additional vanes and hardware are installed down-
stream of the rotor, limiting access for loss measurements. These technicalities are
also made more difficult when rotors are spun at high-speed. Therefore, many loss
results obtained have been under low-speed, scaled-up rigs. A number of rotor loss

measurement studies have been undertaken, namely, the work of Dring & Joslyn
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(1981), Yamamoto et al. (1994), Xiao et al. (2001) and McCarter et al. (2001).

In addition to these, Rao et al. (2006) researched casing roughness and its effect on
rotor loss in an axial turbine facility. The addition of roughness was seen to alter the
flow physics and reduce tip leakage mass flow rates. Other ways of reducing the tip
leakage losses have been studied and the use of casing coolant injection was ones means
of doing so. Such methods have been reported experimentally and computationally
by Behr et al. (2008) and Mischo et al. (2007). A method of tip coolant injection
was used by Dey & Camci (2000) to try to limit the amount of flow entering the
tip region. They showed that it was possible to reduce the tip leakage losses, but at
the expense of a relatively large amount of coolant injection to make any significant
improvements.

Chana & Jones (2003) obtained static pressure measurements over the casing wall
and noted that the difference between a non-uniform and uniform inlet showed very
little differences. An alternative method of improving the aerodynamic losses through
unshrouded tips were sought by Dey & Camci (2001) and Camci et al. (2003). Results
showed that a suction side extension was unable to reduce the losses, but a pressure
side extension was able to reduce the mass flow rate and momentum of flow reaching
the suction side. The latter study focused on numerous partial squealer tips and
found that they were capable of reducing losses with suction side squealers providing
better performance than channel arranged types.

Rotational experiments examining aerodynamic loss of unshrouded tips conducted
at high-speed are few and far between. Those that investigate both the heat transfer
and aerodynamic loss are addressed in Section 2.3.1. Focusing exclusively on aero-
dynamic loss, Payne et al. (2003) obtained measurements downstream of a rotor at
engine-representative conditions. They presented measured and predicted results of
entropy at the stage exit, 15% downstream of the rotor trailing edge. Their results

show distinctive loss features and gave insight into the impact on the stage efficiency.
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Figure 2.1: Measured loss structure downstream of a rotor (Reproduced from Payne et al.
(2003))
The tip leakage vortex was clearly identified and attributed to a 3.3% drop in ef-
ficiency. Additional loss features including upper and lower passage vortices and a
wake were also found (Figure 2.1).

Annual cascades are similar to rotational rigs, but lack the relative motion of the
rotor. They are often used to reduce to complexity and costs of rotational tests and
consist of a scaled-model blade row, they are also used to recreate the flow as close
to what is experienced in an real engines. Annular cascades are generally used for
nozzle guide vanes, but are also considered fit for aerodynamic loss studies for rotor
blades. Some studies using annular cascades include those by Matsunuma (2006) who
explored the effects of tip clearance with varying Reynolds numbers and turbulence

intensities. Other studies include Morphis & Bindon (1988) and Bindon (1980).

2.2.2 Simplified Models

Prior to the high-fidelity studies of high-pressure turbine rotor blades, the early work
using simplified models provided the foundations of tip aerodynamic flows. These

simplified models are beneficial since they can offer a high spatial resolution, unlike the
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high-fidelity tests. Rains (1954) conducted a study based on rotor blade tips in axial
compressors and pumps using a conceptual model describing the flow within the tip
gap. Rains (1954) detailed that a vortex is formed by the gap flow and its interaction
with the passage flow. Smoke visualisations were used by Allen & Kofskey (1955) to
understand secondary flows in the tip region of a low-speed turbine, also giving an
early indication of the flow features produced over a rotor blade tip. Following the
water analogy study by Rains (1954), Booth et al. (1982) and Wadia & Booth (1982)
conducted water-based cascade studies and addressed how to minimise tip leakage
flow and reduce the efficiency penalty by adjusting the blade tip geometry. They
showed that each percent of increase of tip clearance produced a 1.5 percent loss in
efficiency.

Using a simple model, accurate predictions of the flow structure within the tip
gap were made by Yaras et al. (1989) who presented visualisations of the pressure
and velocity fields within the tip gap. They noticed separation bubbles forming
at the blade tip pressure side corner that were of the form of chord-wise vortices
especially towards the rear of the blade. These were also reported by Sjolander &
Cao (1995) who noticed an attachment area near the pressure side corner due to a
counter-rotating vortex that is created by the oncoming shear flow through the gap.

The use of idealised techniques are continued to be used in the present day. Kr-
ishnababu et al. (2009) investigated leakage flows using a simple tip model to under-
stand the flow within the tip gap. The results showed the effects of separation and

reattachment and compared results to a numerical analysis.

2.2.3 Low-Speed Linear Cascades

Although simplified studies can provide highly-resolved results due to the well con-
trolled and conditioned environments, these studies are unable to capture the com-

plex, three-dimensional flow features found in or near the tip gap region. Nowadays,
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it is more common for experimental studies to be performed on linear or annular cas-
cades. As described, rotational rigs are also in operation in order to best represent a
real-engine, but are less frequently built due to cost, complexity and time constraints.

On the other hand, linear cascades are particularly well suited environments for
capturing the flow physics around the tip region because of their relatively simple
design and practicality. They are attractive as they offer ease in adjustment and
the ability to capture a wide range of measurements. For instance, subsonic linear
cascades are able to run for long durations enabling very high spatial resolutions for
detailed traverse measurements.

Studies by Moore & Tilton (1988), Yaras et al. (1989) and Heyes et al. (1992)
used linear cascades to examine the tip gap flow and had shown that simple models
were able to predict the flow structures noticed. These studies all confirmed the
formation of separation bubbles at the pressure side corner of the tip gap. The
distinctive features spotted by Moore & Tilton (1988) and Heyes et al. (1992) were the
acceleration of flow into the tip gap and formation of a vena contractra. Subsequent
mixing and diffusive processes as flow approached the suction side were also described.

Bindon (1989) outlined that a tip separation bubble is an underlying feature of
loss associated with tip leakage flow. He described how it appeared to be responsible
for most of the internal gap shear and core losses within the mixing region. These
were illustrated by Figure 2.2. He was first to quantify the breakdown of losses (48%
from mixing, 39% from internal gap shear and 13% from endwall or secondary flow)
and developed a conceptual model for tip clearance loss formation. Further to this,
Dishart & Moore (1990) measured losses in a linear cascade and reported that the
tip leakage loss contributes to approximately 17% of the total loss. Also in contrast
to Bindon, Yaras & Sjolander (1992b) concluded that the tip gap losses are relatively
small in comparison to the overall loss.

The flow structure within the tip gap was broken down in more detail by Denton
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Figure 2.2: Formation of tip leakage loss (Reproduced from Bindon (1989))

(1993) who also described the effects of blade thickness. Thin blades attributed to
flow exiting in a jet-like manner, whilst thicker blades, as typically found in axial
turbines, show tip leakage entering at the pressure side that first separates and then
reattaches. The leakage then flows downstream within the tip gap. Denton’s paper
provides a comprehensive review of the loss mechanisms in turbines where he also
includes much of his own analysis. He refers to tip leakage flow as entropy generation
within the tip gap, where it is associated with the mixing process between the tip
leakage flow and the mainstream flow. He also explains tip leakage losses attribute
to one third of the total loss and the three components of loss are comparable in
magnitude to each other, differing to those presented by Bindon (1989) and Dishart
& Moore (1990).

Tip clearance studies conducted by Yamamoto (1989) indicated a strong depen-
dence of tip gap size and flow incidence on the tip leakage flow through detailed

measurements of velocities vectors and streaklines. This was also demonstrated by
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Bindon (1989) who suggested a linear variation of tip clearance loss with gap clear-
ance. Furthermore using computation fluid dynamics, Ameri et al. (1998a) reported
a similar linear relationship between efficiency and tip gap height.

Meanwhile, after gaining a good understanding of tip leakage flows and losses due
to tip clearance, a fair amount of research has been conducted using moving casing
endwalls. It is important to note that a limitation of linear and annular cascades is
that they are unable to produce rotational effects as associated with rotor blades in
an axial turbine. Their main advantages however, are that they are able to provide
optical access to the rotor blades and tips and do not restrict instrumentation for
detailed loss measurements. In some circumstances they are able to replicate relative
motion between the blade and casing by employing a moving endwall, for example,
with moving belts and rotating discs. Yaras & Sjolander (1992a) and Yaras et al.
(1992b) used a moving belt to simulate the effects of relative casing movement on the
tip gap flow. Their results show that moving casing decreased the tip gap flow rate,
and downstream, it reduced the size and strength of the tip vortex whilst enhancing
the passage vortex.

Using a large-scale linear cascade with a moving belt, Palafox et al. (2008) took
Particle Image Velocimetry measurements and showed that the moving casing sig-
nificantly effected the size and shape of the separation bubble. This was reduced by
approximately a half in size with the belt on. They also noticed that the tip leakage
vortex and passage vortex were distorted and shifted closer to the blade suction side.
It was also seen that the upstream velocity magnitudes were reduced with the moving
casing, however, less affected near the trailing edge.

Computational studies examining the aerodynamic tip leakage loss in a low-speed
linear cascade were performed by Tallman & Lakshminarayana (2001a) and Tallman
& Lakshminarayana (2001b). These simulations were based on a 3D Navier-Stokes,

pressure-correction based CFD code. Their results reported an increased size of tip
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leakage vortex with increased tip clearances. They also showed a decrease in the
size of the vortex when a moving wall was simulated. They reported that the vortex
reduced by a third of the size compared to the fixed wall case, but showed a slightly
higher increase in the overall loss where flow became entrained in a strong secondary
vortex beneath the tip leakage vortex.

It is clear that the aerodynamics and loss generation of high-pressure turbine tips
in linear cascades has been well researched and documented, although, less researched
are the effects of compressibility and the understanding of the tip leakage flow under
engine-representative conditions. The majority of the early work conducted in low-
speed environments has encouraged the continual research for designing efficient and
durable gas turbines, and remain of high value. However, recent studies have proved
that the flow physics under a high-speed regime are essential for high-pressure turbine
tip design and that transonic effects must not be discounted. A study by Zhang
& He (2011) explains that at engine-realistic conditions, the flow over the tip is
choked and sets a limiter on the local tip leakage flow. These features show the
conventional pressure driven mechanism found at subsonic conditions is broken down.
These contrasting effects including those on the heat transfer will be discussed in more

detail in Section 2.4.

2.3 Tip Heat Transfer

Modern day trends in gas turbine design are driven by the desire to increase TET as
one of the means to increase the specific work done, however this comes with the risk
of reducing blade life. When blades exceed a safe temperature limit, the blade must
be actively or passively cooled to protect the material and structure. The difficulty
of truly understanding the thermal performance of real engines is limited due to the

lack of optical access to the tip surface. Understanding turbine tip heat transfer is

22



a significantly important aspect of turbine tip design and research has focused on
a variety of test conditions varying from low-speed linear cascades giving a detailed
picture of tip heat transfer to near engine-representative rotational rigs providing
information at discrete locations at best.

One of the earliest heat transfer investigations was conducted by Mayle & Metzger
(1982) who suggested that the average tip heat transfer was largely independent of
rotational effects. Metzger et al. (1989) presented experimental and numerical results
on a grooved tip noticing that the inclusion of a cavity reduced heat transfer levels on
the floor, but these were largely offset by the additional interior walls. They noticed
deeper cavity floors were able to reduce heat transfer further, up to a depth-to-width
cavity ratio of 0.2. These results were reinforced by Chyu et al. (1989) where a moving
shroud was secondary in terms of tip heat transfer. They also found that cavity based
tips were able to reduce heat transfer, but overly deep cavities (depth-to-width ratios
greater than 0.5) were undesirable because of their overall heat transfer levels. The
idealised experimental and numerical calculations made by Krishnababu et al. (2009)
on flat, cavity and suction side squealer tips had shown that the cavity tip heat
transfer is worse than the flat tip, but single squealers offered an improvement. From
a thermal aspect and ignoring the effects of cooling, the cavity tip showed large peaks
of Nusselt number, but aerodynamically it was shown to be superior.

Notably, these findings have been based on simplified configurations and have
stimulated the ongoing research on tip heat transfer. To thoroughly understand the
tip flow and its relation to tip heat transfer, realistic geometries and experimental
setups must be considered and the remainder of the chapter will address this re-
quirement. Some of the heat transfer research of high-pressure and high temperature

turbine blade tips is presented in a review by Bunker (2001).
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2.3.1 High-Fidelity Rotor Tests

In terms of assessing the tip heat transfer, attempts have been made in engine-realistic
environments that can provide a better representation of the 3D geometry, flow-field
and rotational speeds. Dunn et al. (1984a) and Dunn et al. (1984b) obtained heat
transfer data in a full rotating turbine rig. The use of thin film gauges were located
at a number of vane and rotor locations. At discrete, limited locations on the rotor
tip they measured an increase of heat flux moving from 10-30% of the axial chord.
These were comparable in magnitude to those on the vane leading edge indicating
the high magnitude of thermal stresses on the tip. Metzger et al. (1991) compared
these results using a one-dimensional model and found remarkably good agreement.

Measurements in short duration wind tunnels at engine-representative Mach num-
bers were carried on the over-tip casing and tip by Chana & Jones (2003). They no-
ticed peaks in heat transfer rates on the casing wall as the blade passed; a minimum
near the suction side which increased and reached a maximum when the pressure
side passed, caused by the tip leakage flow. They also used a simple one-dimensional
model to estimate the tip and casing heat transfer and found reasonable agreement.
Similarly, Thorpe et al. (2004a) and Thorpe et al. (2004b) found that the variation
of heat transfer rate was strong on the casing and that the heat transfer gradu-
ally dropped 36% from the rotor inlet position to 80% of the axial chord. Further
studies were conducted by Thorpe et al. (2005) who investigated tip heat transfer
and measured heat transfer rates along a camberline of a transonic rotor blade. Al-
though in-line with early linear cascade tests (Section 2.3.2), noticeable differences
to low-speed work were spotted. Atkins et al. (2012) built on these experiments and
through validation of steady-state results based on Wheeler et al. (2011), unsteady
effects due to the rotor and stator interaction were found to have a significant effect
on the instantaneous tip heat load. The leading edge tip heat flux was also affected

by passing the vane trailing edge. Other tip heat flux measurements were obtained
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by Dunn & Haldeman (2000) using a recessed tip. They discovered very high heat
transfer (higher than the blade stagnation value) near leading edge cavity floor and
on the suction side rim. The heat transfer was also found to decrease as the distance
increased along the cavity.

Tallman et al. (2009) combined numerical and experimental studies on tip heat
transfer in a 1 % stage turbine, providing some valuable results alongside CFD pre-
dictions. Tip heat fluxes were obtained at 4 tip locations, but these only offered fair
agreement as the CFD over-predicted the heat transfer by 27% on average compared
to experimental results. Similar measurements have been obtained by Molter et al.
(2006).

It is recognised that these high-speed full rotating rig tests provide the highest
experimental fidelity in a research environment and they will continue to provide an
important basis for new design validation and advances in computational methods
development. For tip research though, challenges remain in providing easily accessi-
ble data from a high-speed rotating rig at least on two counts: a) the challenge in
getting detailed spatially resolved instrumentation and data, and b) providing an eas-
ily definable and adjustable inflow condition for a rotor row so that different factors
(for example, inflow turbulence and temperature) for the blade tip can be examined
in isolation before putting everything together in a complex unsteady inflow envi-
ronment such as a full transonic stage. Also, it might be argued that the value of
these high-speed transonic rigs may not be truly appreciated unless the necessity of
a transonic flow condition is appreciated. The dominance of low-speed flow data in
influencing the conventional wisdom indicates that the role of a transonic flow played
in blade tip heat transfer had not been quite appreciated until recently.

This appreciation of transonic flow effects on blade tip heat transfer has signif-
icantly been enhanced by some recent findings, revealing distinctive aero-thermal

behavioural changes in a transonic tip compared to a low-speed tip, therefore, play-
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ing an important role in high-pressure turbine blade tip research and development.
However, low-speed research should not be overlooked, so an account of low-speed

linear cascades is made first.

2.3.2 Low-Speed Linear Cascades

One of the first sets of heat transfer experiments carried out were by Yang & Diller
(1995) who measured the heat transfer coefficients at a single point on a recessed
tip (notably in a transonic linear cascade). The results stated that the heat transfer
was not dependent on the tip gap height or local Mach number. However, these
results are based on a single heat flux gauge measurement. Bunker et al. (2000) then
published the first set of detailed tip heat transfer measurements in a low-speed linear
cascade with two flow passages. The thickest portion of blade, near the leading edge,
had shown a low heat transfer region which they termed the “sweet spot”. Results
reported that heat transfer was increased with tip gap height and the turbulence
intensity. This work was also simulated by Ameri & Bunker (2000) providing generally
good agreement with the experimental data, however, they incurred errors of up to
30% associated within the area of their “sweet spot”. Furthermore, the transonic
rotor study by Thorpe et al. (2005) had identified the sweet spot possibly due to
laminar flow effects as shown by Wheeler et al. (2011), but found it to be smaller
in size and magnitude as previously suggested. Interestingly, the recent findings of
over-tip heat transfer at transonic conditions (to be detailed in Section 2.4), have
inferred a different notion on the “sweet spot”. It was remarked by He (2013) that a
transonic tip effectively has a “sweet region” in the rear, high-speed portion.
Continuing with subsonic flows, Azad et al. (2000) experimentally tested turbine
blade tips in a linear cascade taking near-tip pressure and heat transfer measurements.
Their results agreed with conclusions made by Bunker et al. (2000). They showed

that high heat transfer regions were linked to leakage flow paths such as near the
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pressure side leading edge tip region. They depicted heat transfer coefficient contours
using thermochronic liquid crystals for different tip gaps and were able to show a
clear increase in heat transfer with increased tip gap size.

Nasir et al. (2004a) also performed experimental tests to see the effects of varying
tip gaps, as well as altering tip geometries. The flat tip heat transfer results were
similar to those seen previously and sweet spots were also visible. They found that
a squealer tip was able to reduce leakage flow and overall heat transfer coefficients in
comparison to the flat tip. A reduction of the tip gap also reduced heat transfer.

Newton et al. (2006) observed the separation bubble, as discussed earlier, and
found that the highest heat transfer was observed where flow reattaches. The highest
heat transfer was found near the pressure side corner where flow enters the tip gap and
reattaches after initially separating at the corner. Squealer tips were able to reduce
high heat transfer areas as seen with the flat tip. However, high local heat transfer
regions were seen, where flow impinges onto the surface. Their cooling method was
capable of reducing the high heat transfer regions past the separation bubble by
injecting cooling 5 mm away from the pressure side corner and into the separation
bubble.

Krishnababu et al. (2007a), Krishnababu et al. (2007b) and Newton et al. (2007)
numerically investigated the effect of tip geometry, tip clearance, relative casing mo-
tion and tip cooling effects on heat transfer. This was validated by the experimental
work of Newton et al. (2006) (with their thermal predictions approximately 5-10%
lower than those experimentally calculated). They found that squealer tips reduced
leakage flow and as a result had lower heat transfer levels. The cavity squealer was
shown to be advantageous in comparison to both a flat tip and a suction side squealer
as it offered benefits thermally and aerodynamically. They also consolidated reports
that both leakage flow and heat transfer increased with an increase of tip gap. This

ranking was also deemed independent of casing motion, but there was a reduction in
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heat transfer even though it was only marginal for the suction side squealer.

Palafox et al. (2012) utilised a very large scale linear cascade that enabled them to
obtain detailed heat transfer measurements using infrared thermography. The com-
mon heat transfer trends were also reported in this study. However, casing movement
altered the locations of high heat transfer regions. The inclusion of a suction side
squealer reduced heat transfer by 32% compared to their flat tip and the relative
casing movement reduced heat transfer by approximately 13%, differing to the find-
ings of Krishnababu et al. (2007b) and early idealised studies. Tang et al. (2010)
computationally examined this experimental work and reported Nusselt number dis-
crepancies of 5%. However, depending on the choice of turbulence model, up to 35%
under-predicted values were calculated. Their predictions of relative casing motion
qualitatively showed similar results.

Focusing directly on the effects of endwall motion on tip heat transfer, Srinivasan
& Goldstein (2003) used a rubber belt and a naphthalene sublimation technique that
is based on a mass and heat transfer analogy to deduce heat transfer. Again showing
contrast to Mayle & Metzger (1982), their results show that at certain locations that
the heat/mass transfer is reduced by 9% for a small tip clearance of 0.6% of tip to
chord length, but this difference diminished when increasing the tip gap.

Numerical studies based on moving casing effects were examined by Yang et al.
(2006) and found that the casing movement only slightly affected tip heat transfer
on flat and squealer tips. They did however notice an increase in the casing heat
transfer when subjected to movement. Studies by Zhang et al. (2009) and Zhou et al.
(2012) focused on moving casing effects with film cooling. Contrasting effects were
noticed for the types of tip used. Zhang et al. (2009) found that a moving casing
decreased film cooling effectiveness and increased averaged heat transfer for flat tips
and squealer tips, however the opposite was seen with a winglet tip (Zhou et al.,

2012). Yang et al. (2010) examined moving casing effects on flat and squealer tips
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and also noticed an increase in tip heat transfer. Coriolis and centrifugal effects were
shown to be limited on the squealer tip, whilst on a flat tip they were capable of
reducing the heat transfer.

These research pieces outline the popularity of low-speed tests and the above ac-
counts for only a few salient articles published. Notably, the validity of the low-speed
research has recently been questioned since the requirement of engine-representative
flow conditions is not met. On one hand, the physical understanding attained is
substantial and the research documented is valid for those subsonic flow regimes.
On the other hand, recent work has shown contrasting flow behaviour at high-speed
conditions and has introduced newly shed light on the aero-thermal behaviour of

unshrouded blades.

2.4 Importance of High-Speed Conditioning

The role of high-speed test conditions has gained a great deal of attention in recent
years. At engine-representative conditions, tip flow is largely supersonic and the
flow physics are significantly changed compared to low-speed flows. In this sense,
compressibility effects must be accounted for when it comes to high-pressure turbine
tip design. A pivotal study by Wheeler et al. (2011) examined the effects of high-
speed flow and heat transfer in comparison to low-speed flow. The distinctive nature
of findings associated with transonic blade tips have had a substantial impact and
that the flow physics related tip leakage flow, under engine-representative conditions,
may not have been fully understood.

Compressible effects were seen in early tip studies by Moore et al. (1989). Based on
the hydraulic analogy, water table flow simulations gave insight into a shock structure
within their idealised 2D tip gap. They also noticed that at higher Mach numbers, the

shock structure was quite complex noticing interacting oblique shocks with multiple
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Figure 2.3: Shock structures found using water table simulations (Reproduced from Moore
et al. (1989))
reflections as shown in Figure 2.3. Moore & Elward (1993) assessed the shock forma-
tion using the hydraulic analogy and found an oblique shock formed in an area with
high heat transfer. Their findings based on the hydraulic analogy have not caught
much attention, perhaps due to the indirectness of the method. Their quantitative or
even qualitative aerodynamic equivalence to modern, advanced high-pressure turbine
blading operated in fluid with large density changes, have not entirely been followed
up. More specifically, the implication on blade tip heat transfer had not been known
at all.

Figure 2.4 shows some of the significant findings of Wheeler et al. (2011) who
analysed the effects of high-speed tip flow. A validated CFD study using the results
in a transonic rotor were used to address the heat transfer in low and high-speed
cascades. The tip heat transfer validation was done using the results of Thorpe et al.
(2005). The simulated results show that at high-speed conditions (exit Mach number
of 0.98), the flow over the tip was predominantly transonic and most significantly, the
tip heat load decreased by 60%. Turbulent mixing in the high-speed flow region was
found to reduce significantly as a result of increased acceleration of the mainstream
flow over the separation bubble, of which was also reduced by a factor of 2 when
increasing the exit Mach number from 0.1 to 1.0. Furthermore, Wheeler & Sandberg
(2013) conducted Direct Numerical Simulations (DNS) with a high-order accurate
CFD solver over a modelled turbine blade tip at engine-scale Mach and Reynolds
numbers. The results found suggest that the tip heat transfer is unaffected by the

freestream turbulence level, unless significantly high (over 10%). Also, they found
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that for transonic tips, there was little advantage using complex turbulence models
such as k—w SST and found that the Spalart-Allmaras model actually performs much
better when flow reattachment is concerned.

The most important contribution of the work by Wheeler et al. (2011) was the
quantitative and qualitative differences between low-speed and high-speed flows (Fig-
ure 2.4). Tip heat fluxes are shown to differ greatly when compared to incompressible
flows. The results show a reversal of heat flux trends. At high-speeds, there is a clear
change in the heat transfer pattern. The leading edge tip region shows high heat
transfer, in contrast to the sweet spot as commonly cited, and at the trailing edge
a significant area of low heat transfer exists, termed the “sweet region” (He, 2013).
At high Mach numbers, a similar shock structure to Moore et al. (1989) is observed;
oblique shocks formed and reflected from the casing and tip, causing thickening and
thinning of boundary layers with regions of accelerating and decelerating flow.

The findings by Wheeler et al. (2011) were experimentally confirmed by Zhang
et al. (2011) and also previously validated by Thorpe et al. (2005), researching tran-
sonic flow and the over-tip shock structure with its direct impact on heat transfer.
Experimental work conducted using the Oxford High-Speed Linear Cascade at engine-
representative conditions was also supported by a computational analysis using the
Rolls-Royce HYDRA solver. Tip flow peaked at Mach numbers of 1.8 over the tip
region and the shock structure was clearly identifiable; a heat transfer distribution
in the form of stripes were visible, a feature that was not previously seen. Using a
virtual Schlieren visualisation, they linked the striping feature with the shock struc-
ture over the tip. The striping effect was described by increases and decreases in
turbulence production. After the pressure side separation, flow reattachment causes
high heat transfer because the separation promotes turbulence production. This is
followed by supersonic flow that is accelerating, causing a reduction in turbulence and

reducing heat transfer. Underneath the reflected oblique shock, the boundary layer
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Figure 2.4: Low-speed and high-speed flow over a flat tip (Reproduced from Wheeler et al.
(2011))

o

sees a large adverse pressure gradient and thus a rapid rise in turbulence promoting
high heat transfer.

Of particular interest was the comparison to low-speed heat transfer results. It
was shown that at transonic conditions, rather than a low region of heat transfer over
the thickest portion of the tip, termed the sweet spot, this region was now an area
of the highest heat transfer coefficients. The research by O’Dowd (2010) revealed
the striking contrasting behaviour, as shown in Figure 2.5. However, similar to low-
speed studies, the pressure side separation bubble reattachment region remained an
area of high heat transfer (but not the highest as found by Newton et al. (2006)).
It has become apparent that the tip heat transfer patterns are qualitatively different
depending on the whether the tip is transonic or subsonic. Although the trends are
clearly different, it should be noted that there is a large change in Reynolds numbers
between Figure 2.5a and Figure 2.5b and will have some influence on the local heat
transfer patterns due to the variation of Nusselt number with Reynolds number.

The effects of tip gap height on the tip and near-tip heat transfer were investigated
by Zhang et al. (2010a), again under transonic flow conditions using the High-Speed

Linear Cascade. A numerical analysis using HYDRA consolidated this work. The
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Figure 2.5: Effects of engine-representative flow conditioning on tip heat transfer (Reproduced
from O’Dowd (2010))

results showed that the solver was highly capable of predicting the heat transfer
patterns for all tip gaps. The tip gap effect was clear, showing a reduction of heat
transfer over the frontal regions with reduced clearance, however towards the trailing
edge, the opposite trend was observed. The high heat transfer regions were thought
to be due to enhanced turbulent thermal diffusion. Supersonic flow was apparent over
the tip in all three cases. A computational moving casing study was also included and
it was shown that the tip flow remains partially supersonic with higher heat transfer
towards the trailing edge.

The aerodynamic performance of transonic blade tips was addressed by Zhang
& He (2011). By conducting a numerical assessment, they found that aerodynamic

choking effects set a limiter on tip leakage flow and is understandably different to
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low-speed flow. They identified a decoupling between blade loading and over-tip
leakage mass flow suggesting the pressure-driven mechanism can be broken down. It
was also shown that a highly loaded blade was able to considerably reduce the tip
losses. Thus, differences in flow structure and tip losses were found with high-speed
conditions. Comparable findings about the tip being chocked were also presented by
Shyam et al. (2012).

An investigation of inlet boundary layers and turbulence were conducted by Zhang
et al. (2014) under high-seed test conditions using the Oxford High-Speed Linear Cas-
cade for a flat tip. The results show that firstly, high turbulence intensity levels (7-9%)
do not affect the tip heat transfer compared to low turbulence levels (1%), and HY-
DRA predictions showed similar results. The turbulence effect was diminished due
to strong acceleration of flow over the tip. Secondly, different boundary layer thick-
nesses were also studied and no impact was seen on tip heat transfer and tip leakage
mass flow rate. The main differences were seen on the blade suction side. However,
more of an impact was observed by Coull & Atkins (2015) when considering both
casing motion and inlet boundary layers simultaneously. For moderate turbulence
levels (approximately 5%), Wheeler & Sandberg (2013) found that tip heat transfer

was shown to be insensitive to free-stream turbulence.

2.5 Conventional Unshrouded Tip Designs

Having discovered the role of high-speed flow conditions and its impact on the aero-
thermal behaviour, it is now of interest to outline the major research findings of
unshrouded tip designs. It is important to note that there has been no set strategy for
unshrouded tip design and geometries have generally focused on limiting the over-tip
leakage flow prior to reducing the tip heat transfer. The following section introduces

the main contenders for unshrouded tip design and are considered as conventional
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choices.

2.5.1 Flat Tips

The majority of high-pressure turbine tip literature focuses on plain, flat tips. The
flat tip is generally used as a baseline case enabling aero-thermal comparisons to other
tip geometries such as squealers and winglets. The flat tip, as already discussed, often
proves inferior to design strategies such as the squealer. Much of the early, low-speed
linear cascade studies were based on the flat tip and so do recent studies, including the
present work. One of the first 3D computational studies on flat tips was the work of
Ameri & Steinthorrson (1995) who provided detailed predictions of the flow structure
over a flat tip used in a space shuttle engine. The separation bubble, reattachment
and tip leakage vortex were all visible.

Geometry plays an important role in the design of turbine blade tips and many
studies looking at geometric effects compare to this flat tip. Ameri & Bunker (2000)
studied the effects of edge radiusing and found that the separation bubble on the
pressure side edge was completely eliminated. Their radiused edge simulations agreed
better to measurements compared to the sharp edged tips. The results obtained by
Wheeler et al. (2011) and Atkins et al. (2012) also had correct corner radiuses in their
CFD studies. One common geometric parameter used in the design process is the
inclusion of a cavity. These tips are often referred to as squealer tips; these are flat
tips that have a cavity or recess. Investigations show that although there are high
heat transfer coefficients associated with impingement flow and at the trailing edge,
the double squealer tip geometry is one of the best aero-thermally performing blade

tips.
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2.5.2 Squealer Tips

Squealer tips represent the majority of in-service, first-stage, high-pressure turbine
blades. The tip itself is similar to a labyrinth seal with two teeth that are positioned
radially upwards towards the casing. The geometry is favourable as it offers the best
compromise between most design aspects: aerodynamics, heat transfer and cooling,
mechanical stress and cycle time between repair. Often variants are used including
single suction side or pressure side rims. The squealer tip also reduces the impact of
tip rubs relative to other tip designs.

Research on squealer tips has often involved investigations of cavity depth, rim
thickness and single/partial rimmed squealers, however the bulk of studies are un-
der a low-speed flow regime, and to the author’s knowledge, there are currently no
published, detailed thermal measurements performed in a linear cascade under tran-
sonic conditions. In regards to cavity depth, Bunker & Bailey (2001) showed that
deeper cavities can produce overall lower heat transfer coefficients, offering up to a
50% reduction of heat load compared to a flat tip. Interestingly, the removal of rim
material on the pressure side also helped reduce heat transfer. Loss generation was
examined by Heyes et al. (1992) and found that squealers were superior to a flat tip,
in particular suction side squealers. Similar findings were seen by Booth et al. (1982).

A computational analysis of squealer tips was conducted by Ameri et al. (1998b)
on a GE-E3 first-stage gas turbine blade. Tip leakage losses of a double squealer were
reduced by 10% and 14% for 2% and 3% squealer depth cavity tips due to increased
blockage by a cavity vortex. This however, did not effect the overall row efficiency
or the high heat transfer rates noticed on the cavity floor. Azad et al. (2000b) also
studied the GE-E? blade using a transient liquid crystal method to detail tip heat
transfer and found that squealers provide an overall lower heat transfer coefficient
compared to the flat tip case. The squealer rims were however areas of very high

heat transfer. Yang et al. (2002) used this experimental data for numerical validation
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purposes. They were able to show that the squealer tip could reduce the leakage flow
over the tip, both velocities and flow rate were reduced. The over-tip leakage vortex
was also weakened by the inclusion of a cavity. Similar heat transfer observations were
seen by Newton et al. (2006) and on the double squealer arrangements by Acharya
et al. (2003) and Mischo et al. (2008). As mentioned previously, the aero-thermal
benefit of a squealer tip was noticed by Krishnababu et al. (2007a), and Palafox et al.
(2012) showed promise through a suction side squealer.

A variety of squealer tip variants and rim arrangements have been investigated
to seek aero-thermal improvements. Ameri (2001) applied a camberline strip with a
radiused edge and found it was able to reduce the tip leakage compared to a radiused
edge flat tip, but total pressure losses were largely unchanged. Acharya et al. (2003)
simulated a number of squealer arrangements and evaluated a tip desensitization
strategy. The best performing tips were suction side and double squealers. The use
of a ribbed tip was also capable of reducing tip leakage and tip heat transfer, but
they concluded that the suction side squealer offered the most reductions. Azad et al.
(2002) experimentally tested different squealer arrangements and found that for single
squealers, a suction side squealer gave the lowest heat transfer. For double squealers,
there was no consistent pattern when comparing different arrangements. Kwak et al.
(2003) also showed lower heat transfer with the squealer tip and benefits of using
a suction side squealer. Their results indicated the that tip heat transfer increased
with larger tip clearances. Saxena & Ekkad (2004) found that a double squealer
offered the best aero-thermal performance in comparison to several other squealer tip
arrangements through measurements in a linear cascade.

Ledezma et al. (2013) attempted to close the loop on squealer tip designs and found
that by conducting measurements in an annular sector cascade, a double squealer had
an equivalent aerodynamic performance compared to one with no pressure side rim.

These results were backed up by a numerical analysis. Overall pressure ratios were
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however notably higher for the suction side squealer. Lomakin et al. (2013) examined
closed and cut-back squealers and noted an aerodynamic benefit of having a rear
suction side cut-back squealer in comparison to a flat tip. A double squealer showed
similar reductions at a tip gap of 1.36% of the span. At even smaller tip clearances,
the suction side cut-back had the far greater advantage showing 25.5% reduction
compared to the flat tip. The thickness of squealer rims was examined numerically
by El-Ghandour et al. (2012) and found a double squealer performed better than
those with thick pressure side and suction side rims.

Flow velocities (tangential, radial and axial) were measured and calculated for a
squealer tip in a low-speed, 1 and % stage rotating rig using Doppler global velocimetry
by Fischer et al. (2013). The detailed images shed light onto the tip flow surrounding
a squealer tip. Most noticeable were the fluctuations over the cavity, showing two
regions of minimum tangential flow velocity believed to be the result of entering tip
flow over the leading edge and pressure side and their interaction with each other.

Several of the studies above described a hot spot region near the leading edge
of the squealer tip. This was caused by the impingement of tip leakage flow onto
the cavity floor. Mischo et al. (2008) attempted to eliminate this by re-profiling the
cavity shape. The re-profiled squealer was able to change the tip leakage flow physics
and structure, providing a reduction in heat load by 7% compared to the baseline
squealer and 13% compared to the flat tip. They also reported an improvement of
turbine efficiency by 0.2% compared to the flat tip determined using a 1 and % stage
turbine facility.

Investigation of tip leakage losses at high-speed is very limited. Focusing on
tip design, Key & Arts (2006) compared leakage flow for flat and squealer tips at
high-speed test conditions. They noticed that squealer tips were fairly insensitive to
increased Reynolds number in comparison to the flat tip and generated lower loss.

This was related to the squealer having lower flow velocities within the tip gap and
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thus lower mixing losses. Wheeler et al. (2013) observed that under transonic flow tip
leakage flows differ greatly to subsonic flows. Single and double squealers generally
outperformed the flat tip, but the suction side and pressure side squealer at high
pressure-ratios performed poorly due to a reduction of the separation bubble and
reattachment on the squealer rims. Unlike the majority of low-speed investigations
(Acharya et al., 2003; Kwak et al., 2003; Ledezma et al., 2013), high-speed results
suggest the double squealer is superior. Li et al. (2014) also provided impacts of
transonic flow on squealer tip design using CFD. The flow features were analysed and
compared to a flat tip. The findings stated that the double squealer is effective at
both low and high-speed, and cavity depth was sensitive to flow regime. At transonic
regions, cavity depth had less impact on tip leakage flow. At high pressure-ratios,
cavity depths were analysed by da Silva et al. (2014). Deeper cavities, with the largest
at a cavity depth-to-rim ratio of 7.5, provided efficiency gains at a range of different
operation conditions.

De Maesschalck et al. (2015) numerically compared a contoured tip to a double
squealer and found the squealer offered enhanced aerodynamic performance, but the
thermal aspect was the main concern. The tip heat transfer was increased by 42%
compared to the flat tip. In spite of the higher heat transfer of a squealer tip than a
flat tip, the aerodynamic performance was regarded as very high for an unshrouded
tip design. It is also preferred to a flat tip in case of a tip rub, since the squealer

offers less contact area and therefore less likelihood of mechanical damage.

2.5.3 Winglet Tips

Aero-thermal tip clearance control has also been explored with the use of partial
shrouds and winglets. Winglet tips have small extensions in the pitchwise direction
and often extend on both the pressure and suction sides of the tip. The major

advantage of using a winglet is to reduce the pressure gradient over the tip and thus
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reduce the tip leakage flows, however the major disadvantages include the additional
manufacturing costs and increased surface area to be cooled.

Patel (1980) first examined a double-sided winglet and found a stage efficiency
gain of 1.2% compared to a plain tip. Booth et al. (1982) and Wadia & Booth (1982)
experiments examined winglets along side squealers and flat tips and found winglets
offered superior performance. Yaras & Sjolander (1991) studied three types of winglet
design (pressure-side, suction-side and double-sided) in a low-speed linear cascade and
found that all winglets were capable of reducing the tip leakage losses and the highest
loss reduction was achieved using a double-sided winglet. In a rotational rig, Dey &
Camci (2001) showed that a pressure side extension could reduce the strength of a
tip leakage vortex, and the suction side extension was ineffective. A continuation of
this was done by Shavalikul & Camci (2008) and examined numerous pressure side
extensions. Their numerical analysis showed that a modified bump ( “Modified Bump
No. 27) configuration offered the most aerodynamic loss improvement compared to
a baseline tip, reducing the mass flow rate over the tip and the total pressure loss by
12% and 10%, respectively.

A theoretical and CFD based study on winglet tips was done by Harvey & Rams-
den (2001) for application in high-pressure turbines that can withstand the high
stresses and temperatures. They indicated a potential of 1.2-1.8% stage efficiency
improvement at a tip gap of 2% of the blade span, but this study was lacking an ap-
propriate validation for the CFD predictions. Further investigations were conducted
in a rotating rig at high-speed by Harvey et al. (2006) and found it comparable in
reducing the tip leakage loss to a shrouded tip with two fins. Despite being more effi-
cient than a flat tip, the stage efficiency was 1% lower than a fully shrouded tip with
2 fins and 2 fences at a representative engine tip gap height. Aerodynamic loss was
also measured and computed for winglet-squealer tips in a low-speed linear cascade

by Schabowski & Hodson (2014). They saw a 22% reduction in tip gap exchange
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rate compared to a flat tip. Also in comparison to a squealer, it was acknowledged
that the additional cooling requirement may not be decreased due to the increased
surface area, even though they believed the heat transfer levels would be lower. An
aero-mechanical optimisation of the winglet-squealer was conducted by Schabowski
et al. (2014b) and further improvements were noticed.

None of the above studies address tip heat transfer and relatively few have been
conducted. Papa et al. (2002) studied a combined winglet-squealer tip using a mass
transfer analogy in a low-speed linear cascade. The results presented show that a
squealer tip had higher overall mass transfer coefficients than the winglet-squealer,
however they were comparable at their smallest tip gap, 0.6% of the blade chord. A
numerical aerodynamic loss and heat transfer analysis on different types of winglet-
squealers and squealer tips was performed by Saha et al. (2006). They found the
winglet did not reduce either the pressure loss coefficient or the average heat transfer
coefficient compared to a two-sided squealer. A pressure side winglet extension added
to a suction-side squealer only showed minor improvements in the aero-thermal per-
formance. The only improvements they found were by desensitizing a suction-side
squealer tip by attaching a constant width pressure-sided extension, heat transfer re-
duced by 5.5% and the loss coefficient was 26% lower than the suction-side squealer.

Following on from Harvey et al. (2006), another derivative of a winglet design
was tested by O’Dowd et al. (2011a). Experimental and numerical heat transfer and
aerodynamic loss data for an Environmentally-Friendly-Engine (EFE) blade design
were obtained. They presented spatially resolved tip heat transfer results and clearly
showed a large portion of the tip flow was supersonic, peaking at a Mach number of
1.8. Mainly due to the winglet’s larger surface area, it gave rise to 2.7 times higher
heat load than its equivalent flat tip.

Coull et al. (2014) continued a study on winglets. An optimisation study found

that full-perimetered overhangs gave higher efficiencies. However, the thermal aspects
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were negative showing that the inclusion of overhangs gave higher heat loads. Building
on this, Coull et al. (2014b) found that the inclusion of a cavity on a winglet improved
efficiency but was unable to reduce heat loads relative to flat and normal squealer

tips, as was shown by O'Dowd et al. (2011a).

2.6 Over-Tip Shaping

Exploration of blade tip design was done by Zhang & He (2013) using the knowledge
gained about transonic tip flows and following a concept instigated by He et al. (2010).
The same experimental and numerical set up was used as in Zhang et al. (2011) and
Zhang et al. (2010a). A method of Over-Tip Shaping (based on a flat tip) was sought
by observing lower heat transfer levels in high-speed flow regions. The design is based
on accelerating the tip flow in order to reduce turbulence levels, in turn reducing heat
transfer as previously found. The results presented show that the shaping concept
was able to effectively reduce high heat transfer regions near the leading edge simply
by accelerating the flow using a converging-diverging duct geometry.

In addition to this idea, tip-shaping trials were made by Shyam & Ameri (2011a).
The goal was to try to manipulate the shock-boundary layer interaction. Success was
achieved by using a contoured tip with a hole that gave a reduction in aerodynamic
losses and tip heat transfer. The purpose of the hole was used in an attempt to
add blockage in the tip gap. In a real engine, this is infeasible and the equivalent
tip without the hole was able to reduce heat transfer, but increased the overall loss.
Further tip shaping ideas were extensively tested in a low-speed linear cascade by
Nho et al. (2012). The results showed that suitable tips for the best aerodynamic
performance were the double squealer tip and a grooved pressure side tip. It was
suggested that an optimised dimpled tip could perform better than these tips due to

the high thermal stresses associated with squealer tips.
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De Maesschalck et al. (2013) presented a numerical tip shaping optimisation for
aero-thermal performance improvements. They found that tip shapes that perform
well at subsonic conditions are not optimal at supersonic conditions. It was shown
that appropriate tip shapes could reduce losses by 20% and reduce heat transfer by
40% compared to a flat tip. The results are again achieved by locally accelerating
the local flow and controlling the state of the boundary layer. The design strategy
used was an attempt to use contouring to control the flow and to provide some useful
guidelines for full 3D tip design. An effort to locally contour a tip by De Maess-
chalck et al. (2015) show a possible means to reduce the tip heat load and performed
particularly well against a squealer tip. However, the squealer tip performed better
aerodynamically.

Currently, tip-shaping is being researched in order to improve its associated aero-
thermal performance. It has been shown that a more basic tip, a cavity or squealer
tip, offers outstanding aerodynamic performance and good thermal performance in
comparison to other tip variants. The main concern however, is the high thermal load
on the squealer rims and difficulty of cooling them. Designers tend to begin with an
aerodynamically optimised tip and then consider the thermal aspects and consider
protecting the tip from the hot gas by using engine coolant. Ideally, tip design
should consider the interaction between the two, both aerodynamics and thermal

management. The current research aims to address this issue.

2.7 Film Cooling

Since the squealer tip geometry performs well both aerodynamically and thermally,
a great deal of attention has been paid to film cooling effects on this tip geometry.
Studies include Kwak & Han (2003) and Ahn et al. (2005). The two studies found

that although increasing blowing ratios of coolant from holes on the tip did increase
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effectiveness, it also increased heat transfer coefficients. These results were numeri-
cally simulated by Yang et al. (2004). The results generally over-predicted the levels
of cooling effectiveness, but the trends were fairly well captured. Additional numerical
work was also conducted by Acharya et al. (2002).

Mhetras et al. (2005) continued these studies by combining an experimental and
numerical investigation of shaped and angled cooling holes to target the pressure side
rim that is most exposed high temperature gases. The ability to cool the pressure
side rim was achieved, however, film cooling effectiveness levels were consistently low,
averaging approximately no higher than 0.25. Linked to this work, Gao et al. (2009)
studied the effect of flow incidence angles testing at angles of -5°, 0° and 5°. The
results showed that at all blowing ratios used, the overall cooling effectiveness were
mostly unchanged. However changing the incidence angles distorted the coolant jet
flow directions. Park et al. (2014) measured cooling effectiveness for different hole
arrangements on a squealer tip and found that the rim surfaces could be protected
by locating some holes nearer the pressure side and some nearer the suction side.

Mhetras et al. (2008) examined cut-back squealers, by essentially creating an open
cavity squealer tip towards the trailing edge. The cut-back squealer, with the help of
cooling holes inclined towards the rear of tip, was able to increase cooling effectiveness
near the trailing edge. A cooled cut-back squealer was also simulated by Acharya et al.
(2010).

An experimental study by Nasir et al. (2004b) reported that at small tip clear-
ances (0.5% blade span), there was no effectiveness on a squealer tip at all, including
increased blowing ratio cases and were likely to be jetting straight onto the shroud
wall due to low local flow velocities compared to a plain tip, however this was incon-
clusive as no measurements were obtained for the shroud. Nasir et al. (2007) found
that combining pressure side and tip coolant injection for a tip gap of 1% blade span

gave better effectiveness results than separate cases. Pressure side injection for a
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squealer tip was also considered to be beneficial in protecting the pressure side rim.
This study also found that at high blowing ratios of 3.0, effectiveness was decreased.
However, it increased when ratios increased from 1.0 to 2.0. Similar impacts were
found in Acharya et al. (2010). They found that using blowing ratios over 1.8 caused
detachment and were not beneficial in cooling the high heat transfer regions that the
holes were intended for.

The influence of cooling in a transonic linear cascade on a squealer and partial
squealer tip was presented by Hofer & Arts (2009). The double squealer was found
to be most influenced by cooling injection, accounting for more flow reattachment.
Losses were also only marginally affected. However, the losses were 3% higher for the
partial squealer compared to the full squealer. Also under transonic flow conditions,
Wheeler & Saleh (2013) found potential to reduce tip leakage losses for flat and
squealer tips studied. A winglet tip studied by O’Dowd et al. (2013) under transonic
conditions showed better film cooling effectiveness at smaller tip clearances. Other
effects such as increased tip Nusselt numbers and reduced losses were also results
with coolant injection over a winglet tip. The loss reduction was believed to be due
to aerodynamic tip sealing that was likely to have had a blockage effect over the tip.

At low-speed, flat and squealer tips were assessed aerodynamically by Zhou &
Hodson (2011). It was noticed that a flat tip performed better than a squealer at
small tip clearances, but at larger tip clearances the trend was reversed. A further
study on a cooled winglet was conducted by Zhou et al. (2013). Slight deviations
in the downstream flow angles were found and the reported losses were shown to
decrease slightly with a low coolant mass flow rate, but found areas of both increased
and decreased loss with an engine-representative coolant mass flow rate. Although
the results do not compare the heat load with an uncooled tip, they do show that as
the coolant mass flow increased, the cooling effectiveness increased and the heat load

decreased.
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Tang (2011) found that film cooling from the pressure side near-tip region was able
to provide bulk coverage of the blade tip, in contrast to holes located on the suction
side near-tip. The tip geometry was a combined squealer-winglet tip as an approach
to combine the aero-thermal benefits of the two individual designs. At high blowing
ratios, Narzary et al. (2014) experimentally investigated a similar idea by locating
17 cooling holes near the pressure side tip region and near-tip leading edge for a
cut-back squealer and suction side squealer. Film cooling effectiveness increased with
decreasing tip gaps and it increased with higher blowing ratios. However, effectiveness
levels were reported at around 0.1 which are quite low and most likely due to the lack
of tip cooling holes.

Lu et al. (2013) addressed relative motion between the plain and squealer tips
with the casing wall and found distinct differences when numerically examining film
cooling. The plain tip showed higher overall effectiveness, but the squealer showed
better coverage of coolant. It was also shown that the leading and trailing edge
tip regions were difficult regions to cool for both configurations. Acharya & Moreaux
(2014) investigated the role of a relative moving casing and blade rotational effects on
a low-speed, cooled squealer tip and found rotational effects were secondary with the
relative shroud motion being dominant in terms of heat transfer and effectiveness. The
majority of the tip features were similar for both cases, but noticeable differences were
found on the suction side surface. It was also apparent that at a small tip clearance,
the tip and pressure side cooling holes had more of an impact on the suction side rim.
Overall cooling effectiveness values were not provided, but it is clearly identifiable
that the effectiveness was low. Endwall motion was also studied on a winglet tip by
Zhou et al. (2013) providing an increase of cooling effectiveness by 9% in comparison

to the stationary case.

46



2.8 Conjugate Tip Heat Transfer

Modern developments in CFD have meant that estimates of material temperatures
can be obtained through coupling the fluid and solid solutions, this means that solid
conduction is also being modelled rather than being obtained through a separate finite
element analysis. According to research by Starke et al. (2008), the comparison of a
conventional thermal analysis of a rotor blade with a squealer to a coupled approach
showed that the tip temperature predictions were lower through the coupled solver.
It is likely that the fully coupled approach is more accurate as the solution is obtained
simultaneously, rather through iterative coupling of fluid and solid solvers. Although
research is growing in terms of conjugate heat transfer for turbine vanes and rotors,
far fewer reports have been made in terms of the internal cooling effects for turbine
tip heat transfer. A modelling study by Vogel et al. (2009) used a conjugate heat
transfer analysis in order to understand tip metal temperatures. The study found that
tighter clearances gave lower tip temperatures, but this could be counter-balanced
by delivering more coolant to the tip especially from the pressure side tip. The
results showed that a 1% increase in tip clearance led to 1.5% increase in tip metal
temperatures.

Using a conjugate analysis on a squealer tip, Wang et al. (2015) improved the cool-
ing ability by partially replacing the rear squealer cavity (under a transonic regime)
with a flat geometry. Moreover, this did not contribute to an aerodynamic penalty.
Although considered a benefit, moving to a flat tip based geometry has a larger risk
when considering tip rubbing. Using a quasi-3D analysis, it was shown than a cooled
flat tip aerodynamically outperformed a cooled squealer tip as the blockage effect
was stronger. Additional conjugate solutions were presented by Teloxa et al. (2013).
The effects of coolant Reynolds number were analysed jointly with gap variation and
found improved film coverage with higher Reynolds numbers and a smaller tip gap.

To the author’s knowledge, there is no published work regarding conjugate heat
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transfer analyses on internal cooling designs, in particular for turbine rotor blades

with a squealer tip.

2.9 Summary

To summarise, this chapter presented an overview of the existing research in the open
literature into unshrouded turbine blade tip aerodynamics and tip heat transfer. It
can be seen that the research for a considerably small region of the blade is extensive
and is continually growing, showing that the tip region still faces a challenge for
designers and manufacturers to build and equip engines with better performing and
longer lasting high-pressure turbine blades.

As discovered, the bulk understanding and wisdom of the aero-thermal perfor-
mance of high-pressure turbine blade tips have been based upon low-speed studies.
However, recent research has shown qualitatively different patterns in heat transfer
at a high-speed regime when matching engine-conditions. Therefore, the focus has
shifted in terms of design and presented a new challenge, such that many of the topics
covered at low-speed, all have needed to be revisited and perhaps restarted to gain
a thorough understanding of unshrouded tip behaviour at engine-realistic conditions.
Designs such as the flat tip and winglet have been exposed, however far less attention
has been drawn to the squealer at high-speed conditions.

More specifically, the contrasting differences between the squealer and winglet
have shifted attention to durability and lifespan of blade tips. However, the challenge
is intensified whilst aiming to maximise engine performance and minimising costs and
weight at the same time. When considering an appropriate tip, it must perform well
both aerodynamically and thermally. Of these tips, the squealer has shown that it
can perform well under both aspects (with exception to the rims that are typically

thin and difficult to cool). The winglet itself possesses a larger surface area exposed
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to hot gas, it has a high heat load and is prone to higher mechanical stress, therefore
the squealer is considered to be the main contender. For these reasons, the squealer
forms the basis of this study and importantly employs high-speed flow conditions.
Moreover, the present study aims to address the rim heat transfer by introducing a
shaped squealer concept to improve the internal cooling capability. This concept is

also supported by experimental measurements under engine-representative conditions.
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Chapter 3

Computational Methods for Tip

Aero-Thermal Analyses

3.1 Introduction

This chapter introduces the Computational Fluid Dynamics setup and the procedure
used. The main aims of the CFD solvers used in the present study are to calculate
aerodynamic losses and tip heat transfer using either a wall thermal boundary con-
dition for heat transfer coefficient predictions or using a coupled solid-fluid conjugate
heat transfer method using an internally cooled geometry.

The initial aim is to validate the Rolls-Royce HYDRA solver for an open cavity
squealer tip at a range of tip gaps; 1.0, 2.0 and 3.0% of blade chord. Once complete,
these results can help provide a better understanding of the flow physics of a squealer
tip under transonic conditions and to assess the effects of casing movement. These
simulations are done using a structured, multiblock grid; one with hexahedral ele-
ments that is built using a commercial solver Pointwise. A revised double squealer
is then assessed in a similar manner using HYDRA for the 2% blade chord tip gap.

These results are compared to shaped squealer geometries and assessed accordingly.
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In terms of addressing the impact of internal cooling, an additional solver is used
due to HYDRA’s current lack of capability in solving the coupled fluid dynamics
solution. For this, the commercial Ansys CFX solver is used. The external fluid
domain remains as a structured grid whilst the internal is comprised of pyramids and

tetrahedra, and therefore becomes a hybrid grid.

3.2 Aero-Thermal Performance Parameters

3.2.1 Aerodynamic Loss Definition

Understanding the complex flow field downstream of a turbine blade row is very
important in turbine blade design. One of the ultimate goals is being able to reduce
the losses that may be caused due to growth and separation of boundary layers on
blade surfaces or due to the mixing of blade wakes or shock wave generation. These
contributions were quantified by Mee et al. (1992) in a transonic linear cascade for a
range of different flow regimes. A comprehensive review of losses were also presented
by Denton (1993) where losses were placed into categories of endwall, profile and
leakage losses. A definition of loss was also provided and provides a measure of loss
downstream of a blade row. By taking local measurements of the total pressure,
contour maps can be produced that help to identify flow structures. Results for loss
are typically defined by the stagnation pressure loss coefficient, Y, for a turbine blade

as stated by Denton (1993):

Ptotal inlet — Ptotal exit
y = Ltotal ’ (3.1)

B Ptotal,inlet - Pstatic,exit
The numerator represents the local total pressure loss and is normalised by the
exit dynamic head which should be carefully defined. In the present study, the exit

dynamic head is mass-averaged and obtained at the mid-span level. For low-speed
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studies, Equation 3.1 is often used. For compressible flow, using an isentropic stag-

nation property, the definition becomes:

C o Ptotal,inlet - Ptotal,exit
=" p M?
27 L static,exit

(3.2)

Equation 3.2 cannot be used for cooling loss studies as it neglects contributions of
the coolant pressure and temperature. Based on Denton (1993), the loss was described
as a rise in entropy. This approach was taken to account for the coolant pressure.
Thus, the following definition of the kinetic energy loss coefficient has been used by

Day et al. (1999), Hofer & Arts (2009) and O’Dowd et al. (2013):

(11 + 170 1-(%) 2

Ptotul,localezit

C=1- (3.3)

P (5 H)m (e
i 1 (P 5] i 1 () ]
The numerator uses local values of static and total pressure and the denominator
uses mass-averaged exit static pressures at the mid-span and the average mainstream
and coolant total pressures.
Lastly, if the flow field has a moving casing then the loss definition must be
adapted to account for the additional work done by the casing on the fluid. Using
the knowledge that losses can quantified as a rise in entropy (As), an entropy rise

function is also used to calculate the overall losses. The entropy is defined as:

Toa ext Poa ext
As=c,In ($> — Rln ($> (3.4)

total,inlet ]Dtotal,inlet

Equation 3.4 is then rearranged to give:

7 (3.5)

Eotal,em’t /Eotal,inlet ) -1

( AS) o I total,ea:it/-l total,inlet
exp =
(
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Thus, an entropy rise function can be expressed as:

_A Poae:ci Poaine
1—exp( S):l_ total, t/ml,lti (3.6)
R (ﬂotal,e:pit/ﬂotal,inlet)7_1

3.2.2 Heat Transfer Coefficient Calculation

Convective heat transfer is energy transport due to bulk fluid motion and occurs in a
thin layer of fluid close to a surface. The heat transfer coefficient, h, can be descried

by Newton’s Law of Cooling:

G = (T — Toa) (3.7)

Conventional design is still largely based on an uncoupled approach so that heat
transfer is determined by the aerodynamics. For small differences in T}, and assuming

a linear relationship between ¢ and T,,, h may be approximated by:

9q
h=— .
aT. (3.8)
So, the value of h can be calculated by:
@ —q
h=—"—— .
TwQ - Twl (3 9>

For the present study, two wall temperatures, T,,; and T, are chosen at a dif-
ference of 20 K apart which is assumed sufficiently small for the approximation to

remain valid.
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3.3 Computational Fluid Dynamics

3.3.1 The Role of Computational Fluid Dynamics

Since the turn of the century, computational costs have greatly reduced and our abil-
ity to perform vast amounts of numerical calculations has increased. Computational
Fluid Dynamics, or as better known as CFD, provides a third methodology to theo-
retical and experimental work. Today, CFD places itself as a tool to help interpret
and understand the theoretical and experimental work. The role CFD plays in the
modern day is to predict fluid flow in practically any environment given that accurate
flow and boundary conditions are provided, this includes a well designed numerical
grid for calculations. CFD tools help to simulate flow, heat transfer and any other
chemical reactions that might occur. The prediction capability of CFD is now heavily
used as a design tool that aids research and design. The wide range of applicability
of CFD has made it extremely popular in aeronautical, medical, environmental and
sports engineering. For example, the difficulties of experimental testing for hyper-
sonic flight can be overcome with accurate CFD prediction, however the validity of
the model remains fundamental.

For turbomachinery and in particular the turbine, CFD helps to predict flow
patterns and assist with predicting heat transfer; it helps us to interpret the physical
environment. Specifying flow conditions and the correct boundary conditions can
provide simulations that agree with realistic scenarios and allow visualisations of
flow structures. However, there are limitations which must be taken into account.
Much of the CFD work today cannot be accepted without accurate modelling of
the physical features present. These include turbulence models, compressibility and
boundary conditions. Furthermore, numerical calculations are affected by errors,
these include approximation errors in rounding and truncation errors. The latter

case can be reduced by grid refinement, tending to zero as the grid is refined.
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3.3.2 Governing Equations

When describing viscous, compressible and often unsteady fluid flow, differential equa-
tions in the form of the Navier-Stokes equations are used. The strategy of CFD is
to replace a continuous domain problem with a discrete domain problem. Numerical
methods are used to produce approximate solutions at discrete locations over a chosen
domain. These solutions are calculated by creating volumes in the fluid domain. The
size and type of volumes used determine the accuracy, as well as time taken to solve
the flow simulation. Modelling boundary layers and turbulence models also play an
important role when solving these equations.

The governing equations of fluid dynamics are based on three physical principles:
1. Conservation of mass or the continuity equation
2. Conservation of momentum or Newton’s second law of motion, F' = ma

3. Conservation of energy or the first principle of Thermodynamics.

In three dimensions, these equations account for five equations since momentum
must consider the velocity vector in the three components of space. When the equa-
tions are applied to a viscous fluid, these equations are referred to as the Navier-Stokes
equations. If the fluid is considered perfect, or one that is inviscid, they are known as
the Euler equations. Thus, the general flow equations for any Newtonian compressible

fluid based on the conservation laws are:

% +V - (p7) =0 (3.10)
X% 4G (pi) = ~Vp+ V- (7) + pi (3.11)
NPE) L G (i) +V - (pF) = V- (hY - T) + V - (75) (3.12)

ot
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3.3.3 Solution of the Governing Equations

Following the attainment of the Navier-Stokes/Euler equations, a system of equations
can be built. For instance,
ow

- LF = 1
5 +V Q (3.13)

The vector, W, is the conservative variables, F , is the total flux vector and )
represents source terms that express the effects of external forces, heat sources and
work done by the external forces.

Having defined a system of equations in the form of Equation 3.13, they are ready
to be solved by a vast amount of solution methodologies. The space, of which the flow
is computed, is divided into a large amount of geometrical elements usually called grid
or mesh cells. This process is known as grid generation or meshing. Often a grid can
be imagined as a space filled with grid points (nodes) and then joined using straight
lines (gridlines). A grid may be designed in 2D as triangles or quadrilaterals, or in

3D as tetrahedra, hexahedra, prisms, pyramids or other polyhedra.

3.3.3.1 Spatial Discretisation

Spatial discretisation of the Navier-Stokes equations is essentially a numerical ap-
proximation of the fluxes and source term. Different methodologies of solving the
governing equations (Equation 3.13) include the finite difference method, finite vol-
ume method and finite element analysis, all relying on grid generation to discretise
the equations.

The types of grids in existence include structured and unstructured grids. A
structured form allows for quicker and easier access to neighbouring grid pints (using
addition and subtraction) and each node is represented by uniquely identifiable indices

(4, j, k) with corresponding Cartesian coordinates (x; ., Yi i, % k). On the other
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hand, unstructured grids cannot be uniquely identifiable, but offer advantages such
that less time is required to build a grid, often necessary for complex geometries.
Unstructured grids can also be easily automated. The disadvantages include not
resolving boundary layers properly and the generation of unnecessarily large sized
grids. These are usually overcome by employing hybrid grids comprising of both
structured and unstructured cells. Once a grid has been generated, one of the solution

methodologies can be chosen for evaluation.

3.3.3.2 Finite Difference Method

The finite difference method was developed as a means to numerically solving differ-
ential equations. The method is based on a Taylor series expansion for the derivatives
of the flow variables. For instance, computing the first derivative of a function u(z)

at a point x:

(3.14)

Removing the limit in the equation (Equation 3.14) gives a finite difference. Given
a small, finite value of Ax, the right hand side gives an approximation to u,. However,
for any finite value of Ax a truncation error is introduced. This naturally reduces
to zero as Az tends to zero. The order of accuracy can be obtained from the Taylor

series. For example, the Taylor series expansion of u(z + Az) about a point zg is

ou Az? [ 0%u
u(zo + Azx) = u(xg) + Az (%)IO +—=- <@) } + ... (3.15)

Therefore,

ou u(zg + Ax) —u(zg) Az [0%u
(%) = Ax - 7 @ + “ee (3.16)

Zo

The first term on the right hand side represents the finite difference of the partial
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derivative and the following terms represent the truncation error (usually given as
O(Ax)). The first term of the truncation error gives the accuracy of the solution,
thus Equation 3.16 is defined as first-order accurate. For most CFD applications, a
minimum of second order accuracy is required and a similar technique can be applied
to obtain more accurate difference formulae or higher-order derivative approximations.

The simple approach of the finite difference method and the attainment of higher
order approximations are advantageous, however the approach is restricted to struc-
tured domains. The finite difference method is considered to be the foundation of
partial differential equation discretisation and when considered in integral form, finite

volume approach is developed.

3.3.3.3 Finite Volume Method

The finite volume method uses an integral formulation of the conservation laws. The
method discretises the governing equations by dividing the physical space into control
volumes. These volumes are associated to each grid point and the integral conserva-
tion laws are applied to each local volume.

Considering a finite control volume €2, bounded by a surface, S; associated to a

mesh point 7, that does not change in time, the conservation law becomes:

9 WdQ+7§ﬁ.d§= QdQ2 (3.17)
at Q[ S[ QI

Equation 3.17 is then replaced by its discrete form. The volume integrals are
expressed as average values over the cell and the surface integral is replaced by a

summation over all bounding faces of the volume.

0 Neo Lo
o, (W) + Y F-AS=Q (3.18)

m=1

where N is the number of control volume faces. Using Figure 3.1, U; can be iden-
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tified, where for example, cell 1(4, j) would have an area of ABCD and the flux terms
would be summed over AB, BC, CD and DA. Unlike the finite difference method,
Equation 3.18 can also be applied to unstructured grids and cell-vertex configura-
tions, where the unknowns are defined at the corners of the grid rather than in the
centers of the grid.

Integrating from ¢ = nAt to (n+ 1)At for a control volume 2; associated to a cell

I, Equation 3.17 becomes

n+1 n Ne o oengl . n+1
/WdQ = [ wdo —Z/ (F-AS)dt+/ dt [ QdQ  (3.19)
Qr Qr m=1v"n n Qr

By cell-averaging W; and Q; at time nAt, the conservation variables become U}
and Q7, respectively. The cell and time-averaged numerical flux over each side, F*

and sources, ()7 are given by:

. . 1 nt+l .

FAS = i F-ASat (3.20)
_ 1 [t
Q; = E/n Q; dt (3.21)

Which then gives the conservative discretisation of the form:

(0" = [U:94])" =AY F* - AS + AtQ;y (3.22)

A general numerical scheme defined as a system of ordinary differential equations

in time can be given by:

d 0] ==Y _F-AS+ Q¢ (3.23)

In Equation 3.25, the balance of fluxes and source terms over the cell, I, are
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accounted for by a residual, R;, where:

—Rr=-)Y FAS+ Qi (3.24)

Figure 3.1: Structured cell centered finite volume grid

Cell face values for discretisation can be obtained by either a central scheme or an
upwind scheme. Central schemes are based on central difference formulae that average
the conservative variables to the left and to the right of a given control volume to
calculate the flux. Upwind schemes are more advanced as they distinguish between
upstream and downstream information. These methods provide information from

upstream information only and are often used for their physical reliability.

3.3.4 Temporal Discretisation

Temporal discretisation is performed when solving the Euler or Navier-Stokes equa-
tions separate to the space discretisation. When applied to the governing equations
(Equation 3.17) for each control volume, a system of coupled ordinary differential
equations in time are developed. The time derivative can be approximated with the
objective to iterate to a converged, steady-state solution by minimising the resid-

ual. This approximation can be either explicit or implicit. An explicit scheme uses
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known flow quantities and is approximated by a forward difference with the residual
evaluated at current time levels only. Direct computations of dependant variables
made with known quantities only are said to be explicit. Popular methods include
multistage schemes such as Runge-Kutta methods.

Runge-Kutta methods offer a high order approximation and well-behaved algo-
rithms for temporal discretisation of ordinary differential equations and can be applied
using several stages. They are preferred to Euler methods as the truncation error per
step is smaller and they are generally more stable.

Consider an ordinary differential equation:

y/ - f(]?, y)? y(l’o) = Yo (325)

For a given value of h, x, = x¢ + nh. At x,, y(x) can be approximated by v,,.

Equation 3.25 becomes:

y'/n = f(xm yn) (326)

The simplest integration scheme is known as the Forward Euler method, where:

Yn+1 = Yn + y;h (327)

Advanced methods such as fourth-order Runge-Kutta are much preferred due to
their increase in accuracy with low computational costs. A standard fourth-order

Runge-Kutta method that is widely used, takes the form:

ko = hf(xn+ h/2,yn + k1/2), (3.29)
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ks = hf (20 + h/2, Yo + ko /2), (3.30)

ky = hf(2n + hyyn + k3), (3.31)

k’l k’g ]{?3 ]{4 5
il = Un+ e+ 2+ B2 O 32
Unir = o+ 5+ o+ HO0) (3.32)

The implementation of these explicit methods can be used with any spatial dis-
cretisation scheme and are computationally inexpensive. The downside is that the
time-steps are restricted due to stability limitations and can often take time to reach
steady state. Local time-stepping by advancing the solution in each volume by the
maximum time-step achievable can often help to accelerate the solution, as well as
multigrid methods that implement coarser grids to help dampen high-frequency er-
rors. These are then fed into the finest grid to update the solution. Implicit schemes
may be used since they offer better stability and can have much larger time-steps.
An implicit method is one when dependant variables are defined by coupled sets of
equations and iterative or matrix inversions are required to obtain the solution. For

example a backward Euler method is implicit:

Ynt1l = Yn + yqlz+1h (333>

Notably, the right hand side of Equation 3.33 contains information at the next
level. As mentioned, implicit equations can handle larger step sizes of h and can

better handle “stiff” or numerically unstable differential equations.
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3.3.5 Turbulence Closure

In many applications fluid flows are turbulent and enter with a form of instabilities.
These instabilities occur when a critical value of the Reynolds number is reached, this
is where the ratio of inertial to viscous forces exceed the critical value. Represent-
ing turbulence can be directly calculated based on the time-dependent Navier-Stokes
equations. These simulations are termed as Direct Numerical Simulation (DNS) that
are very computationally expensive and less suitable for research and industrial ap-
plications. Many CFD applications resort to approximations of the turbulent fluctua-
tions. A high order approach is known as Large Eddy Simulation (LES) that directly
simulates large scale fluctuations and model small scale ones. Beyond that, the next
approach widely used is the Reynolds Averaged Navier-Stokes (RANS) model which
averages the turbulence fluctuations. The RANS equations are based on ensemble-
averaged flow quantities that are additional terms included to represent the effects
of turbulence. These are such that solution variables are decomposed into mean and
fluctuating components. For example, velocity components would be represented as
u =11+ u', where u and v’ are the respective mean and fluctuating velocities. These
are substituted into the continuity and momentum equations. The resulting Reynolds

stresses of the form, —pu/u/, are added in order to close the equations.

3.4 Boundary Conditions and Turbulence

Modelling

The boundary conditions used for this study are engine-representative and are based
on the experimental cascade data that will be described in more detail in Chapter
4. A constant, uniform total pressure boundary condition is set at the inlet and a
constant static boundary condition is defined at the outlet. The turbulence model

for HYDRA simulations was Spalart-Allmaras (SA) and both SA and k£ — w Shear
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Stress Transport (SST) were mainly used for Ansys CFX simulations, all with no
wall functions. Both solvers will be introduced in detail in Section 3.4.1. Viscous
(no-slip) wall conditions are applied to the blade, tip and casing. Initial CFD runs
were based on half the blade span height using an inviscid wall condition on the hub
region, until it was discovered that the blade loading at this location was changed
when a moving casing condition was applied. Subsequent runs used the full blade
span in order to match the blade loading for all cases. As the study focused on
the tips aero-thermal performance, the inviscid hub wall condition was maintained.
Fluid total temperature was also kept similar to the experimental cascade and chosen
to be at 315 K. Translational periodic boundary conditions were applied to the two
remaining mid-passage walls.

The SA turbulence model is a one equation model and solves for the kinematic
eddy viscosity. Generally, it has been used mainly for aerospace applications and
is growing in popularity for turbomachinery applications. Recent turbomachinery
studies under high-speed conditions reported in the literature review use the same
model and has shown to agree well with experimental results. For this reason in
particular, it is also chosen for the CFD study. However, since Ansys CFX has a wider
variety of turbulence models, they will be implemented to assess their performance
in predicting high-speed tip flow.

The usage of such turbulence models in RANS predictions requires an estimation
of the inlet turbulence. Often this is an educated guess, but this can be overcome by
measurements using hot-wire anemometry. Such techniques are described in detail
by Jorgensen (2001). The present study utilised this approach and as an outcome,
Zhang et al. (2014) reported the inlet turbulence length scale and intensity. As
the same turbulence grid was used in the present study, these variables provide a
boundary condition for the incoming flow. The results indicated that the turbulence

intensity (1) was between 7-9% and the length scale | was approximately 15 mm. As

64



mentioned, the SA model uses the turbulent kinematic eddy viscosity, v;, and was
calculated using Equation 3.34. For other models the turbulent energy, k£, and the
turbulence dissipation rate, w were calculated by Equation 3.35 and Equation 3.36

accordingly.

v, = +/3/2U11 (3.34)

k=3/2UI)? (3.35)

(3.36)

=I5

The effect of relative moving casing was also examined for HYDRA simulations
only. This casing condition applies a velocity in a direction from the blade suction
side to the blade pressure side. The scaled flow coefficient, V,./U, of 0.31 is used. For
all other simulations, a stationary wall is used.

Another modelling aspect addressed in the present study is the inclusion of film
cooling, an essential barrier for turbine blades protecting them from the hot gas.
Modelling film cooling is a gruelling task due to the complex geometrical features
and computational costs. Source terms are often used in design to provide a simple
and effective way to model cooling flows in a gas turbine. Source terms appear in
the conservation laws that cannot be accommodated into the transient, convective
or diffusive terms; they are additional terms. They are mostly used for internal
generation processes such as chemical reactions or heat generation, such as through
electrical currents. The reversal is also valid where negative quantities are classified
as sink terms. In this instance, the included source terms are declared for film cooling
purposes and are accommodated by HYDRA and utilised in the present study.

The aerodynamic data for the film cooling sources are based on the HSLC pressure
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and temperature measurements recorded from the coolant plenum assuming that
there is no temperature difference from cooling plenum to each cooling hole. The
mass flow exiting each cooling hole is based on the isentropic Mach number at each
cooling hole using the total pressure within the plenum and a local static pressure
value at each cooling hole location numerically calculated through HYDRA. This
decision was made to account for the differences in the near-tip pressure loading that
varies per tip gap. As a result, the coolant mass flow ratios differ for each tip gap and
are equivalent to 1.33%, 1.32% and 1.31% of the mainstream mass flow for tip gaps
0.5%, 1% and 1.5% of gap to engine-equivalent span, respectively. Coolant flow angles
are prescribed and are based on the cooling hole orientations. Each cooling hole is
modelled as a separate source, rather than a strip of cooling holes. The temperature
of coolant is also defined and based approximately on the HSLC coolant temperature
at 280 K. The model assumes that the static pressure distribution near the hole exits
agrees with the experimental setup and that the temperature does not differ from

cooling plenum to hole exit.

3.4.1 Computational Flow Solvers

3.4.1.1 HYDRA

The HYDRA flow solver is an in-house CFD solver initially developed by Professor
Mike Giles at the University of Oxford and further developed by Rolls-Royce plc
(Moinier & Giles, 1998). It is a density based solver (where density is obtained by the
continuity equation and the pressure is obtained by the equation of state) and uses an
explicit solution method. The HYDRA suite comprises of non-linear, linear, unsteady
and adjoint solvers and its general usage is for 3D computational fluid flows which
uses an edge based data structure. The solver is used for RANS calculations and the
core of the software is a preconditioned, time-marching solver that is iterated towards

steady state using a 5 stage Runge-Kutta scheme. The equations are discretised in
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space using a 2nd order finite volume scheme. Further convergence is achieved using
a multi-grid method.

The turbulence models available in HYDRA are SA and the standard k—e. Higher
fidelity methodologies exist such as LES and detached eddy simulations (DES). All
HYDRA calculations presented in this study use the SA turbulence model without

wall functions and are steady state.

3.4.1.2 Ansys CFX

The second flow solver used in the present study is Ansys CEFX version 14.5. The
Ansys CFX flow solver is a commercial code that is second order accurate in time
and space and uses a cell-vertex finite volume method. Ansys CFX is generally used
for complex three-dimensional fluid flow problems. It uses an implicit, pressure-based
algorithm (usually obtained through the continuity and momentum equations to ob-
tain pressure) and the equation system is fully coupled so that all the hydrodynamic
equations are solved as a single system or in other words, the pressure and velocity
are solved in a single step. The solver also uses an algebraic multi-grid technique.

A wide range of turbulence models are implemented in Ansys CFX and includes
LES and DES capabilities. The turbulence models used for the present study include

both SA and k£ — w SST models. All CFD solutions are run at steady state.

3.5 Chosen Blade Tip Geometries

The starting basis of this study is to understand the potential of a squealer tip that is
subject to engine-representative conditions. The squealer tip is an extension of a flat
tip such that rails or rims are added to the tip in a radial direction and can either be
open or closed, forming a continuous ring. The appeal of the chosen geometry is that

in comparison to flat tips, they are lighter and perform better both aerodynamically
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and thermally. With less risk of failure, squealer tips may be exposed to higher
temperatures relative to other tip designs such as flat or winglet tips. Whatever
design choice is considered, the different rates of thermal expansion between the
casing and blade tips means that there is a high chance of a tip rub. As squealer tips
have a reduction in exposed area, they are less prone to catastrophic damage.

The first squealer design tested is an open cavity squealer of varying cavity depth
and was designed by Rolls-Royce plc. The cavity depth-to-squealer rim ratio varies
from 1.10 to 1.58. The geometries used include both uncooled and cooled designs and
are shown in Figures 3.2a and 3.2b. This design was compared to flat tip (Figure
3.2¢) created from an extrusion of the squealer’s near-tip profile at 90% of its span.

The second design uses a simplified squealer that is closed at the trailing edge and
has a fixed cavity depth. The cavity depth-to-rim ratio is 1.2. This type of squealer
is more commonly studied and allows for a better scientific control of the study and

isolation of the variable studied. This geometry is displayed in Figure 3.2d.

3.6 Computational Domain and Mesh Set Up

For all CFD simulations, the domain of the fluid flow is based on a single blade passage
with periodic boundary conditions. The domain inlet plane was chosen to be at the
measurement plane of pressures and temperature, one axial chord upstream of the
blade leading edge. Likewise, the outlet plane was placed one axial chord downstream
of the blade trailing edge chosen at the same plane of the total pressure measurements.
The computational domain and blocking structure are shown in Figure 3.3.

The meshing strategy for all fluid domains was of a structured, multiblock type.
For conjugate heat transfer simulations in Ansys CFX, the solid material was meshed
using either structured or an unstructured grid comprising of tetrahedra and pyra-

mids giving a hybrid mesh. The unstructured mesh offered the best compromise
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I

(a) Uncooled Open Cavity Squealer (b) Cooled Open Cavity Squealer

I

(c) Flat Tip (d) Closed Cavity Squealer

Figure 3.2: Geometries used in present study

between geometry complexity and solution required; due to a linear heat transfer
equation being solved, the mesh type and quality are less important. All meshing
was done using Pointwise. Using a structured mesh for fluid regions helped to ensure
good mesh quality, generally over 40° minimum cell angle with an average of cells at
approximately 70°. Growth of cells were generally kept to no larger than 1.2 and in
terms of obtaining accurate heat transfer solutions, wall-adjacent cell heights should
be as low as possible. Blade and tip surfaces had y* values mostly around 1.0. A few

of the meshes used in the present study are displayed in Figure 3.4.
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OUTLET

(a) CFD domain (b) Blocking Structure

Figure 3.3: CFD Domain

The fluid mesh has a significant impact on the rate of convergence of solutions (or
lack of convergence), solution accuracy and CPU time required. A good quality mesh
can be attributed by the grid density, adjacent cell lengths/volume ratios, skewness

and a well resolved boundary layer mesh.

3.7 Solution Convergence

Lastly, the convergence of numerical solutions were judged by assessing the flow resid-
uals for each equation solved. Unlike most commercial solvers, HYDRA combines the
five flow residuals for each Navier-Stokes equation into one residual. Ansys CFX out-
puts each residual independently. Convergence histories for two HYDRA cases are
shown in Figure 3.5. These show two contrasting cases of flow residuals, one with
an oscillating behaviour (squealer tips) and one that converges very well (flat tips).
A typical convergence history for the CFX solver is shown in Figure 3.6. All val-
ues plotted are root mean square residuals. The criteria used for the simulations
were that they were either flat; with or without oscillations around a local value or
that they dropped at least three orders of magnitude. A final convergence check was
done assessing the mass flow rate percentage error and convergence was ensured by

requiring this error to be significantly lower than 0.1%, typically achieving between
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(a) Open Cavity Squealer (b) Flat Tip
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Figure 3.5: Convergence history examples for HYDRA simulations

3.8 Mesh Dependency Tests

In order to rule out any effects of the mesh on the CFD solution, a mesh dependency

study was performed to determine the minimum number of cells required for changes
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Figure 3.6: Convergence history example for Ansys CFX simulations

in the solution to be negligible.

Two studies were performed, one based on the open cavity squealer and one based
on the closed cavity squealer. Refinements for both cases involved starting from a
coarse mesh and increasing the density until little or no change is noticed in the
solution. Refinements were global and included increasing the number of cells in all
directions (axial, pitchwise and spanwise). The number of nodes within the tip gap
per case were also increased and the minimum wall distance was reduced per case as
mesh density increased.

Analysing the tip surface heat transfer using calculated heat fluxes, it was es-
tablished that the open cavity squealer requires a minimum of 7.7 million cells to
achieve a mesh independent solution. Local tip heat fluxes are shown in Figure 3.7
and averaged heat fluxes over the tip surface are shown in Figure 3.8b. It must be
noted that for this geometry, the leading edge tip region shows irregular heat transfer
patterns where flow impinges on the cavity floor. Due to this phenomenon, it is dif-
ficult to achieve true mesh independency where the changes are negligible. However,
comparing the finer meshes to the coarse mesh and the mid-axial chord to trailing
edge region, it is easily identifiable that the solution becomes mesh independent at

approximately 7.7 million cells. This mesh has 50 grid lines within the tip gap and
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blade and tip surface y™ values are largely between 1 and 3. The difference in overall
heat flux for the 7.7 million cell mesh compared to the 8.5 million cell mesh is 1.8%

and mostly due to the fluctuating heat flux at the leading edge.
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Figure 3.7: Tip surface heat fluxes (W/m?)
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Figure 3.8: Averaged tip surface heat fluxes (W/m?) for open squealer (HYDRA)

Similarly, the closed cavity squealer was also assessed for mesh independency. This
geometry required a similar number of grid cells and it can be seen from Figures 3.9a
and 3.9b that 8.4 million cells are required to achieve a grid independent solution.
The difference in heat flux for the two finest cases is 0.9%. For this case, the higher
wall temperature condition is used and explains the difference in the magnitude of
calculated heat fluxes. The number of grid points within the tip gap is 60 and blade
and tip surface y* values are also between 1 and 3 and for the two cases discussed,

are shown in Figure 3.10.
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Figure 3.9: Averaged tip surface heat fluxes (W/m?) for closed squealer (HYDRA)
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Figure 3.10: Wall-adjacent cell y* distributions over blade and tip surfaces

As previously mentioned, the computational set up is based on the HSLC. There-
fore, CFD results are validated using data obtained for the open cavity squealer
comprising of both aerodynamic and thermal studies. The closed squealer and its
variations are validated using aerodynamic studies conducted also in the HSLC. Ther-
mal data is limited to the open cavity squealer due to heater mesh and power supply
failures. Since the frontal region of the closed squealer is that of the open squealer,

the thermal data obtained can be compared accordingly.
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3.8.1 Mesh Dependency Ansys CFX

Both non-conjugate and conjugate meshes used in Ansys CFX were also tested for
mesh dependency. The mesh descriptions and mesh dependency for the conjugate
study are detailed in Section 9.4. The results of tip heat flux for the two finest
meshes as used in HYDRA are shown in Figure 3.11. The mesh was also judged as
mesh independent at 7.7 million cells as the differences of local heat fluxes and is

small and overall heat flux percentage change between the two meshes is 0.03%.
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Figure 3.11: Tip surface heat fluxes (W/m?) for open squealer (Ansys CFX)
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Figure 3.12: Circumferentially-averaged heat flux (W/m?) for open squealer (Ansys CFX)
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3.9 Summary

In this chapter, the aero-thermal parameters and calculation methods were introduced
for assessing turbine blade tip performance. The computational methods were then
introduced along with a brief introduction to the theory behind CFD. Described in
this chapter were the flow solvers, fluid domain and the boundary conditions required
to obtain solutions. Information was provided on the governing fluid dynamics equa-
tions and how to numerically solve the partial differential equations. Following this,
the two CFD solvers used for the study were introduced with details of their solving
methodologies.

The base geometries used for the computational (and experimental) analyses were
provided. Using the performance parameters, the grids were tested for grid indepen-
dence using both CFD solvers to ensure that the computational results are acceptable
following convergence of the solution variables. The implicit solving technique used in
Ansys CFX allows for quicker convergence of the solution, whilst both Rolls-Royce’s
HYDRA and Ansys CFX show similar sensitivities to the grid size and the solutions
dependency on the grid.

Overall, for all geometries studied, the results obtained were shown to have con-

verged well and have negligible dependency on the final grids generated.
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Chapter 4

High-Speed Linear Cascade Set Up

and Instrumentation

4.1 Introduction

This chapter describes the experimental element of the research conducted using the
High-Speed Linear Cascade (HSLC) test facility at the Osney Thermo-Fluids Labora-
tory, Oxford University. This chapter provides an overview of the facility, instrumen-
tation and measurement techniques. A new test section was designed and installed
to facilitate a new squealer blade design. The tested blades were manufactured us-
ing a stereolithography technique. Aerodynamic and heat transfer measurements are
taken at tip gaps of 0.5 mm, 1.0 mm and 1.5 mm (0.5%, 1% and 1.5% of the engine-
equivalent span or 1%, 2% and 3% of the blade chord) for both uncooled and cooled
blades for an open squealer tip, and at the intermediate tip gap (1% engine-equivalent
span) for the closed double squealer and its variants. Aerodynamic measurements are
taken using a three-hole probe and a single-hole probe for near casing measurements.
Downstream pressures are obtained using a 2-dimensional traverse system. Heat

transfer measurements are taken using a transient, infrared thermography approach.
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4.2 HSLC Facility Overview

The HSLC facility is a blow-down type facility that operates under transonic condi-
tions. The facility is supplied by compressed air that is regulated using a series of
valves and a pressure regulator. The mainstream supply pressure of air from stor-
age tanks is 2750 kPa. A Spirax-Scarco control valve is used in conjunction with a
proportional-integral-derivative process controller that is used to maintain a set pres-
sure as the tank pressure drops. A photograph and a schematic of the test facility are
shown in Figures 4.1 and 4.2. The development and installation of the testing facility
was done by Dr. Qiang Zhang. Commissioning, instrumentation and measurement
techniques were then conducted by Dr. Devin O’Dowd whose contributions are grate-
fully acknowledged. A more detailed account of the HSLC facility is documented by

O’Dowd (2010), therefore, only a concise overview is presented.

Figure 4.1: Oxford University High-Speed Linear Cascade facility

The HSLC is instrumented to measure both pressures and temperatures. An inlet
pitot-static probe and inlet thermocouple are located one axial chord upstream of the

blade row. A turbulence grid is also placed at the inlet of the cascade test section.
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Figure 4.2: Schematic of the Oxford High-Speed Linear Cascade facility
(CAD courtesy of Zhang (2012))
Measurements were made with a manually traversed hot-wire probe in assistance
with Dr. Qiang Zhang whose results have been presented in Zhang et al. (2014). A
turbulence intensity was recorded at approximately 7%. Static pressure measurements
are made on both hub and casing walls, one axial chord downstream of the blade row.
A PC logs all pressures and temperatures data and LabVIEW 8.6 is used for data
acquisition purposes. A GE Druck DPI520 pressure controller is used for calibration
of the 32-channel transducer system used for pressure measurements.

The test section and instrumentation is shown in Figure 4.3. The section consists
of 5 blades and 4 passages with an adjustable tip gap and boundary layer bleeds.
Measurements are taken at tip gaps of 0.5 mm, 1.0 mm and 1.5 mm which equate
to 0.5%, 1% and 1.5% of the engine-equivalent span or 1%, 2% and 3% of the blade
chord for both uncooled and cooled blade tips for an open cavity squealer tip. The
intermediate tip gap (1% engine-equivalent span) is then used for the closed double
squealer and its variants. Two of the blades are used to represent the sidewalls
consisting of a suction side and a pressure side. The scaling factor of the test section
is 1.8. Details of geometry parameters are given in Table 4.1.

Blade loading test data was supplied by Rolls-Royce for the XWB blade. The

HSLC was operated at a range of inlet conditions and the measured inlet total pressure

79



bleed window

—), Casing wall lj/

Hot air

{ Turbulence grid [ Epoxy tip
» i e

Inlet total
pressure,
temperature

FLIRIR
Boundary layer camera ZnSe IR

Boundary layer
bleed

(b) Instrumentation

(c) Photo of Test Section

Figure 4.3: HSLC Test Section and Instrumentation

Inlet angle 40.11°
Exit angle 64.23°
Axial chord 49.14 mm
Blade pitch 66.46 mm
Test Section Height 71.84 mm

Engine-equivalent blade span  101.78 mm

Table 4.1: HSLC Geometry Parameters

and outlet static pressures were fed into 2D Ansys Fluent simulations conducted by
Dr. Qiang Zhang (Zhang, 2012). The chosen operating conditions for the HSLC
were based on the results with the closest agreement with the Rolls-Royce data. The
results of blade loading, represented as isentropic Mach number, for the test blade are
shown in Figure 4.4. The HSLC nominal flow conditions used throughout the study
are given in Table 4.2.

The test blade tips for the open squealer both uncooled and cooled were man-

ufactured by Rolls-Royce using stereolithography. The material is an epoxy resin
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Figure 4.4: Mid-span isentropic Mach number distributions (CFD courtesy of Zhang (2012))

Inlet total pressure 204 kPa
Inlet static pressure 192 kPa
Inlet Mach number 0.3
Inlet velocity 101.3 ms™!
Inlet Reynolds number (based on axial chord)  0.66x10°
Exit static pressure 107 kPa
Isentropic exit Mach number 1.01
Exit Reynolds number 1.24x10°

Table 4.2: HSLC Flow Conditions

using DSM Somos GP Plus 14122 with a low thermal conductivity. The closed cavity

squealer was manufactured by Gemini Prototyping Ltd. using DSM Somos Water-

Shed XC 11122. These blades have a short height (30 mm) and are bolted onto a base

blade made of steel. They are designed so that they are rigid under the prescribed

aerodynamic load and can be interchanged with ease. A pin is also fixed near the

trailing edge region to reduce deformation.
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4.3 Aerodynamic Loss Measurements

Aerodynamic loss measurements are acquired using a two-dimensional traverse system
that helps obtain an evaluation of the downstream total pressures. These measure-
ments are taken at two locations, at half and one axial chord downstream of the blade
trailing edges. A three-hole and single-hole probe are used to obtain the total pres-
sures. These probes are constructed from stainless steel and are 0.7 mm in diameter.
A sting of 7 mm diameter is used to support the probes. The traverse system itself is
driven by stepper motors and was controlled by LabVIEW 8.6. A calibration of the
three-hole probe was done by O’Dowd (2010). Due to the three-hole probes thick-
ness, the probe could only take measurements 4 mm away from the casing wall. This
was addressed by using a single-hole probe that is much thinner and able to measure
up to 0.5 mm away from the casing wall. This was mechanically rotated by 4+5° to
act as a three-hole probe. The total pressure near the casing was then obtained by
interpolation to obtain the maximum total pressure. Initially, for the open squealer,
the data acquired from the single-hole probe was disregarded as results were not well
captured. It was later discovered that the probe was blocked. Once this issue was
resolved, all remaining aerodynamic loss data used the addition of a single-hole probe,
namely for measurements of the closed squealer tip and its variants.

The traverse system was used to take measurements at uniform pitchwise and
spanwise locations. All measurements are taken from the same initial pitchwise posi-
tion at each radial position. Measurements at the exit planes are taken at 27 equally
spaced pitch-wise locations and 6 spanwise locations, covering 77% to 96% of the en-
gine equivalent blade span covering one blade pitch in total. For the closed squealer
tip cases, the measured data included the upper 25% of the engine equivalent span.
Measurements were taken at 22 equally spaced pitchwise locations and at 9 spanwise
locations, of which 2 were used for single-hole data acquisition. Figure 4.5 shows data

obtained at 8 mm away from the casing wall detailing the measured total pressure
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loss coefficient and the wake generated at the exit of the cascade (one axial chord

downstream).
1.2
1 X X x
X X
X
0.8+ X X
X X
f>g X
& 0.6} X
e
0.4r X X
X X .
X
02f X
0 L L L L L L
0 0.2 0.4 0.6 0.8 1
y/P

Figure 4.5: Pitchwise locations of measured total pressure loss, Cpg

4.3.1 Three-hole Probe Calibration

The calibration of the three-hole probe was conducted in a transonic tunnel at the
University of Oxford and covered a range of —20 < 8 < 20 and 0.6 < M < 1.3. The
design of the probe and calibration is based on Povey et al. (2008) and was conducted
by O’Dowd (2010) and also presented in O’Dowd et al. (2010).

Generally, the three pressures measured by the probe are P4, Pg and Py which are
functions of B, M, Py and Reynolds number. The subscripts A, B and C' define the
left, center and right ports of the probe. The design of the probe ensured insensitivity
to the Reynolds number, so the calibration only depends on 5, M and F,. The

calibration coefficients for yaw (Cjp), total pressure (Cr) and Mach number (C)y) are

defined as:
Py — Po
-4 v 4.1
Cp Py — Doy (4.1)
Py — Pp
Cr=——-—" 4.2
r PB - Pavg ( )
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As described by Main et al. (1996), the calibration data acquired from the tunnel
runs are put into a probe calibration matrix and transformed to application matrices.
For example, the calibration matrix for total pressure, Cr(M, ) and application ma-

trix, Cr(Cs, Cp) maps are shown in Figure 4.6. The total pressure, yaw angle and

Mach numbers can then be obtained through a lookup table using a linear interpola-

tion.
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Figure 4.6: Three-hole probe calibration and application matrix for C1 (Reproduced from
O’Dowd et al. (2010))

4.4 Heat Transfer Measurements

Heat transfer measurements are taken on the tip of the centrally located blade and
were obtained using a transient, infra-red thermography method to determine local
heat transfer coefficients. A heater mesh is located upstream of the test section and
provides a step-wise increase in mainstream flow temperatures of approximately 20°C.
An example of the temperature histories measured during the thermal tests is given

in Figure 4.7 where the slow response of the tip surface can be clearly identified. A
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preheating compression effect due the opening of the air supply valves can also be
seen which takes approximately 15 seconds to meet the desired test conditions, this is
marked as “A”. However, this effect is not problematic and is accounted for using the
heat transfer process technique used in the present study. At time “B”, the heater
mesh is activated and the time period “C” is the useful range for the conduction

analysis, equating to approximately 2 seconds.

15 Inlet Temperature T
Surface Temperature B
l 0 I I L L
0 5 10 15 20 25
Time (s)

Figure 4.7: Temperature histories showing the mainstream and the tip response temperatures

The heater mesh is powered by a Drake System DC power supply rated at 100
V and 1.5 kA. A 25 pum diameter, fast response thermocouple is located on the tip
and used for in-situ calibration of the infrared images. The calibration of recorded
greyscale values to measured tip surface temperatures is shown in Figure 4.8. Heat
transfer is modelled using a semi-infinite, solid conduction analysis. Since the thermal
conductivity of the epoxy resin is low, the semi-infinite, one dimensional conduction
analysis can be assumed. An infrared transmissive viewing window made of Zinc
Selenide is placed within the casing wall to provide optical access to the tip. All
blade tips used for thermal measurements are painted black. A FLIR A20M infrared
camera is used to record spatially resolved surface temperature measurements into
a digital file simultaneously with tip surface temperature readings. The camera is
equipped with a FireWire 400 data cable and the camera supplies an 8-bit greyscale

output at a resolution of 160 x 120 at 30 frames per second. A linear temperature
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range of 0-50°C is used. The camera is housed in an anti-vibration casing, vertically

above the blade tip allowing a clear view of the tip surface.
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Figure 4.8: Infrared in-situ calibration slope

4.4.1 Heat Transfer Data Processing

Based on the one-dimensional transient conduction equation, heat transfer can be
described by Fourier’s law:

0T orT

927 = PC

k P or

(4.5)

where T' is the temperature, x is the depth into the solid, normal to the surface, k
is the thermal conductivity, p is the density of the solid, C,, is the specific heat and ¢
is the time. Equation 4.5 is then solved for the given initial boundary and convective

boundary conditions:

at t=0,T=T, (4.6)

as x—oo, T =1, (4.7)
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oT
= —k— = h(T,; — T, 4.
at =0, kax h(T g w) (4.8)

Assuming the solid conduction penetrates to infinity in all directions but one, the

solution of Equation 4.5 with the given initial and boundary conditions is:

;j”;”o—:? — erfo (25&) - {exp (%x + %)] [erfc (2\% + h\ﬁﬂ (4.9)

The solution as well as other complex conduction problems has been shown by
Schneider (1955). Knowledge of the surface wall temperature, T, in Equation 4.9
enables the evaluation of the only unknown, that is h, the heat transfer coefficient.
The equation itself is a function of the initial temperature 7T;, the mainstream tem-
perature, T,, which also requires a stepwise change after the initial time, and the
solid thermal characteristics, o, where a = k/pC,,.

Since a large number of data locations and high sampling rate is required, the
computational cost of an idealised analysis is high. Furthermore, the lack of a clean
step increase in temperature is also problematic. In terms of reducing this cost
and accounting for any preheating effects, a heat flux reconstruction is done. For
a small number of data locations and low sampling rates, a finite difference heat
flux reconstruction can be done using the surface temperature time history (Oldfield
et al., 1978). This approach was then further developed to improve the efficiency
and provide highly resolved results. This method is called the “Impulse Response
Method” developed by Oldfield (2008). Rather than using a finite difference approach,
the Impulse Response Method uses a frequency domain and discrete deconvolution
to derive impulse responses. The technique is based on knowing a pair of analytical
solutions for the heat transfer equations that are sampled and used by the convolution

to provide an impulse response. The response method assumes a linear time invariant
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system where the data is initially steady. The basis of the method works by generating
an impulse response, h(t), using a temperature input to generate a heat flux through

a convolution of the temperature and the impulse response, as shown in Figure 4.9.

Figure 4.9: Basis of the impulse response method

Using the impulse response, the output can be computed using a convolution

integral:

g(t) = h(t) * T(t) = /_ T T - 1) dr (4.10)

As the signal being recorded is discrete and being sampled, Equation 4.10 can be

replaced by a discrete convolution sum:

qln] = hlk] - T[n — k] (4.11)

This convolution is implemented using a Fast Fourier Transform based filter. The
heat flux reconstruction is done at each measured pixel location. Due to the in-
creased speed, efficiency and elegance of the Impulse Response Method, as described
by O'Dowd et al. (2011b), it is the chosen heat transfer measurement technique used
for this study. Following this, the local heat transfer coefficients can be determined
due to the relationship between the heat flux and wall temperature during each blow-

down run determined by Equation 4.12:

i = h(Tus —Ty) (4.12)

where ¢ is the heat flux, T,, is the wall temperature and T,, is the adiabatic wall
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temperature.

Thus, as a linear relationship is expected, the heat transfer coefficient, h, can
be calculated by the gradient of the transient heat flux data to the temperature
data. The adiabatic wall temperature, 7,4, can be calculated by extrapolating the
temperature for zero heat flux. For each transient test, local h values are obtained
using this technique as shown in Figure 4.10. The uncertainty of this method of heat
transfer coefficient calculation has been completed by O’'Dowd et al. (2011b) and is
directly applicable to the present study also. An uncertainty of 9.5% was estimated
in heat transfer coefficient and 1.2 K in adiabatic wall temperature. The thermal
product, \/m, of the DSM Somos GP Plus 14122 material was supplied by the

manufacturers at 644 J s ~2m 2K~

h= 440 W/n’K

_ 0
Tad =36.7°C

24 26 28 30 32
0,
T, (°C)

Figure 4.10: Heat flux versus tip surface temperature history

4.5 Film Cooling Setup and Measurement

The three central blades are all replaced with the cooled versions of the open cavity
squealer tip to provide an assessment of the tip film cooling at high-speed test condi-
tions. The coolant feed system is driven by ambient temperature air at 650 kPa linked

to three connecting vortex tubes. The use of vortex tubes enables a reduction of air
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temperature in relation to the mainstream air supply to provide an adequate coolant
temperature. The vortex tubes are connected to the test blade, whilst the neighbour-
ing blades are supplied with uncooled air to maintain periodicity. The vortex tubes,
cooling feed and controls are shown in Figure 4.11.

Uncooled Cooled Uncooled
blade Test blade blade

£ 5=

2

Vortex tube

rrangement

Inlet coolant
plenum

AT\

(b) Vortex tubes setup (c) Schematic

Figure 4.11: Coolant feed system

The vortex tubes are able to drop the temperature to approximately 7-10°C,
providing a mainstream-to-coolant temperature ratio of 1.1. This ratio is under the
target ratio of 2 which is typical of an operational engine. However, the power supply
needed to raise the mainstream gas temperature to required levels is expensive and
restricted by the current setup. Furthermore, it limited by the thermal constraints
of the epoxy material. Providing a colder coolant temperature is also troublesome
for the epoxy resin as the holes have a tendency to freeze if driven much lower than
already prescribed.

The coolant feed system must be operational for at least 30 minutes prior to
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running tests in order to establish a stable temperature. Coolant pipes are also
insulated to help reduce heat transfer from the surrounding ambient air. A solenoid
switch is used to ensure the blade is not pre-cooled for the test runs and is directed
towards the internal cooling plenum momentarily before the heater mesh is engaged.
This eradicates any fluctuations the coolant temperature. The coolant-to-mainstream
total pressure ratio is 1.1 to prevent ingestion of mainstream flow into the blade
coolant reservoir and is held constant for all tip gap configurations. Through the use
of a sonic orifice plate, the coolant mass flow rate was measured to be 1.20% of the
HSLC mainstream mass flow rate at a tip gap of 1.5% of the engine-equivalent span.

To quantify the film cooling performance, heat transfer coefficients may be used
to assess the tip film cooling, but a more useful technique that is widely established

is to calculate the film cooling effectiveness, 7:

T’r‘ec - Tad

4.13
Trec - Tc ( )

’]7:

Equation 4.13 uses the adiabatic wall temperature that is calculated during the
process of calculating the heat transfer coefficient. In this equation, T, is the recovery
temperature, T,4 is the adiabatic wall temperature of the cooled blade and T, is the
coolant temperature. T, does not use local values as these are difficult to measure,
so a single temperature of the internal chamber is assumed. T,.. is the adiabatic wall
temperature calculated when no cooling is present. Rather than plugging the holes,
the method of replacing the cooled blade with the uncooled equivalent was used to

calculate T,...

4.6 Uncertainty Analysis

The measurement uncertainty for the methods described above have been conducted

by O’Dowd et al. (2011b) for heat transfer and O’Dowd (2010) for the aerodynamic
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pressure measurements. These uncertainties measured are also applicable to the
present study as a continuation of the study and measurement techniques used.

The heat transfer uncertainties were determined by a combination of of partial
derivatives as given by Kline & McClintock (1953), a jitter analysis as described by
Moffat (1988) and the standard error of estimate as described by Coleman & Steele
(1999). For the Impulse Response Method, the measurement uncertainties for heat

transfer are given in Table 4.3.

Heat transfer Adiabatic
coefficient ~ wall temperature
Material property 6.4% negligible
Measured wall temperature 71% 1.2 K
Mainstream temperature negligible negligible
Overall uncertainty 9.5% 1.2 K

Table 4.3: Measurement uncertainties for heat transfer using the Impulse Response Method

The three-hole probe aerodynamic uncertainties were also conducted by O’'Dowd
et al. (2010). These were determined at each point by substituting the calibration
data into the application matrix and computing the total pressure, yaw angle, and
Mach number and are based on root mean square differences over the whole range.
Using the method described by Kline & McClintock (1953), the uncertainties are
determined and given in Table 4.4. Measurements of the true total pressure within
the over-tip leakage vortex differ by 2.8% at a yaw angle of 20° and indicates an

overestimate of the maximum error induced.

Measurement, Uncertainty
True total pressure, P 0.96%
Yaw angle 2.2°
Mach number 0.081

Table 4.4: Measurement uncertainties for the three-hole probe
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4.7 Summary

In this chapter, the transonic flow experimental facility has been described with details
of the flow conditions and measurement techniques used. The use of the High-Speed
Linear Cascade serves fittingly and is capable of providing engine-representative test
conditions (exit Mach number of 1.0 and exit Reynolds number of 1.23 x 10%) and well
resolved data. The facility itself has accounted for a wealth of tip research on flat and
winglet tips. The techniques described in this chapter have enabled the acquisition
of spatially-resolved heat transfer and aerodynamic loss measurements to provide a
better physical understanding of a squealer at high-speed test conditions.

For the heat transfer, a technique was described that enables the acquisition of
detailed, spatial thermal measurements. The method uses transient infrared ther-
mography with the Impulse Response Method to reconstruct the variation of heat
flux with surface temperature measurements. With use of both methods and the one-
dimensional, semi-infinite conduction analysis, a map of surface heat transfer on the
squealer tip can be obtained with a measurement uncertainty previously determined
to be less than 10%.

For the aerodynamics, a traversed three-hole and single-hole pressure probe mea-
surement technique was described and is able to provide a detailed map of the losses
created by the squealer tip at set locations downstream of the blade row. The three-
hole probe has been calibrated and shows low uncertainty, no greater than 2.8% from
the true total pressure and is able to provide exit yaw angles and Mach numbers.

Both aerodynamic and heat transfer measurement techniques can also be applied
to a cooled setup and the details of the experimental conditions capable by the facility

and cooling performance parameters were also given.
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Chapter 5

Transonic Squealer Tip

5.1 Introduction

The contents of this chapter include the experimental results obtained using the
High-Speed Linear Cascade (HSLC) facility at the University of Oxford, Thermo-
Fluids Laboratory and provide a basis for validating CFD code. The main aims
are to understand the aerodynamic and thermal performance of a squealer tip at
engine-representative conditions. The chosen squealer tip is an open cavity variant
of a standard squealer and was described in Chapter 3. Detailed, spatially-resolved
heat transfer measurements are taken on blades manufactured using stereolithography
and done using a transient, infrared thermography technique described in Chapter 4.
Aerodynamic loss measurements are taken at two exit planes, 50% and 100% of the
axial chord downstream of the blade row, normal to the axial axis. The measurements
are obtained using a three hole probe. Both studies use an uncooled squealer tip and
all measurements are taken at three different tip gaps (0.5%, 1% and 1.5% of the
blade span which is equivalent to 1%, 2% and 3% of the blade axial chord). Total
pressure loss is examined at both exit planes and Mach number and yaw angle are

limited to the furthest exit plane. CFD predictions are obtained using HYDRA.

94



5.2 Tip Heat Transfer

This section examines the uncooled open cavity squealer heat transfer at three tip
clearances, 0.5%, 1% and 1.5% of the blade span. Measured tip heat transfer co-
efficients are presented in contour plots in Figure 5.1. It is well established based
on previous literature that the heat transfer increases with larger tip gaps and the
present results also confirm this.

The general flow physics are such that a strong reattachment is present within
the frontal cavity region of which follows a large area of flow separation created by
the pressure side rim. The latter is also more pronounced for smaller tip gaps. For
all cases, the leading edge rim has the highest heat transfer coefficient and it is easily
identifiable that the rims in particular are most severely affected. This is also true for
the smallest tip gap, but in contrast, low levels of heat transfer within the cavity are
well observed. In regards to the rims, it is expected that there are some 3D conduction
effects that are not taken into account. Nevertheless, the rims and leading edge cavity
are regions that are the most at risk to the hot gas.

Heat transfer coefficient predictions using HYDRA are shown in Figure 5.2. Firstly,
the computational results capture the majority of the trends found with the HSLC
tests. The tip gap survey shows increasing heat transfer coefficient with increased
tip gap. The leading cavity hot spot and suction side rim both show this trend well.
Secondly, the magnitudes of heat transfer coefficient are well predicted for most re-
gions, in particular for the two larger tip gaps. Finally, the spatial distributions of
heat transfer are detected well. For example, the leading edge rim and cavity region
of high heat transfer coefficient, and the low region adjacent to the pressure side rim.
The overall averaged tip heat transfer coefficients are given in Table 5.1.

The circumferentially-averaged heat transfer coefficients for the three tip gaps are
shown in Figure 7.13. Results show both measured and predicted values. It is clear

that increasing the tip gap results in higher heat transfer coefficients. The trends
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Figure 5.1: Measured squealer tip surface heat transfer coefficients (W/m?K) for 0.5%, 1%
and 1.5% tip gaps (HSLC)
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Figure 5.2: Predicted squealer tip surface heat transfer coefficients (W/m?K) for 0.5%, 1%

and 1.5% tip gaps (HYDRA)
shown suggest that local heat transfer is largely affected by tip clearance size when
the local flow is subsonic. In this region (0-60% axial chord), h decreases with a
reduction in tip gap. The different flow regimes for the three tip gaps can be seen
in Figure 5.4 showing the flow velocity at mid-tip gap planes. Interestingly, where
the flow is transonic, changes are less obvious. For regions near the trailing edge, an
opposite trend is observed; there is a cross-over point in the heat transfer coefficient
with tip gap variation at around 80% axial chord. This is more apparent with the
HYDRA results. Similar cross-over behaviour was reported for a flat tip by Zhang
et al. (2010a).

Referring to Figure 7.13, noticeable differences are identified. The leading edge
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Tip gap (g/S) HSLC HYDRA

h [W/m2K] h [W/m2K]
0.5% 1012.6 1025.4
1% 1122.0 1107.2
1.5% 1228.0 1136.6

Table 5.1: Mean tip heat transfer coefficients
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Figure 5.3: Circumferentially-averaged tip heat transfer coefficient (W/m?K)

heat transfer follows a different trend and HYDRA shows the peak h at the leading
edge (0-10% axial chord). This discrepancy is mostly associated with the smallest tip
gap, where in practice, accurately positioning the blades and measuring a tight tip
clearance of 0.5% has a significant source of error associated with it. Large discrep-
ancies are also seen towards the trailing edge of the blade where three-dimensional

conduction effects most likely dominate.

Figure 5.4: Local mid-gap Mach number distributions (solid line indicates Mach=1) over
squealer tip (HYDRA)
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Overall, the mean heat transfer coefficients give percentage errors between the
measured and predicted results of 1.3%, 1.3% and 7.4% for the 0.5%, 1% and 1.5% tip
gaps respectively. The majority of features are detected by HYDRA for this geometry
and the trends associated with the tip gap survey are very consistent and compare well

with the experimental data, falling within the quoted uncertainty bounds of +9.5%.

5.3 Aerodynamic Loss

Total pressure loss is examined at two exit planes of the domain. These planes are
located at half an axial chord and one axial chord downstream of the blades trailing
edges. Exit Mach number and yaw angle is examined at the one axial chord plane
only. Attention is focused to the tip region, thus measurements and calculations
are made on well defined planes covering approximately the upper quarters of each

domain. The two domains are illustrated in Figure 5.5.

50% Cx

Figure 5.5: Locations of exit planes used in the present study (Ansys CFX)
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5.3.1 Aerodynamic Loss: One Axial Chord Downstream
5.3.1.1 Total Pressure Loss

Firstly, the measured total pressure loss coefficients, C'pg, for the open cavity squealer
tip at one axial chord downstream of the blade row are presented in Figure 5.6. The
trailing edges of the blade row are located at positions y/P = 0,1,2. The results
presented illustrate typical over-tip leakage flow features. The main observation is
the larger the tip gap, the larger the over-tip leakage vortex. Higher losses are created
with the growth of these vortices. Secondly, an additional development is the shifting
of the leakage vortex as the gap increases. This is clearly identifiably by the contour
maps. As the tip gap becomes larger, the vortex cores shift away from the blade
suction surfaces. This is noticed by the centres of the cores moving towards the right.
Furthermore, the smallest tip gap shows the formation of a passage vortex and a faint
indication observed with the middle gap (between 0.5 < y/P < 1).

Numerically predicted total pressure loss coefficient distributions for the three
tips gaps determined by HYDRA are shown in Figure 5.7. The comparison with the
experimental results shows good agreement, both in terms of the OTL vortex size as
well as the pitchwise shifting of these vortices. The weak passage vortex is detected
at the small tip gap whilst at the middle tip gap, the results are less pronounced and
likely to be caused by numerical dissipation errors with the solver.

Pitchwise, mass-averaged Cpy plots are presented in Figure 5.8 for the three tip
gaps. Figure 5.9 shows overall mass-averaged total pressure losses'. The formation of
loss is well predicted by HYDRA. Overall, the measured and calculated results agree
fairly well. The overall mass-averaged aerodynamic loss percentage errors are 5.8%,

7.3%, 5.2% for the 0.5%, 1% and 1.5% tip gaps, respectively.

LQverall values for open cavity squealer exclude the uppermost (4% span) data after establishing
that the initial data from using the single hole probe were incorrect due to being blocked
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Figure 5.6: Experimentally measured total pressure loss coefficient, Cpy, contours for open
cavity squealer tip for 0.5%, 1% and 1.5% tip gaps at 100% Cx downstream (HSLC)
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Figure 5.7: Numerically calculated total pressure loss coefficient, C'py, contours for open cavity
squealer tip for 0.5%, 1% and 1.5% tip gaps at 100% Cx (HYDRA)

5.3.1.2 Exit Mach number and Flow Angle

The transonic nature of the flow under the prescribed conditions can be identified
by downstream Mach numbers. The measured and predicted Mach numbers, at the
one axial chord downstream, are presented in Figure 5.10. Typical features are found
including low velocity flow in the vicinity of the tip leakage vortex and high veloci-
ties elsewhere where losses are minimal. The peak measured values of Mach number
calculated using the three hole probe is 1.05 for the three tip gaps. Notably, previ-

ous HSLC acquired data showed larger discrepancies with recorded Mach numbers
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Figure 5.8: Open cavity squealer tip pitchwise-averaged total pressure loss Cpy for 0.5%, 1%
and 1.5% tip gaps at 100% Cx (HSLC and HYDRA)
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Figure 5.9: Mass-averaged total pressure loss variations for 0.5%, 1% and 1.5% tip gaps
(HSLC and HYDRA)

between 1.2 and and 1.3 (Tang, 2011; O’Dowd, 2010). The averaged predicted peak
Mach number for the three tip gaps is 1.00. The HYDRA calculations show reason-
able agreement to those measured, however large discrepancies are found especially
in locations close to the vortex cores.

The final set of data acquired using the three hole probe is the exit yaw (f)
angle, giving an indication of the turning of flow within a turbine and is often used
as a measure of aerodynamic loss in gas turbine design. This parameter is used as
a performance indicator as it determines the work transfer within a turbine stage.

Figure 5.11 shows results of exit yaw flow angle that are relative to the blade exit
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Figure 5.10: Exit Mach number distributions

metal angle (67°). The plots show the strengths of the secondary flows near the
endwall. Relative to the blade exit metal angle, the results show the under-turning
(positive angles) and over-turning (negative angles) of flow whose magnitudes increase
with increased tip leakage vortex. The yaw angles show only fair agreement for the

range measured especially near the casing wall (around 96% R/S) and for the smallest

tip gap.
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Figure 5.11: Exit yaw flow angle distributions relative to blade exit metal angle

The mass-averaged, pitchwise-averaged yaw angles for the three tip gaps are plot-
ted in Figure 5.12. The majority of the predicted yaw angles are within 1-2 degrees
of those measured, with exception to those closer to the casing wall. These dif-

ferences can be accounted for by the range at which the probe was calibrated over
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(—20 < 8 < 20). This calibration is reported in O’Dowd (2010) and based on previous
work by Povey et al. (2008).

The yaw angles show large under-turning of fluid occurring when the tip gap is
increased, which correlates well with the growth of tip leakage loss. Interestingly,
when the gap is reduced there is a slight increase in yaw angle in comparison to the
two larger tip gaps, from regions 0.75 < R/S < 0.9, this is linked to the passage
vortex seen in Figures 5.6 and 5.7.
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Figure 5.12: Open cavity squealer tip pitchwise-averaged yaw angle relative to blade exit
metal angle, for 0.5%, 1% and 1.5% tip gaps at 100% Cx (HSLC and HYDRA)

5.3.2 Aerodynamic Loss: Half an Axial Chord Downstream

The second set of aerodynamic loss measurements are obtained at the exit plane closer
to the blade row, half an axial chord downstream. Results presented are limited to
total pressure losses and these are shown in Figure 5.13.

The features seen with the loss generation at the previous exit plane are also found
at this exit plane, namely, the increase of loss with larger tip gaps and the shifting of
vortices away from the suction side blade surface. Noticeably, an additional feature
is observed. For all tip gaps, a region of high loss is seen in close proximity to the

tip leakage vortex. The loss tends to increase near the casing as the gap increases,
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Figure 5.13: Experimentally measured total pressure loss coefficient, Cpy, contours of open
cavity squealer tip for 0.5%, 1% and 1.5% tip gaps at 50% Cx downstream (HSLC)
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Figure 5.14: Numerically calculated total pressure loss coefficient, C'py, contours of open
cavity squealer tip for 0.5%, 1% and 1.5% tip gaps at 50% Cx (HYDRA)
however travelling towards the mid-span, the loss increases as the gap decreases. The
latter feature is the occurrence of an upper passage vortex that is clearly identifiable
at the smallest tip gap.
Numerical calculations of the total pressure loss at the half axial chord exit plane
are presented in Figure 5.14. Again, HYDRA detects the majority of loss features
found experimentally. Utilising a key component of CFD, these features can be better
understood by applying flow visualisation. Streamlines are released from near the tip

leading edge to help identify and classify the over-tip leakage vortices that are created.
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Figure 5.15: Flow visualisation showing over-tip leakage flow streamlines and cut planes with
contours of total pressure ratio for tip gaps 0.5%, 1% and 1.5% tip gaps (HYDRA)
Figure 5.15 shows over-tip leakage streamlines that can be clearly seen rolling into
the main tip leakage vortex. Taking a cut plane near the trailing edge helps to link
the results together and shows how the vortices develop including the generation of

passage vortices as the tip gaps are reduced.

Although the trends are well observed, the finer details show that the loss pre-
dictions for the 1% and 1.5% tip gaps are generally lower than measured. These
discrepancies can be observed using the pitchwise-averaged total pressure coefficient
plots shown in Figure 5.16. A factor that may attribute to these discrepancies is due
to the complicated flow structure and the interaction of flow features. An over-tip
leakage vortex, a passage vortex and loss due to the tip’s blunt trailing edge are all
present in the plane examined. On the other hand, the traverse resolution may also
be an obvious factor. It is thus recommended that any future experiments conducted
at exit planes close to the trailing edge, have much finer resolution. In particular, in
the spanwise direction as only 6 positions were used for the present study.

Lastly, the overall, mass-averaged, total pressure loss coefficients for the upper
23% span are presented in Figure 5.17. They show that the trends are well captured,
but the absolute values are almost uniformly offset. The average percentage error
between the measured and the numerical results is 17% (15.5%, 18.2% and 16.1%

for the 0.5%, 1% and 1.5% tip gaps, respectively). This result may suggest that the

105



1 : 1 1
@
095r 1 0951 0951
@ ®
0.9F 1 0.9 0.9
% e % 0 e
[osi o o
0.851 1 0.851 0.851 ®
0.8 1 0.8 0.8
——HYDRA 0.5% g/S ——HYDRA 1% g/S ——HYDRA 1.5% g/S
@ HSLC0.5% g/S @ HSLC 1% g/S @ HSLC 1.5% g/S
0.75 —H—————— 0.75 —————————— 0.75 ———
0 0.10.203040.50.60.70.8 0 0.10.203040.50.60.70.8 0 0.10.20304050.60.70.8
Cp0 Cp0 Cp0
(a) 0.5% (b) 1.0% (c) 1.5%

Figure 5.16: Open cavity squealer tip pitchwise-averaged total pressure loss Cpy for 0.5%, 1%
and 1.5% tip gaps at 50% Cx (HSLC and HYDRA)

positioning of the traversing apparatus and the set distance of the measurement probe

was off. This error becomes more important at closer measurement locations, thus

greater care should be taken for future experiments and the probe locations should

be carefully placed and checked. Alternatively, the calculated loss plane may need to

be closer to the blade row in the event of high numerical dissipation.

Although the results tend to show less agreement, the data is valuable as it identi-
fies the complicated flow structure associated with a tip geometry of the present kind.
It is clear that the numerical predictions are in better agreement at the furthest exit
plane, but the qualitative trends are still well predicted at both planes. The ability
of CFD predicting absolute values remains questionable, but as a tool for research
and development, it has extremely high value.

Based on the comparisons of experimentally and numerically calculated heat trans-
fer and aerodynamic loss, the results show that the HYDRA solver is well capable of
predicting the aero-thermal behaviour of a squealer tip under high-speed conditions.
However, the results at the closer exit domain have proven to be challenging. Never-
theless, the correct trends are predicted. The usage of the high-speed linear cascade

remains beneficial as a testing vehicle. Having validated the HYDRA code, attention
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Figure 5.17: Mass-averaged total pressure loss variations for 0.5%, 1% and 1.5% tip gaps at
50% Cx (HSLC and HYDRA)

can be drawn to other important aspects of turbine tip design and performance.

5.4 Trailing Edge Design

The design of the tested squealer design has a distinctive blunt trailing edge to ac-
commodate for an opening in the cavity believed to improve the over-tip flow aerody-
namics. A CFD analysis is conducted to examine and understand the influence of the
cavity opening and the impact of the gap height on the trailing edge aerodynamics
near the tip region.

The near-tip pressure loading (in terms of isentropic Mach number) at 95% of the
blade span is shown in Figure 5.18. The pressure side distribution is mostly unaffected
by the change in tip gap height and this is largely true on the suction side. The shock
region at approximately 70% axial chord is consistent for all gaps and collapse on
one-another. However, the influence of the external flow field and the shock vary per
tip gap. It is clear that at the smallest gap, the reduction in tip leakage flow means
the shock is more penetrating than for the two larger gaps. For the larger tip gaps,
the shock is less penetrating and influenced by the increase in tip leakage over the
suction side.

Drawing attention to the trailing edge shows the influence of the tip gap on the
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Figure 5.18: Near-tip isentropic Mach number (95% span)

pressure difference at the trailing edge. The isentropic Mach numbers of interest are
the lower curves of the loop for each tip gap. Noticeably, the results show a trend
with tip gap; as the tip gap increases, the local surface back pressure is increased.
This directly influences the outflow from the cavity at the trailing edge exit. This in
turn affects the heat transfer and can impact the cooling approach.

Examining the cavity outflow shows how the local pressure distribution has a
strong influence on the local flow field. Figure 5.19 shows the mass flux (normal
to examined plane) leaving the cavity with velocity arrows and blade surface static
pressure contours. At smaller tip gaps, the mass flux is mostly uniform across the
passage with a vortex generated as can be seen by the associated velocity vectors.
As the tip gap increases, the vortex motion reduces and the fluid is drawn upwards.
The change of the local pressure is a driving mechanism for these features and also
influences the mass flow rate exiting the cavity as well as over the suction side surface.
The suction side over-tip leakage flow increases linearly with tip gap as conventionally
understood, but the cavity outflow shows no trend and is mostly affected by the
presence of a large tip gap, as shown in Figure 5.20. Furthermore, linking this to the
heat transfer (Section 5.2), the increased exit cavity mass flow rate at smaller tip gaps
also shows higher trailing edge heat transfer on the cavity surface, thus outlining a

compromise between the aerodynamic loss and the heat transfer.
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Figure 5.19: Mass flux, pv, (kg/m?s), contours on a cut plane through the cavity exit with
velocity vector arrows superimposed. Static pressure (Pa) contours also shown on the trailing
edge blade surface (HYDRA)

Another feature that affects the loss behind a bluff body or in this instance the
blunt trailing edge is the base pressure deficit. This is described by Denton (1993) as
the base pressure coefficient, Cp,, defined in this case using Equation 5.1. Typically,
it is used to assess the losses at the trailing edge and is important for design purposes
as it directly impacts the vortex shedding. In this case, the base pressure coefficient
is used to determine the performance of the trailing edge with respect to the different
tip clearances prescribed. Also, it should be noted that in this definition, Equation
5.1 means that a higher Cp, means lower base pressure. Physically, this would relate

to higher trailing edge losses.

C o Pstatic,emit - Pstatic,base
2P

exit

(5.1)

Given in Figure 5.21 are the near-tip trailing edge base pressures at 95% span
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Figure 5.20: Total tip leakage mass flow rates normalised by the inlet mass flow rate for tip
gaps 0.5%, 1% and 1.5% (HYDRA)
(as also indicted by the dashed line in Figure 5.19b). The results are interesting
given that a higher base pressure coefficient is found for the smallest tip gap and
this reduces non-uniformly per tip gap. A higher base pressure coefficient for the
present case would suggest higher mixing losses, whilst the largest tip would suggest
the reverse. Although the smallest tip gap is able to reduce the tip leakage losses,
the base pressure results indicate that a blunt trailing edge may be restrictive in
terms of the aerodynamic performance at small tip clearances. Therefore, if there is
a requirement of having an open cavity tip, a sharp trailing edge with a cut-back may

be an option. Average base pressure coefficients for each tip gap are given in Table
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Figure 5.21: Near-tip base pressure coefficient at trailing edge at 95% span (HYDRA)
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Tip gap (g/9S) Base Pressure Coefficient, Cp,

0.5% 0.10
1% 0.05
1.5% -0.06

Table 5.2: Average base pressure coefficient at near-tip trailing edge at 95% span (HYDRA)
5.5 Turbulence Modelling Sensitivity

The choice of turbulence model usage is often up to the user and whilst certain models
are better suited to specific scenarios, there tends to be debates over which turbulence
model is best suited for a particular application. The following section addresses the
sensitivity to the turbulence prediction methods that are implemented and widely
used in computational fluid dynamics, and to understand which models are more
capable of predicting tip heat transfer and aerodynamics. Currently, there are a lack
of turbulence models available in HYDRA (Version 6.1.16), so the Ansys CFX solver
was used for the following study.

The dependence of turbulence modelling on the blade tip aero-thermal perfor-
mance has been investigated at both low-speed and high-speed. Under low-speed
conditions, it has been reported that tip heat transfer is sensitive to the turbulence
model used and there is also geometric dependence on the model used. Tang et al.
(2010) showed that for a flat tip, the k¥ — w model should be trialled first. This was
also the case for Krishnababu et al. (2007a), showing that the k¥ —w and k — w SST
produced between 5-10% difference with their experimentally determined heat trans-
fer coefficient results. The k — € model performed poorly with over-predictions of
50%. For a squealer tip, (Yang et al., 2002) two equation models gave contrasting re-
sults, the standard k — e over-predicted heat transfer and the Renormalisation Group
(RNG) k — € model under-predicted heat transfer. They showed that the expensive
Reynolds Stress Model (RSM) gave the best prediction of heat transfer although,

low values were significantly under-predicted. For high-speed research, there are nu-

111



merous sources of published data that recommend the usage of the Spalart-Allmaras
model. (Zhang et al., 2011, 2010a; O'Dowd et al., 2011a). These results suggest
simpler models, for a flat tip, are better suited to high-speed simulations and was de-
scribed in greater detail by Wheeler et al. (2011). Furthermore for a flat tip, Wheeler
& Sandberg (2013) indicated that the freesteam turbulence has little dependence on
transonic tip flow and that the Spalart-Allmaras model is highly capable for tip heat
transfer prediction. There have since then been few studies that assess the sensitivity
of the turbulence modelling on the aero-thermal performance of blade tips at high-
speed ranging from a simple model to more complex models. In particular, none of
the previous results have addressed this for squealers at a transonic condition.

In order to understand the dependence of the turbulence prediction, it is impor-
tant that the turbulence boundary conditions are kept consistent for each model used.
These conditions are based on the experimental setup. Namely, the measured tur-
bulence intensity and length scale of the turbulence generated by the grid installed
upstream of the HSLC test section. These are used for each of the models associated
turbulence parameters. Specifically, the turbulent kinematic eddy viscosity parameter
for Spalart-Allmaras one equation model and turbulent kinetic energy and turbulent
or specific dissipation rates for two equation models. For the Reynolds Stress Model,
each component is estimated through the solver and based on the turbulent kinetic

energy and turbulent dissipation.

5.5.1 Tip Heat Transfer

Firstly, the dependence of turbulence modelling on tip heat transfer is assessed.
Shown in Figure 5.22 are contour maps of heat transfer coefficient on the open cav-
ity squealer tip for a chosen group of turbulence models that vary between low and
high complexity. Note that due to the large variation observed with the heat transfer

coefficient calculations, the contour range has been increased for Figures 5.22c - 5.22f.
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Figure 5.22: Comparison of tip heat transfer coefficients (W/m?K) with 5 different turbulence
model predictions with 1% tip gap (Ansys CFX)

The spatially resolved maps reveal a clear dependence on the turbulence model
used for heat transfer predictions. The results suggest that more complex turbulence
models over-predict the tip heat transfer, especially the hotspot region within the
leading edge cavity (10-40% axial chord) and the rim regions. However, the remainder

of the cavity region is often better predicted. In contrast to Yang et al. (2002), the
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Reynolds Stress Model also over-predicts the heat transfer, however, more in-line with
Wheeler et al. (2011) and Wheeler & Sandberg (2013) showing that two equation
models produce a higher heat load in comparison to the SA model as also found here.
It is worthwhile noting that apart from the k£ — e model, the trends are well captured

for all models. These trends are as follows:

e high heat transfer levels on both rims, suction side and pressure side
e high heat transfer levels at the leading edge "hot spot’ cavity region

e relatively large area of low heat transfer within cavity regions away from the

leading edge ‘hot spot’

In order to help understand the predictions of heat transfer coefficient with the
various turbulence models, the eddy viscosity is analysed through the mid-tip gap
region and at sliced region through the leading edge cavity region. The former mid-
gap eddy viscosity contour plots for the five models assessed are shown in Figure 5.23
and at a cut plane through the leading edge cavity in Figure 5.24. At the mid-tip
gap plane, high levels of turbulence are being generated with the RSM, £ — w and
k — e models. The band of high turbulence over the pressure side rim attribute to
the high heat transfer found. These results show the opposite trend for the SA and
SST k — w models. By linking back to the heat transfer results, these models show
comparatively lower heat transfer coefficients.

Figure 5.24 shows the eddy viscosity at a cut plane over the tip leading edge at
15% axial chord. Significantly higher eddy viscosity is generated over the pressure
side rim for the RSM, k—w and k£ —e models in comparison to the other two. Only the
SA and SST k — w models predict lower turbulence, the others are under-predicting
the turbulence dissipation through the contracting and the flow acceleration region

over the pressure side.

114



ANSYS

R14S5

Academic

$® & SIS R
Q'° Q'Q Q@ Q'Q °§ Q'Q 0'“ Q'Q Q'Q Q'Q Q'Q

[Pas]

Eddy Viscosity
Contour 1

(a) Spalart-Allmaras
ANSYS

R14S

Academic

S & S O e RS
0§ Q'é) b'ggh Q'ég; Q'Q Q'Q Q‘Q Q'Q Q‘Q Q'Q Q'“

Eddy Viscosity [Pas] Eddy Viscosity
Contour 1 Contour 1

(b) k—w
ANYS

Academic

$® & SIS R
Q'Q Q'Q Q§‘ Q‘Q Q@ Q‘Q Q'Q Q'Q Q'Q Q'Q Q'Q

Eddy Viscosity [Pas] Eddy Viscosity
Contour 1 Contour 1

(d) SST k—w

LELELITES LSS

SR G IR SN SR
N N a2 P
FFFFITSTITE S S

I R

(e) Reynolds Stress Model

ANSYS

R14S
Academic

ANSYS

R4S

Academic
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Focusing on the cavity flow region, the SA model produces a thicker region of low
eddy viscosity near the cavity floor in comparison to all other models and accounts
for the major difference in the predicted heat transfer results. Studying the flow
velocities at the same cut plane can also help in understanding the various results
found. The Mach number contours with velocity vectors overlaid are presented in
Figure 5.25. It is again apparent that the flow separation shows contrasting results
with the £ — w and k& — € models. The two most similar cases are the RSM and SA
model, however the details show much larger flow impingement with the RSM result
attributing to the very high heat transfer hot spot. This is also true for the SST
k —w model which has a large stagnation region associated with it, forcing high heat
transfer.

The relative performance of the turbulence models can be quantified by the overall
heat transfer coefficient percentage errors between the measured and predicted results.
These are presented in Figure 5.26. It can be seen that the Spalart-Allmaras model is
best suited to tip heat transfer predictions for a high-speed squealer tip and this has
previously been shown for both flat tips and winglet tips tested under a high-speed
regime as described in Section 2.4. Other models such as k —w SST and RSM, also
show good results qualitatively. Quantitatively, these two models in particular give
overall percentage error differences of 11.4% and 10.8% which is in fact only slightly
outside the given range of expected experimental uncertainty at 9.5% in heat transfer

coefficient calculated by O’Dowd (2010).
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Figure 5.24: Eddy viscosity contours through a cut plane over the leading edge of the squealer
tip with 1% tip gap (Ansys CFX)

5.5.2 Aerodynamic Loss

Lastly, the dependence of turbulence modelling on aerodynamic loss is assessed. Total
pressure loss is examined at the furthest exit plane, one axial chord downstream, tak-
ing into consideration the upper 23% of the blade span area, as previously examined.
Contour maps of the loss generated with different turbulence models are shown in
Figure 5.27. Analysing the contour maps, most of the turbulence models perform well
aerodynamically, apart from the £ — ¢ model which shows poor agreement. Drawing

closer attention to the spatially resolved results it is observed that the SST k£ —w and
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Figure 5.25: Mach number contours with velocity vectors through a cut plane over the leading
edge of the squealer tip (Ansys CFX)
RSM slightly over-predict the size of the vortex.

The pitchwise-averaged total pressure losses are plotted in Figure 5.28. The results
generally show little variation, however, it can be seen that the £ —w shows the most
promise in detecting the lossy region between 0.77 < R/S < 0.9. The majority of
the other models under-predict this feature. Near the casing at R/S = 0.96, the
experimental data is likely to be anomalous and none of the models are comparable.

Finally, the overall, mass-averaged total pressure loss errors between the exper-

iment and computational results are given in Figure 5.29. It can be seen that the
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Figure 5.26: Mean absolute error in tip heat transfer coefficient at 1% tip gap (Ansys CFX)

closest agreement is found using the RSM, then the SST k—w and then the SA model.
It is evident that the & — e model performs worst. Unlike the heat transfer, the overall
losses suggest the more complex turbulence models are better suited to aerodynamic
flow prediction. However, based on the contour maps, the pitchwise-averages and the
overall losses as a whole, it is thus deemed inconclusive for which turbulence model is
best suited for aerodynamic loss production for an open cavity squealer tip under a
high-speed regime. Altogether, the combined aero-thermal performance predictions
suggest that three of the five turbulence models tested prove capable (SA, SST, RSM),
given the experimental induced uncertainties.

In all, it is apparent that turbulence modelling shows a significant effect on the tip
aero-thermal simulations. Generally, the basic two-equation models such as £k —w and
k—e are not well suited, however improvements are shown by Menter’s modification to
the original k£ — w model (Menter et al., 2003) and more complex turbulence models
(RSM). The best agreement thermally, has been found using the Spalart-Allmaras
model and aerodynamically, it also ranks highly. Although the model is much simpler
than others tested, it is highly capable of predicting flow within a high-speed turbine

and has consistently performed well regardless of tip geometry, whether a flat tip,
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Figure 5.27: Comparison of total pressure loss, Cpg, with different turbulence models for 1%
tip gap (Ansys CFX)
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Figure 5.28: Pitchwise-averaged total pressure loss variations with turbulence model for 1%
tip gap (Ansys CFX)
winglet tip or squealer tip is being examined. Interestingly, the turbulence modelling
predictive capabilities for the aerodynamics and heat transfer are separated. It has
been found that the best and worst turbulence models for heat transfer are different

to those for the aerodynamic loss prediction.
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5.6 Summary

The thermal and aerodynamic performance of a squealer tip has been experimentally
and numerically determined at engine-representative conditions. The results obtained
are the first of the kind in respect to a realistic configuration at realistic aerodynamic
flow conditions at different tip gaps. Thermal calculations of tip heat transfer coeffi-
cient have been determined for three different tip gaps, including detailed maps of the
thermal characteristics of a squealer tip. Aerodynamic loss has also been determined
at two exit planes downstream of the blade row.

Consolidating the experimental results, numerical CFD results have been ob-
tained. The results show good agreement and captures the majority of flow features
found using the measured experimental data. These consistent trends captured for
both the tip heat transfer and aerodynamic loss validate the CFD modelling and the
predictive capabilities for turbine blade tip aero-thermal performance. The choice of
turbulence model has also been assessed.

The following conclusions can be drawn for tip heat transfer:

1. Heat transfer data reveals a large cavity hot spot near the leading edge that is
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dependent on tip gap height. Both the cavity hot spot and leading edge area
(up to approximately 50-60% axial chord) both show increases in heat transfer

coefficient with increased tip gaps.

2. The trend is reversed towards the trailing edge where the heat transfer patterns
cross-over showing a reduction in heat transfer with increased tip gaps. At
this region, the tip gap flow becomes supersonic, for all tip gaps, indicating the

necessity of high-speed flow conditions.

3. The results obtained underline the need for spatially resolved heat transfer
measurements and predictions since hot spots and high local gradients over the

tip region are well observed.

4. The turbulence model testing shows a heat transfer dependence with the Spalart-
Allmaras providing the closest agreement (also in agreement with previous tran-
sonic tip research). The results show that high turbulence is generated over the
pressure side rim with the Reynolds Stress Model, k£ — w, k — € models, corre-
lating to high rim heat transfer. The Reynolds Stress Model and k£ — w SST
models show stronger impingement jets on the frontal cavity region and lead to

high heat transfer. The k — w and k£ — € models perform poorly.

The following conclusions can be drawn for tip aerodynamic loss:

1. Total pressure loss measurements show a trend in aerodynamic loss where the
tip leakage loss and vortex core increase with increased tip gaps. The result is

consistently observed at the two examined exit planes.

2. As the tip gap increases, the tip leakage vortex is displaced further away from
the suction side blade surface. This result is also observed at the two exit planes

examined.
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3. The OTL mass flow rate over the suction side increases with increased tip gap.
There is no trend for the flow leaving the cavity at the trailing edge, however the
distribution of flow correlate to the heat transfer patterns found on the cavity

floor.

4. As aresult of increased tip gap, the exit yaw angle also increases showing higher

flow turning within the tip leakage vortex as expected.

5. The turbulence modelling testing shows less dependence of aerodynamic loss

prediction on turbulence models with exceptions of the £ —w and k& — € models.
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Chapter 6

Relative Casing Movement Effects

6.1 Introduction

This chapter covers an extensive CFD analysis regarding the role of casing movement.
One of the limitations of the HSLC or any linear cascade environment is the lack of
casing motion effects or blade rotation. Although efforts have been made to conduct
relative casing movement effects using linear cascades, at high-speed flow conditions
this becomes a challenging task. For this reason, the effect of casing movement should
not be overlooked, and is therefore evaluated using the validated CFD results. It is
of particular interest since the previous data and analyses have not addressed this
for a transonic squealer. The basis of this study is to understand the dependence of
relative casing movement on tip geometry, specifically, a squealer and a flat tip.

To simulate the effects of blade motion, a tangential casing velocity in a direction
from the suction side to the pressure side is imposed and the simulations continue
using the HYDRA solver. Firstly, a comparative study is done to compare the sta-
tionary cascade results to those with a moving casing. These results are then analysed
in depth to show any common trends or differences and how they impact the tip’s

aero-thermal performance. Secondly, an investigation is carried out to understand the
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effect tip geometry has when subject to casing movement. The study also aims to ad-
dress whether or not the ranking of the aero-thermal performance remains consistent

and if this holds for both tip gap variation, as well as geometrical changes.

6.2 Squealer Tip with Relative Casing Movement

Having validated the usage of different CFD solvers capability for heat transfer and
aerodynamics loss predictions for a stationary cascade condition, the moving casing
effect is now examined. The chosen solver for the study is HYDRA and in the
calculations, a relative casing motion is simulated by specifying a tangential velocity
of the casing wall boundary in a direction from the suction side to pressure side of
the blade. This velocity of the casing wall is calculated using velocity triangles for an
axial flow turbine and scaled using supplied engine data provided by Rolls-Royce. The
associated flow coefficient, V,,/U, is 0.31. The remainder of the boundary conditions

are kept exactly as those prescribed to the stationary setup.

6.2.1 Tip Heat Transfer

As conducted for the stationary setup (Chapter 5), the tip heat transfer coefficient
is calculated for the three tip gaps, as studied previously. Figure 6.1 shows heat
transfer coefficient maps with relative casing movement imposed. The basic patterns
as observed with the stationary wall (Figure 5.2) are also observed here; the cavity
region nearest the leading edge, where flow impinges onto the cavity floor can be
likened to the stationary case. Furthermore, the pressure side rim also shows relatively
little variation when compared to a fixed wall.

As might be expected, there are some particularly interesting changes identified.
A region of high heat transfer is formed within the cavity at approximately 40-70%

axial chord. This area follows a trend similar to the leading edge cavity region,
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Figure 6.1: Predicted squealer tip surface heat transfer coefficients (W/m?2K) for tip gaps
0.5%, 1% and 1.5% tip gaps with moving casing condition (HYDRA)
whereby a decrease in tip gap reduces the heat transfer. This is qualitatively in-line
with the commonly held view based on low-speed tests that a reduction of leakage
flow at a smaller gap leads to a lower heat transfer.

To illustrate this phenomenon more clearly, streamlines are drawn for both the
stationary and moving casing setups for a 1% tip gap and are presented in Figures
6.2a and 6.2b. The streamlines provide further insight into the newly formed hot spot
located at the mid-cavity region. The casing that is moving in an opposing direction
to the fluid, pulls it in the tangential direction. The orientation of the cavity slot at
this position combined with casing friction helps develop the in-cavity vortex in two
ways: firstly, by promoting reattachment inside the cavity and secondly, by enhancing
the vortex core fluid movement along the cavity, which in turn strengthens the vortex
itself. As a result, the over-tip fluid in this region is wrapped into a strong and
compact vortex inside the cavity rather than continually flowing over the cavity and
the suction side rim as in the stationary cascade case. The hot spot region in the mid-
cavity between 40-70% axial chord (Figure 5.2) is thus caused by the heat transfer
augmentation due to the impinging flow of the mid-cavity vortex.

On the other hand, it should be emphasised that a similar vortex impingement
zone with a equivalent heat transfer impact occurs in the main frontal cavity area.

Comparing the tip heat transfer between the stationary casing (Figure 5.2) and the

126



moving casing (Figure 6.1) suggests that the moving casing has a much smaller impact
on the main frontal vortex impingement.

Mach Heatflux [W/m?]

(a) Stationary (b) Moving casing

Figure 6.2: Streamlines showing over-tip leakage flow where blade and tip surface contours
show heat flux and streamlines coloured by Mach number for 1% tip gap cases (HYDRA)

Circumferentially-averaged heat transfer coefficients for the three moving endwall
cases (Figure 6.3) broadly suggest that the local patterns of heat transfer are similar
to those shown in the stationary case (Figure 7.13). As the tip gap is reduced, the
reduction in h over the subsonic cavity region (10-40% axial chord) is clear. The
transonic part (70-90% axial chord) shows a wiggling behaviour that is similar to
its stationary counterpart (Figure 5.3b). It is also clear that in both cases the heat
transfer trend has contrasting features. The frontal region shows an increase of h with
larger tip gaps (10-40% axial chord) and the rear part shows the reverse (90-100%

axial chord).

400} ——=0.5% g/S |
— 1% S |
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Figure 6.3: Squealer tip circumferentially-averaged heat transfer coefficient (W/m?K) along
axial chord with moving casing (HYDRA)
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Figure 6.4: Local mid-gap Mach number distributions with moving casing condition (solid line
indicates Mach=1) for squealer tip (HYDRA)

The local Mach number distributions calculated for the squealer tip through the
mid-tip gap regions, given in Figure 6.4, detail that the flow remains transonic for all
tip gaps. The characteristics of the flow over the tip itself are also similar to those
of the stationary endwall case (Figure 5.4). The major difference with the applied
casing movement is the retarded flow above the frontal cavity region. Here the flow

is being developed into the in-cavity vortex as discovered by the tip flow streamlines.

6.2.2 Aerodynamic Loss

The aerodynamic loss expressed in terms of total pressure loss is now considered, in
a similar fashion to the stationary analysis. Predictions of the loss are taken at the
exit plane, one axial chord downstream of the blade trailing edge for the squealer tip.
Contour maps of total pressure loss coefficient, C'py with the moving casing condition
for the three tip gaps are shown in Figure 6.5.

Striking differences can be seen by comparing the pressure loss contours for the
moving casing case (Figure 6.5) with those for the stationary casing (Figure 5.7). The
casing movement is seen to significantly promote the passage vortex, which now has a
much clearer loss core identifiable beneath that of the OTL loss core. These are posi-
tioned between 0.6 < R/S < 0.85. Clearly the OTL vortex reduces in size and strength

when the tip gap is reduced, as expected, while the passage vortex is much less sensi-
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Figure 6.5: Predicted total pressure loss coefficient, Cpy, contours for open cavity squealer tip

for 0.5%, 1% and 1.5% tip gaps with moving casing at 100% Cx (HYDRA)
tive to the tip gap size. The loss signatures of the passage vortex for the medium and
large tip are almost unchanged. The generation of the passage vortex with relative
casing movement was also identified and described by Yaras et al. (1992b), Tallman &
Lakshminarayana (2001a) and Tallman & Lakshminarayana (2001b). They explained
that with casing movement, the vortices were dragged towards the suction side and
as a consequence the tip gap appeared to be partially blocked. The shifting of the
vortices is another feature identified with the inclusion of casing movement, as also
found by Palafox et al. (2008) where tip leakage and passage vortices were shifted
towards the blade suction side and were distorted in shape.

Pitchwise, mass-averaged Cpy comparisons for the three tip gaps, stationary and
moving casing cases are shown in Figure 6.6. For the stationary cascade configuration,
the loss is dominated by the OTL vortex. The loss peaks with this vortex for all tip
gaps. On the other hand, for the moving casing condition, there are two clearly
identifiable peaks. These peaks are associated with the passage vortex and the OTL
vortex respectively. Interestingly, the net contributions of the two interacting vortical
flow structures for the moving casing are to some extent, balanced out in comparison

with that from the dominant OTL vortex in the stationary case. Although, this trend
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becomes less apparent with an increase in tip gap. Further discussions on the overall

losses is presented in Section 6.5 which includes a comparison with the performance

of a flat tip.
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Figure 6.6: Stationary and moving casing pitchwise-averaged total pressure loss coefficients

Cpo for open cavity squealer tip at tip gaps 0.5%, 1% and 1.5% tip gaps at 100% Cx
(HYDRA)

6.3 Over-Tip Leakage Analysis

In Section 5.4, the trailing edge and the cavity gutter of the squealer tip was studied
to understand their influences on the near-tip aerodynamic performance. As shown,
the relative casing movement has a moderately strong influence on the cavity tip flow
and generates additional features that are not present under a stationary setting.
However, many of the features still exist with a moving casing and it has been found
that mid-gap flow remains supersonic. In order to further understand the formation
of the cavity flow with a moving casing, the cavity outflow is examined.

Presented in Figure 6.7 are mass fluxes leaving the gutter, normal to the examined
plane for the three tip gaps with a moving casing condition. The blade surface shows
contours of the static pressure distribution around the near-tip trailing edge region.

For all tip gaps, the moving casing entraps fluid within the cavity and prevents fluid
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leaving over the suction side surface. Similarly to the stationary case (Figure 5.19,
the gutter outflow is in a vortex-like manner. However in this instance, it occurs for
all tip gaps and is greatly intensified by the moving casing. The broken down fluid
mass flow rates over the suction side and through the cavity gutter are presented in
Figure 6.8. Interestingly, with a moving casing, the mass flow rate leaving the cavity
increases with a reduction of the tip gap, previously there was no trend. However,
the mass flow rate over the suction side reduces with smaller tip gaps. These results
combined indicate that the total OTL mass flow (over the suction side and through
the gutter) reduces with tip gap, as expected. This holds for both stationary and

moving casing conditions.

(a) 0.5%
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(b) 1.0% (c) 1.5%
Figure 6.7: Mass flux, pv, (kg/m?s), contours on a cut plane through the cavity exit with

velocity vector arrows superimposed. Static pressure (Pa) contours also shown on the trailing
edge blade surface with a moving casing (HYDRA)

The trailing edge base pressures at 95% span (as also indicted by the dashed line
in Figure 6.7b) are presented in Figure 6.9. Unlike the stationary case, the results are

reversed and more in-line with expectations. The results with a moving casing show
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inlet mass flow rate for tip gaps 0.5%, 1% and 1.5% (HYDRA)

that a lower base pressure coefficient is found when the tip gap reduces. Based on the
definition, (Equation 5.1), high base pressure coefficient means higher loss. Although
the flow leakage through the gutter is higher with a small tip gap, the trailing edge
design shows better performance in comparison to the stationary case when the gap

is sufficiently small. Average base pressure coefficients for each tip gap are given in

Table 6.1.
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Tip gap (g/S) Stationary Cp Moving Casing C'py,

0.5% 0.10 -0.01
1% 0.05 0.13
1.5% -0.06 0.19

Table 6.1: Stationary and moving casing average base pressure coefficient at near-tip trailing
edge at 95% span (HYDRA)

6.4 Flat Tip with Relative Casing Movement

In order to identify the sensitivity of tip gap design to relative casing movement,
a flat tip is analysed with a stationary and moving casing respectively. Aimed at
a consistent comparison, the same blading profile and flow conditions are adopted
as those of the squealer case. The flat tip blading profile is a 2D prismatic taken
from the 90% span of the original squealer blading, so the only change is the near-tip
region. It is recognised that the loading near the tip will have to be tip-configuration
dependent. For the present cases, the hub aerodynamic loading has been checked to
be mostly the same for both tip configurations (Figure 6.10). In this instance, the

hub equates to the hub of the HSLC test section.
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Figure 6.10: Blade loading at hub for stationary and moving casing simulations
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6.4.1 Tip Heat Transfer

Heat transfer coefficient contour maps for the flat tip are presented in Figure 6.11,
showing the stationary and moving casing results respectively. Figures 6.11a, 6.11c
and 6.11e show typical results for a flat tip at a transonic flow condition. A flat
tip considered by Zhang et al. (2010a) showed a similar leading edge hot stripe that
reduces with a decreasing tip gap. In addition, they found that trailing edge becomes
more thermally vulnerable at smaller tip gaps. Both of these features are also clearly
identified here.

The subsonic behaviour for the near leading edge region produces similar trends
to the squealer tip where there is a reduction of heat transfer as tip gap reduces. On
the other hand, as the tip gap reduces, there are higher heat loads towards the trailing
edge. It becomes evident that the viscous force from the casing motion enhances this
effect, suggesting that there is a much larger subsonic region when including casing
motion. To illustrate this further, local Mach number plots for the mid-gap region
are presented for the three tip gaps in Figure 6.12. These results confirm that the
rear, transonic region can be reduced in size by either having a smaller tip gap or by
the moving casing condition.

Circumferentially-averaged heat transfer coefficient plots are shown in Figures
6.13a and 6.13b. It is clear that the heat transfer patterns are dependent on the flow
regimes over the tip. The subsonic flow part shows a trend of decreasing heat transfer
with smaller tip gaps (as seen with the squealer tip also). However, a cross-over region
is identified, where these trends are reversed for the transonic part, noticed with both
the stationary and moving casing conditions. The cause for the opposite trends of
the heat transfer-gap dependence for the subsonic and transonic regions is chiefly
linked to the marked reduction of heat transfer in a transonic region, as pointed out
by Wheeler et al. (2011). This is also the basis for the over-tip shaping to accelerate

flow in order to reduce heat transfer by Zhang & He (2011) and also reported by
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Figure 6.11: Flat tip heat transfer coefficient (W/m?K) contours for stationary and moving
casing conditions at 0.5%, 1%, and 1.5% g/S tips gaps (HYDRA)
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Figure 6.12: Local mid-gap Mach number distributions for stationary and moving casing
conditions (solid line indicates Mach=1) for a flat tip (HYDRA)
Shyam et al. (2012) and Shyam & Ameri (2011b). A simple possible explanation was
hypothesized by He (2012) that the rear transonic region has a lower heat transfer
than the subsonic part. Moreover, when the tip gap is decreased, the local transonic
flow will be reverted to a subsonic one, at a given point (Figures 6.12a and 6.12b).

This change of flow state from transonic to subsonic will have to be associated with
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an increase in heat transfer, thus it may be expected that there is a reversed tip gap

dependence in the trailing edge region.
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Figure 6.13: Flat tip circumferentially-averaged tip heat transfer coefficient (W/m?K)

Including a moving casing does not qualitatively change the observed opposite
trends for the two flow regimes; a reduction of heat transfer when local tip flow is
subsonic and an increase when transonic. However, for all tip gaps considered, the
over-tip transonic region is reduced in size when the moving casing is employed. This
is caused by the casing friction that pulls fluid towards the trailing edge, and hence
a slightly more downstream position of the cross-over point from 55% of the axial
chord to 60% of the axial chord, as indicated in Figure 6.13b.

Another interesting feature is that the heat transfer is seemingly non-proportionally
changed at a small tip gap (0.5% of the span). In other words, there is a much larger
difference between the 0.5% tip gap and the 1% tip gap than that between 1% and
1.5% tip gap. This non-proportionality was not observed for the squealer case, with
either a moving casing (Figure 5.3a) or a stationary casing (Figure 7.13). This differ-
ence in the heat transfer-gap dependence between the two geometry configurations is
due to the fact that for a flat tip, the entire over-tip flow is subject to a shear effect
from casing that is an equal distance from the blade tip. On the other hand, for a
squealer tip, the bulk of flow in the cavity is much further from the casing, and hence

less affected by its motion.
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In addition to the tip heat transfer, the total pressure loss coefficients, C'py, were
also calculated and compared for the moving casing and stationary cases. As possess-
ing very similar characteristics as the squealer tip, contour maps are not included.
Nevertheless, pitchwise, mass-averaged Cpy are shown in Figure 6.14. Firstly, the
results show that for a flat tip when a moving casing is imposed, the over-tip leakage
vortex is reduced in strength and the passage vortex is strengthened. Moreover, it
has been found that reducing the tip gap consistently reduces the loss. This trend
is also consistent for all tip gaps, for both stationary and moving casing conditions.
Also shown is a comparison to the squealer tip itself which generally show the flat tip

creating higher loss. This comparison is discussed in greater detail in Section 6.5.
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6.5 Overall Aero-thermal Performance

Direct comparisons of the overall aero-thermal performance between the two tip con-
figurations are presented in this section. The focus for heat transfer is the overall
tip surface averaged values of heat transfer coefficient and for aerodynamic losses,

the mass-averaged entropy rise at the exit plane one axial chord downstream. The
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main question of interest is: can the results from a stationary cascade setup rank the
performance differences (between different tip gaps and between different tip config-

urations) consistently?

6.5.1 Overall Heat Transfer Coefficient

The overall area-averaged tip heat transfer coefficient values for the squealer and flat

tips are calculated and shown in Figure 6.15.
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Figure 6.15: Area-averaged tip heat transfer coefficient (W/m?K) for squealer and flat tips,
with and without casing movement (HYDRA)

Firstly, for the squealer tip, it is evident that as the tip gap increases, the overall
heat transfer increases. This trend is the same for both stationary and moving casing
conditions. Coincidentally, for the largest tip gap, the overall values with and without
casing movement are almost the same. Although the values are similar, the detailed
spatial heat transfer coefficient distributions for the two cases are largely different
(Figure 5.2, Figure 6.1).

The flat tip results show similar trends for both stationary and moving casing

conditions. Unlike the squealer however, the flat tip casing movement results show
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clear reductions in the overall heat transfer coefficient in comparison its stationary
case, for all tip gaps. Following the previous discussion of the flat tip, the results at
the 0.5% gap are regarded as being dominantly influenced by the moving casing effect
as the reduction of heat transfer is substantial.

Comparing geometries, it is apparent that the squealer tip produces lower overall
heat transfer coefficients when compared to the flat tip, per tip gap. This observation
also holds when the moving casing is applied. This suggests that with respect to
heat transfer, the squealer is thermally advantageous over the flat tip, and based on
previous research (O'Dowd et al., 2011a), the winglet. It can be seen that the casing
movement also lowers the overall heat transfer coefficient. Again this is consistently
observed for all tip gaps.

Finally, a cautionary note should be added here when comparing the overall av-
erage parameters. It is observed that the local changes for different geometry con-
figurations and casing conditions appear to be much more contrasting than those in
terms of the averaged heat transfer coefficient. The averaged heat transfer parameter
is adopted here simply as a compact and convenient indicator, which should not be
over-relied on without further examination, as presented and discussed earlier. It
should be noted that in practice, it is the local burning of the tip which attributes

mostly to their failure.

6.5.2 Overall Aerodynamic Loss/Entropy Rise

With the addition of applied work on the fluid by the moving casing, the overall
entropy rise (rather than total pressure loss), is used as a measure of flow losses
to understand the performance of the two tip configurations. The overall entropy
rise is examined at the computational exit plane that is specifically one axial chord
downstream. Results are presented in Figure 6.16.

The fundamental gap dependence behaviour of the loss reduction with smaller
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Figure 6.16: Overall entropy rise [1-exp(-dS/R)] for squealer and flat tips, with and without
casing movement (HYDRA)
tip gaps is clearly shown for both tip configurations consistently with or without the
moving casing. The comparison between the two configurations is more complex.
At the small tip gap (0.5% g/S), the results with the moving casing still show a
performance gain by the squealer over the flat tip, but those with a stationary casing
do not. This abnormality is again attributable to the dominant influence of the casing
movement at the small gap, which is much larger for the flat tip than for the squealer
tip. Table 6.2 shows the percentage change of entropy rise when a moving casing is
applied. Focusing exclusively on the two larger tip gaps (1% and 1.5%), it is observed
that adding moving casing provides an additional 17-18% rise in terms of the entropy
function [1-exp(-dS/R)], consistent for both cases of the flat tip and squealer.
Furthermore, Table 6.3 shows the effect of geometry. This shows the percentage
change of the entropy function when replacing a flat tip with a squealer tip, both with
and without casing movement. For the two larger tip gap cases, the improvement of

having a squealer tip is between 6-9% better than having a flat tip.

141



Tip gap (g/S) Squealer Flat

0.5% 1.4% 11.9%
1% 16.5% 17.8%
1.5% 17.6% 18.1%

Table 6.2: Percentage change of entropy rise function when casing movement is applied to
stationary case (Reference case is the moving casing)

Tip gap (g/S) Stationary Moving Casing
0.5% 1.9% -9.8%
1% -7.5% -9.2%
1.5% -5.8% -6.4%

Table 6.3: Improvement of squealer over flat tip (percentage reduction of entropy rise
function) (Reference case is the squealer tip)

6.5.3 Further Discussion

As stated in the introduction part, the main motivation of the present work is to
identify, if and how, a stationary cascade configuration can be used for rotor blade
tip design and analysis. The present results suggest firmly that the moving casing
effect depends on the geometry.

A flat tip seems to be more strongly dependent on the moving casing (Figure
6.13). A simple geometrical argument relates the influence on the over-tip flow to the
uniformly short distance to the casing wall, when the gap is small. This should, to
some extent, explain the non-proportionally large changes at the small tip gap when
the moving casing is introduced.

There is another distinctive geometry dependent feature to be noted. In relation
to the heat transfer coefficient-gap variation, there is a clear cross-over point in the
mid-chord region (50 -60% axial chord) for the flat tip, with or without the moving
casing (Figure 6.13). For a squealer tip however, this cross-over point is located
much further downstream (Figure 7.13, Figure 6.3). The cross-over point effectively
separates the two regions with the opposite trends in heat transfer variation as the

tip gap changes. Consequently, for a squealer tip, the overall trend of heat transfer
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variation with the tip gaps is clearer and less influenced by other factors including
the strong shearing effect due the casing motion as found with a flat tip. The reason
for the contrasting behaviour with different tip geometries can be attributed to the
differences in flow regime of the bulk over-tip flows between the two tip configurations.
For a flat tip, the rear, transonic flow at a large tip gap reverts back to a subsonic
state at a very small tip gap. For a squealer tip however, the bulk of the over-tip
fluid is trapped inside its cavity and remains subsonic regardless of what the flow
state over the pressure side or suction side rims may be in. This bulk subsonic flow
within the main squealer cavity dictates the overall gap dependence behaviour of the
squealer tip. It therefore results in a more proportional change of heat transfer at
a small tip gap as we have observed (Figure 7.13 and Figure 6.3) than its flat tip
counterpart (Figure 6.13).

The benefit of the linear cascade is that it is able to provide high resolution
spatial tip heat transfer data and a detailed map of the aerodynamic loss. Linking
this environment to a rotating one still remains complex and thus, basing rotational
results on a linear cascade is challenging. Having obtained moving casing results for
two common tip geometries with the addition of a tip gap survey shows the aero-
thermal performance has a clear dependence on tip geometry. It has been found that
the tip flow under both stationary and moving casing conditions remains transonic
and knowledge of this consolidates the requirement for high-speed testing, especially

in terms of design work under a rotating frame of reference.

6.6 Summary

To summarise, based on the CFD validation extensive computations have been done
to examine the effects of relative casing motion. The results show that the relative

casing movement affects the detailed near-tip aero-thermal field considerably.
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The following conclusions are made:

1. The present results demonstrate that a significant portion of the over-tip flow
remains transonic; with or without the moving casing. The gap dependence of
the over-tip heat transfer clearly shows opposite trends for the transonic and

subsonic regions, respectively.

2. The moving casing effects are shown to be markedly dependent on both the tip
gap size and the tip-geometry configurations. For the three tip gaps considered,
the overall heat transfer and aerodynamic losses for all gaps are consistently

ranked for both the squealer and the flat tip, with or without the moving casing.

3. At a small tip gap, the over-tip flow for the flat tip is strongly affected by
the moving casing due to the uniformly close proximity to the casing wall. In
addition, there is a significant difference in the flow state, thought to affect the

tip gap dependence of heat transfer coefficient substantially.

4. The bulk fluid in the squealer cavity is always subsonic, regardless of the tip
gap size. Hence, the squealer tip exhibits a more proportional variation of heat

transfer with tip gap variation than a flat tip.

5. Both squealer and flat tips show that the aero-thermal performance is ranked
with tip gap height. Similarly, with a moving casing there is a consistent trend
in the aero-thermal performance ranking. Caution should be exercised for a
small tip gap as the flat tip shows the local flow behaviour is highly sensitive

to the casing motion.
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Chapter 7

Cooled Transonic Squealer Tip

7.1 Introduction

This chapter investigates a cooled squealer tip both experimentally and computation-
ally. The same experimental and computational setups are used as done previously,
however in both cases, coolant is used. The necessity of film cooling within a real
engine stimulates this study. The experimental cooling setup is discussed in Chapter
4 and the computational film cooling procedure via source term modelling is given
in Chapter 3. The aero-thermal performance of the cooled squealer tip is examined
by the tip film cooling effectiveness and the heat transfer coefficient (thermal), and
the kinetic energy loss coefficient and flow exit yaw angle at two exit planes (aerody-
namics). The aerodynamic loss is assessed at two exit planes to help provide a better
understanding of the loss development and the interaction of the coolant flow with
the mainstream flow. The computational analysis uses a simplified cooling model
with distributed source terms to identify the capability of predicting the effects of

coolant on the tip heat transfer and loss mechanisms.
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7.2 High-Speed Linear Cascade Results

7.2.1 Tip Heat Transfer and Cooling Effectiveness

The cooled squealer tip variant is designed and developed by Rolls-Royce plc. The
blade used in the HSLC is an adapted version of the uncooled squealer tip, shown
in Section 3.5. The actual tested blade differs to the blade, as previously shown in
Figure 3.2b, by having the weld beads filed down so that they are level with the rest
of the cavity floor. The tested blade is shown in Figure 7.1a. The impact of the weld
beads on a real gas turbine blade will have an effect on the aero-thermal performance
of the tip geometry. The local cavity flow field will differ and the subsequent heat
transfer is likely to be affected also. However, the impact of these manufacturing
requirements is not addressed and is recommended for future research that entails a
detailed cooling analysis.

The HSLC cooled model is also simplified internally as can be seen in Figures 7.1b
and 7.1c. A single coolant plenum is inserted rather than having a multipass cooling
configuration. Within the plenum, a slow response thermocouple and a pressure
tapping were instrumented to provide measurements of the total pressure and total
temperature.

The air supply feeding the coolant was provided through a 650 kPa (100 PSI) air
line that was directly connected to an inlet coolant plenum within the HSLC outlet
plenum, located below the test section.

To ensure that air supplied to the blade was at a lower temperature than the
mainstream flow, it has to be cooled before being supplied to the blade. The ap-
plication of three vortex tubes with a manifold helps to achieve this. A supply of
compressed air is fed to the vortex tubes that spin the airstream towards one end
of the tube. Warmer air is forced towards the outer wall of the vortex tube and is

expelled. Due to a partial blockage of the exit, cooler air within the centre of the
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(a) HSLC Tested Tip

(b) Transparent CAD Model (c) Internal Geometry of CAD Model

Figure 7.1: Cooled Squealer Tip

tube is rebounded and exits at the other end. The temperature drop of the air can
then be used as coolant. The mass flow, in this case, is increased by the employing
multiple vortex tubes. Further details of the coolant feed system and setup have been
given in Section 4.5.

One of the drawbacks to the cooling setup is temperature ratio achieved. Typically,
a gas turbine will operate with a mainstream-to-coolant total temperature ratio of
approximately 2, however the HSLC is only capable of reaching a ratio of 1.1. Lastly,
similarly to the uncooled blade, a short epoxy resin blade is used and bolted onto
a steal base to improve the rigidity of the blade, as well as a small pin near the
trailing edge. The neighbouring blades are fitted with the cooled tip variant rather
than the uncooled tip to ensure periodicity is met. The two outer blades are fed

with uncooled air due to a pressure constraint with the existing system. The HSLC
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coolant conditions used for the study are given in Table 7.1

Number of cooling holes 31
Coolant-to-mainstream pressure ratio 1.1
Mainstream-to-coolant temperature ratio 1.1
Coolant-to-mainstream mass flow rate 0.012

Table 7.1: HSLC coolant conditions

7.2.1.1 Cooled Tip Heat Transfer

The cooled squealer tip heat transfer is assessed at the three previously described
tip clearances. Figure 7.2 presents heat transfer coefficient contours for the three tip
clearances. The cooled squealer tip shows a slight reduction in local heat transfer
coefficients for the two larger tips, whilst the smallest tip gap shows lower values on
the suction rim and higher values on the pressure side rim. Generally, where cooling
holes are present, values are lower but these are also associated with high heat transfer
coefficient values closer to the hole locations. It is observed that the heat transfer
distributions are largely unchanged, but does have a stronger impact on the pressure
side rim. The cavity region (away from the main hotspot) does show higher levels
of heat transfer, a trait that has been observed previously with both cooled winglet
and winglet-squealer tips. Moreover, as found with the uncooled squealer tip, heat
transfer remains to increase when the tip clearance is increased.
Circumferentially-averaged heat transfer coefficients for both the cooled squealer
tip at the three tip gaps are shown in Figure 7.3. As described, the results clearly
show an increase of heat transfer with increased tip gaps. The characteristics found
with the uncooled study are also seen here. However, the cross-over point is less
apparent. Direct comparisons to the uncooled results are presented in Figure 7.4.
The majority of the squealer tip benefits from tip coolant injection at all tip gaps,
however reversed trends are noticed mostly for the two smaller tip gaps. These regions

are linked to higher heat transfer coefficients within the cavity. It should be noted
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Figure 7.2: Measured cooled squealer tip surface heat transfer coefficients (W/m?K) for tip
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Figure 7.3: Circumferentially-averaged tip heat transfer coefficient (W/m?K) for cooled
squealer (HSLC)

that the results are different to those obtained for the winglet (O’'Dowd et al., 2013)
where a significant rise in heat transfer coefficient was observed due to enhanced
thermal mixing and reduction of T,4.

The area-averaged heat transfer coefficient values are computed and shown in
Table 7.2. These values are compared to the uncooled tip results and show that the
overall coolant impact on tip heat transfer is minimal. It is noticed that at the 0.5%
tip gap, the heat transfer coefficient is marginally increased, whilst for the other two
gaps, it is marginally decreased. A final point to note is that even with the addition
of film cooling, the overall heat transfer remains ranked with tip gap.

The primary goal of the present film cooling design is to protect the highly vul-
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Figure 7.4: Circumferentially-averaged tip heat transfer coefficient comparisons (W/m?K) for
the uncooled and cooled squealer (HSLC)

nerable squealer rims. The uncooled heat transfer measurements (Figure 5.1) reveal
that the rims are susceptible to the oncoming tip leakage flow and care must be taken
to reduce the levels of heat transfer the surfaces are exposed to. Drawing attention
to the rim surfaces only, the heat transfer coefficient contour maps show larger dif-
ferences as shown in Figures 7.5 and 7.6. The general observation is that the heat
transfer coefficient lowers with film cooling for most cases, on both the pressure side
and suction side rims. However, the tightest tip gap of 0.5% only shows a reduction

towards the leading edge.
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Figure 7.5: Heat transfer coefficient (W/m?K) contours on the pressure side rim (HSLC)

150



{ ‘

v I§
0.5% . 0.5%

SR R h Y
~ & - ‘\
y [ L N
1% \ ¥ 1% \ :
G— N N

S e Emme e
E'0 500 1000 1500 2000 % E0 500 1000 1500 2000
= =

(a) Uncooled (b) Cooled

Figure 7.6: Heat transfer coefficient (W/m?K) contours on the suction side rim (HSLC)

The local distributions on the two rims can be seen in Figures 7.7 and 7.8 showing
the circumferentially-averaged heat transfer coefficient. The results show significant
local reductions in heat transfer with exceptions to the pressure side rim at the two
smaller tip clearances. The suction side rim shows lower heat transfer coefficients with
film cooling regardless of tip gap height, whereas the pressure side rim has no obvious
trend. This is partly caused by a loss of data on the pressure side rim corner where the
film cooling effectiveness is high and the difference between the coolant temperature
and the initial tip temperature being insufficient to provide a value. Due to this, the
averaged results may be misleading, but unlikely to affect the trends based on the
spatial maps. The circumferentially-averaged plots describe strong local effects due
to film cooling, that are largely tip gap dependent. For example, the aft suction side
rim region of the largest tip gap shows only minor differences comparatively to the

smaller tip gaps.
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Figure 7.7: Pressure side rim circumferentially-averaged heat transfer coefficient comparisons
(W/m?K) for the uncooled and cooled squealer (HSLC)
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Figure 7.8: Suction side rim circumferentially-averaged heat transfer coefficient comparisons
(W/m?K) for the uncooled and cooled squealer (HSLC)

Tip gap Uncooled Cooled Uncooled Cooled Uncooled Cooled
(g/9S) ALL ALL PSRim PSRim SSRim SS Rim
0.5% 1012.6  1014.9 1067.5  1163.3  1298.9  1173.7

1% 1122.0  1109.8  1183.2 11109  1355.1  1256.0
1.5% 1228.0  1201.1 1192.9 1007.6 1417.6 1374.2

Table 7.2: Area-averaged tip heat transfer coefficients (W/m?K) for the uncooled and cooled
squealer tip (HSLC)
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Figure 7.9: Area-averaged heat transfer coefficient (W/m?K) for uncooled and cooled
squealer rims only (HSLC)
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7.2.1.2 Tip Cooling Effectiveness

Figure 7.10 shows film cooling effectiveness distributions for the cooled squealer tip
calculated using Equation 4.13. The first most noticeable feature is the extent of the
coolant cross flow behaviour with increased tip gaps, downstream of the films. This
behaviour might be due to the interaction with the mainstream flow (tip leakage flow).
As the gap is increased, the mass flow rate entering the over-tip region is increased.
As possessing higher momentum, the tip leakage flow draws the coolant flow with it.
In contrast to this, the smallest tip shows less interaction and the coolant appears to
be more detached from the surface, however this would in turn mean a lower cooling
effectiveness. These findings also indicate the level of mixing occurring within the
cavity when coolant is introduced and explain why the trailing edge is more effective
at smaller tip clearances. It is likely that at a smaller gap, coolant inside the cavity
is driven through the trailing edge gutter exit, as shown in Figure 5.19. Thus, the
trailing edge cavity floor might be forced to be cooled better at the smallest gap.

Secondly, the pressure side squealer rim shows high effectiveness and this is solely
linked to the array of cooling holes on the pressure side near-tip region. This coolant
is carried with the mainstream flow as it enters the tip gap. On the whole, it is
observed that the level of cooling effectiveness is low and with tip durability a major
concern, tip cooling warrants further, more detailed investigations.

The circumferentially-averaged film cooling effectiveness is shown in Figure 7.11.
Generally, the smallest tip gap offers the highest cooling effectiveness, mostly at the
rear of the tip (80-100% axial chord). This may be linked to less mixing with the
hotter mainstream tip leakage flow, whilst there is a sharp drop for the two larger
gaps due to mixing. Apart from this, the effectiveness levels remain largely similar
for all cases and there is no clear trend with tip gap variation.

The area-averaged film cooling effectiveness results are given in Table 7.3. The

results show a decrease in effectiveness with increased tip gap. This relation suggests
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Figure 7.10: Measured cooled squealer tip surface film cooling effectiveness for tip gaps 0.5%,
1% and 1.5% tip gaps (HSLC)
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Figure 7.11: Circumferentially-averaged film cooling effectiveness for cooled squealer tip

that at larger tip gaps, the increase in tip leakage flow means more dilution and
weakening of the cooling films. However, this trend is less well observed with low-
speed squealer tips (Kwak & Han, 2003) where no clear trends were found.
Focusing on the tip rims, it is observed that the highest cooling effectiveness can
be found on the pressure side rim, whilst the suction side rim only shows very localised
high cooling effectiveness as shown in Figures 7.12a and 7.12b. Generally, as the tip
clearance increases, the pressure side rim effectiveness increases. The two smallest
tip gaps (0.5% and 1%) have high effectiveness towards the trailing edge, but there

are no distinctive features that show a relationship with tip gap height.
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Tip gap (g/S) 0.5% 1% 1.5%

n (All) 033 03l 030
n (PS Rim) 052 043  0.39
1 (SS Rim) 032 029 034

Table 7.3: Area-averaged effectiveness for squealer tip (HSLC)
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Figure 7.12: Film cooling effectiveness contours on the rims of the squealer tip (HSLC)

The circumferentially-averaged film cooling effectiveness results are presented in
Figures 7.13a and 7.13b. The results show that with tip gap variation there is no
clear trend on either of the rim surfaces. However, a cooler trailing edge on both
rims is generally observed at smaller tip clearances. The pressure side rim shows a
disproportional increase in cooling effectiveness around the mid-axial chord region
when the tip gap is reduced (30-55% axial chord), whilst the remainder of the rim
surfaces show no obvious relationships.

The rims perhaps show higher levels of effectiveness towards the trailing edge due
to the interaction with the mainstream flow directing coolant towards this region. The

suction side rim has lower levels of cooling effectiveness and is likely due to dilution
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of the films, but also because there are limited cooling holes in close proximity to
assist in lowering the surface temperature. Also, given in Table 7.3 are area-averaged
effectiveness results for the separate rim surfaces. The overall values show slight
contrasting behaviour with tip gap: the pressure side rim is ranked with tip gap, whilst
there is no relationship on the suction side rim. Furthermore, the low effectiveness
levels on the suction side rim reiterate the difficulty of protecting the squealer rims,
as well as the remainder of the tip.
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Figure 7.13: Circumferentially-averaged film cooling effectiveness on squealer rims (HSLC)

7.2.2 Cooled Aerodynamic Loss

Another important aspect of cooling design is to understand the impact it has on the
loss and how it develops. To understand the development of loss downstream of the
rotor, measurements of pressures were undertaken at two exit planes. These planes
are both consistent with the uncooled study, namely half an axial chord and one axial
chord downstream of the blade row. Moreover, three different tip gaps are examined
and results are compared to the uncooled tip.

The use of kinetic energy loss coefficient is preferred to the total pressure loss as
it accounts for the addition of coolant within the flow. The equation is described
in more detail in Section 3.2.1. Spatial maps of yaw angle are also used to provide

further details about the tip flow features with coolant injection.
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7.2.2.1 Kinetic Energy Loss Coefficient

Initially, attention is drawn to the closest exit plane to the blade row, located at half
an axial chord downstream. The measured kinetic energy loss coefficient distributions
with coolant injection are presented in Figure 7.14a and without coolant injection in
Figure 7.14b.

The behaviour of the coolant on the loss production near the rotor tip is complex.
The spatial maps show that the vortices are moderately stronger than those for the
uncooled blade (observed by the deepest shades of red), however the loss cores are
larger in size, especially for the two largest tip gaps. The result therefore suggests
that the coolant creates more compact and concentrated over-tip leakage vortices.
Note that for both cases, a passage vortex is visible, as well as, a contribution of
loss in close proximity to the left of the tip leakage vortex (as found with the total
pressure coefficients in Section 5.3.2). This feature is also more pronounced without
coolant injection.

The pitchwise, mass-averaged distributions of loss are presented in Figure 7.15.
The plots show marginal differences, but for the majority of the spanwise positions
it is apparent that the coolant reduces the loss. Even though the loss concentration
is seemingly higher, the disturbed wake area is less which has more of an impact in
this scenario.

The overall, mass-averaged contributions of kinetic energy loss coefficient for the
three tip gaps are plotted in Figure 7.16. Similarly to the pitchwise-averaged results,
the net effect of the coolant injection is that it reduces the tip leakage loss when

directly compared to the uncooled tip when no coolant is present.
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Figure 7.14: Kinetic Energy Loss Coefficient contours at 50% Cax for cooled and uncooled
squealer tips (HSLC)
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Figure 7.15: Comparison of pitchwise, mass-averaged kinetic energy loss coefficient for tip
gaps 0.5%, 1% and 1.5% tip gaps at 50% Cx for cooled and uncooled tips (HSLC)
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Figure 7.16: Overall mass-averaged kinetic energy loss variations for tip gaps 0.5%, 1% and
1.5% tip gaps at 50% Cx (HSLC)
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Figure 7.17: Kinetic Energy Loss Coefficient contours at 100% Cax for cooled and uncooled
squealer tips (HSLC)

The last set of aerodynamic loss measurements are conducted at the exit plane
located one axial chord downstream of the blade row. In a similar fashion to above,
a cooling analysis is undertaken to compare the cooled tip to the uncooled tip. Pre-
sented in Figures 7.17a and 7.17b are the measured kinetic energy loss coefficient
distributions with coolant injection and without coolant injection.

The major observation found with the cooled version of the tip, is the significant
impact the coolant has on the loss production. The contribution of the coolant
addition is more apparent and shows it has developed considerably from the previous
measured location. The tip leakage vortices are both larger in strength and size.
Furthermore, there are slightly noticeable smaller vortices spotted to the right hand
side of the tip leakage vortices for the two smaller tip gaps (0.5% and 1%).

These are believed to be linked to features observed from the previous measure-
ments, half an axial chord downstream. This region of flow is lossy due to the blunt
trailing edge at the tip, acting as a bluff body disturbing the flow and creating a wake
downstream. This disturbed flow continues to interact with the mainstream flow and
prevail when coolant is present. It is likely that these features are more pronounced
when coolant is used and when blowing through the near-tip suction side film cooling

holes, it helps to propel the wakes and transfers momentum. It is also identified that
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at the largest tip gap (1.5%) these features are less visible. However, it is apparent
that the tip leakage vortex has experienced a substantial amount of shifting in com-
parison to the uncooled geometry. This displacement is likely to be due to a gain in
momentum provided by the coolant encapsulated within the vortex or an interaction
between the passage vortex and the tip leakage vortex.

The increase in loss observed in this case was also found by Hofer & Arts (2009)
with a double squealer at high-speed test conditions. Their results showed an increase
in loss with only pressure side and cavity cooling holes and it is understood by the
results obtained in this case that by introducing suction side cooling holes, the losses
can be significantly high. Also, through simulations by Wang et al. (2015) demon-
strated that the coolant blockage effect is relatively weak for squealer tips under a
transonic condition and may improved by introducing a partial flat tip. Following
these results, it is understood that schemes to improve the aero-thermal performance
of cooled squealers under a transonic flow regime are not well established and can be
greatly improved.

Pitchwise, mass-averaged distributions of kinetic energy loss coefficient are pre-
sented in Figure 7.18. Unlike the previous exit plane, the coolant contributions show
reversed trends. The results reiterate that the tip cooling now increases the loss
in comparison to the uncooled case and moreover, has a higher penalty. The area-
averaged contributions are also quantified in Figure 7.19. The results show a clear
increase the present cooling configuration has on the overall loss, but also a non-linear
behaviour as tip gap is increased. This non-linearity is also observed at the previous
measurement plane (Figure 7.16) and is expected as the near-tip pressure loading will
vary with tip gap height. In regards to the film cooling, this will lead to variation
in the coolant mass flow exiting the suction side cooling holes and thus, produces a
non-linear variation in the overall loss examination. Furthermore, at low-speed con-

ditions, Zhou & Hodson (2011) found that a cooled cavity tip at small tip gaps do
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not perform well in comparison to a cooled flat tip, however this trend reversed at
larger tip gaps. It is possible that this non-linearity is due to the flow physics within

the tip gap and how the coolant creates more blockage at larger tip gaps.
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Figure 7.18: Comparison of pitchwise, mass-averaged kinetic energy loss coefficient for tip
gaps 0.5%, 1% and 1.5% tip gaps at 100% Cx for cooled and uncooled tips (HSLC)
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Figure 7.19: Overall mass-averaged kinetic energy loss variations for tip gaps 0.5%, 1% and
1.5% tip gaps at 100% Cx (HSLC)

7.2.2.2 Exit Flow Angle

The final aerodynamic analysis of the tip cooling configuration is an examination
of the exit flow angle through measurements of the yaw angle. These results are

compared to the uncooled configuration and also analysed at both exit planes.
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Figure 7.20: Yaw angle contours at 50% Cax for cooled and uncooled squealer tips (HSLC)

Firstly, the exit yaw angle contour maps for the cooled and uncooled tips at half an
axial chord downstream are presented in Figures 7.20a and 7.20b. The two cases are
fairly comparable and the angles show marginal differences. These are more apparent
near the casing where the uncooled tip has larger flow angles. The pitchwise, mass-
averaged comparisons for each tip gap are shown in Figure 7.21. The results show a
reduction in yaw angle when coolant is introduced into the mainstream flow. These
results consolidate and agree with the kinetic energy loss findings such that the cooled

tip produces lower loss at the exit plane closer to the blade row.
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Figure 7.21: Comparison of pitchwise, mass-averaged yaw angle for tip gaps 0.5%, 1% and
1.5% tip gaps at 50% Cx for cooled and uncooled tips (HSLC)
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Figure 7.22: Yaw angle contours at 100% Cax for cooled and uncooled squealer tips (HSLC)

Secondly, the yaw angle contour maps at one axial chord downstream are presented
in Figures 7.22a and 7.22b. In contrast to the previous study, the results show
remarkable differences. Focusing on the two larger tip gaps, 1% and 1.5%, there is
a significant amount of under-turning occurring near the casing region when cooling
is used. These results justify the large increase in kinetic energy losses as previously
found. The results at the smallest tip gap, 0.5%, show an unexpected amount of
overturning (negative angles). These are a band of low angles at R/S = 0.8 between
0 <y/P < 0.4 and are deemed anomalous. The remaining area follows a similar trend
in comparison to the other tip gaps where larger, positive angles are visible near the
casing and larger, negative angles are found within the mid-portion of the tip region
(R/S = 0.9). The amount of flow turning for all tip gaps with cooling is much greater
than those for without cooling and due to the larger deviations away from the blade
metal exit angle, the cooling configuration produces higher loss.

Pitchwise, mass-averaged yaw angles are plotted in Figure 7.23. By considering
these results, the extent of the flow disruption caused by the tip cooling is clear. For
the two larger tip gaps in particular, flow angles nearer the casing are much larger
than the uncooled setup. These results indicate that it is mostly the tip leakage flow
that is intensified. With exception to the anomalous result found at the smallest tip

gap (R/S = 0.8), the remaining results show a similar behaviour to the two larger
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tip gaps but do show greater overturning in comparison. On the whole, the findings
show that the coolant initially helps to reduce the losses with the film cooling acting
as a sealant. However, further downstream the coolant shows strong interaction with
tip leakage vortex where the turning is greatly increased and is associated with higher
overall loss.
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Figure 7.23: Comparison of pitchwise-averaged yaw angle for tip gaps 0.5%, 1% and 1.5% tip
gaps at 100% Cx for cooled and uncooled tips (HSLC)

7.3 Computational Results

The following section provides computational results of the cooled HSLC study. The
results use the HYDRA solver with the inclusion of source terms as introduced in
Section 3.4. Source terms are often used, for example, to model chemical reactions or
to generate heat. In this instance, source terms are used to model the film cooling.
The basis of source (or if negative, a sink) terms is that they are scalar properties
added to the conservation laws of mass, momentum and energy (Equations 3.10,
3.11 and 3.12). For HYDRA, source terms are specified usually through rows of film
cooling holes using the total mass flow rate for the row, injection angle, total area

of holes in the row, temperature and density of the coolant. These rows are mapped
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onto the grid using known coordinates of the cooling holes.

The results presented in this section give an indication of the solver’s capability
in predicting the tip heat transfer and aerodynamic losses with film cooling deployed.
It should be noted that the computational study is a relatively simple approach and
the results may be vastly improved with a full modelling approach. Since the latter
requires a highly complex grid and is computationally expensive, the source term

model is used to assess its capabilities based on a number of assumptions.

7.3.1 Computational Cooled Tip Heat Transfer Results

As conducted for the HSLC study, the following addresses tip heat transfer and cooling
effectiveness. Numerically calculated results of tip heat transfer coefficient for the
three tip gaps are presented in Figure 7.24. In comparison to the HSLC (Figure 7.2),
the results are generally over-predicted. Large differences are found on the squealer
rims where it is clear that the coolant flow is having a larger influence, especially from
the pressure side cooling array. Although, the reduction of heat transfer coefficient
with increased tip gaps on the pressure side is captured. There is also less indication
of reduced levels near the main cavity hot spot, but the surrounding cavity trends

shows better agreement.
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Figure 7.24: Predicted cooled squealer tip surface heat transfer coefficients (W/m?K) for tip
gaps 0.5%, 1% and 1.5% tip gaps (HYDRA)
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Figure 7.25: Predicted circumferentially-averaged tip heat transfer coefficient (W/m?K) for
cooled squealer (HYDRA)
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Figure 7.26: Predicted circumferentially-averaged tip heat transfer coefficient (W/m?K)
comparisons for the uncooled and cooled squealer (HYDRA)

Tip gap (g/S) Uncooled Cooled
h [W/m?K] h [W/m?K]

0.5% 1025.4 1054.2

1% 1107.2 1137.1

1.5% 1136.9 1176.1

Table 7.4: Predicted area-averaged tip heat transfer coefficients for the uncooled and cooled
squealer tip (HYDRA)

Comparing the cooled tip to the uncooled tip predictions, it is noticed that the
heat transfer coefficient predictions are comparable in magnitude. However, with
coolant injection there is slightly more area with higher heat transfer levels. Whilst
the measured results did not show a clear reduction or increase when locally averaging
the tip, the overall results suggested lower values. With the source term modelling

technique, circumferentially-averaged heat transfer coefficients are shown in Figures
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7.25 and 7.26. The area-averaged values are also given in Table 7.4. Both results show
mostly increases in h, albeit only marginal. The affected regions coincide mostly with
the frontal tip region and in particular, the leading edge rim.

Predicted cooling effectiveness maps are presented in Figure 7.27. Generally, in
comparison to the measured data, the source term method has a tendency to under-
predict the cooling effectiveness for all tip gaps. However, the cooling films themselves
tend to show higher effectiveness and have a tendency to be more penetrative. This
creates very localised high effectiveness regions, whilst the experimental setup shows
that the films spread more over the tip surface. Linking this result to the tip heat
transfer coefficients explains why the overall heat transfer coefficients trends differ.
Experimentally, more of the tip surface has higher effectiveness, thus reducing the
driving temperature of the convective heat transfer. Whilst computationally, the
coolant has less interaction with the mainstream flow. The final observation is that as
the tip gap is reduced, the effectiveness increases, as also found with the experimental
results. It was observed that the highest effectiveness was towards the trailing edge
of the smallest tip gap and the predicted results capture this trend well.

The circumferentially-averaged cooling effectiveness predictions are shown in Fig-
ure 7.28. The results show a greater difference to those measured. Firstly, by showing
lower levels of effectiveness and secondly, the leading edge (0-5% Cax) has very little
to zero effectiveness. Towards the rear, it can be seen that the effectiveness is ranked
accordingly with tip gap and the smallest tip gap shows the highest levels of cooling
effectiveness. This result does compare well with those measured. Furthermore, the
non-proportionality is less pronounced, but it is noticeable.

The area-averaged effectiveness values are given in Table 7.5. The results con-
firm that the source term modelling under-predicts the effectiveness, and whilst the
predictions show effectiveness is ranked with tip gap, it is less transparent as those

measured.
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Figure 7.27: Predicted cooled squealer tip surface film cooling effectiveness for tip gaps 0.5%,
1% and 1.5% tip gaps (HYDRA)
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Figure 7.28: Predicted circumferentially-averaged film cooling effectiveness for cooled squealer

tip (HYDRA)
Tip gap (g/S) 0.5% 1% 1.5%
n 0.19 0.15 0.14

Table 7.5: Predicted area-averaged effectiveness for squealer tip (HYDRA)

On the whole, the results found suggest that source term modelling for tip heat
transfer with coolant injection is reasonable considering the level of sophistication
involved. The overall differences in heat transfer coefficient compared to the uncooled
case are considered small and therefore, suggest that the present cooling configuration
has a small impact on the top surfaces of the tip. This is consolidated by the low

overall levels of cooling effectiveness. However, as these results only consider the top,
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flat surfaces, the intended cooling purposes may be missed. The pressure side rim
shows a degree of lower heat transfer rates and as a result, the internal and external
walls of the rim surfaces (near-tip pressure side, near-tip suction side and internal
rim surfaces) are unaccounted for and may be the main areas targeted to protect. It
is thus recommended that future studies consider these surfaces also, especially with

film cooling.

7.3.2 Computational Cooled Aerodynamic Loss Results

The following section addresses predicted aerodynamic loss results in the form of
kinetic energy loss coefficient at the exit planes previously described. The exit yaw
angles are excluded since the source terms do not seem to interact with the external
flow velocities. This may be due to inaccuracy in the assumed and specified coolant
injection angles from the surface. These have been checked and show no greater than
0.01% change in the overall mass-averaged exit flow angle between the uncooled and

cooled setups.

7.3.2.1 Kinetic Energy Loss Coefficient

Firstly, at the half axial chord exit domain downstream, kinetic energy loss coefficient
contours are plotted in Figure 7.29. Figure 7.29a and Figure 7.29b show the cooled
and uncooled squealer tip results, respectively. The results show that with film cooling
there is little impact on the tip leakage loss. The predictions also show qualitative
similarities to the measured results (Figure 7.14) including the branch of loss feeding
off the main tip leakage vortex.

The low impact of the film cooling can also be seen in the pitchwise, mass-averaged
kinetic energy loss coefficient curves shown in Figure 7.30. The results indicate a
feature found experimentally where towards the casing, losses are seemingly higher

with the cooled tip in comparison to the uncooled tip. This is with an exception to
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Figure 7.29: Predicted kinetic energy loss coefficient contours at 50% Cax for cooled and
uncooled squealer tips (HYDRA)
the predicted results for the largest tip gap. This finding shows an initial increase
of loss with film cooling injection which in this case does not create a loss penalty.
Figure 7.31 gives the overall kinetic energy loss coefficients that show the little effect
coolant has on the loss development.

As found with the validation case, the values are again largely under-predicted.
This discrepancy suggests that HYDRA with source terms struggles to predict the
early stages of loss development or there was a misplacement of the total pressure
probe at the desired exit plane. Even though there is a discrepancy between the
measured and predicted results, the measured result showed that losses are reduced
with coolant injection. This is also found here with an exception to the middle tip
gap. As the differences are small, it may be concluded that there is little contribution
from coolant at the nearest exit domain.

Travelling further downstream to the exit plane one axial chord away, the predicted
kinetic energy loss coefficients are presented in Figures 7.32a and 7.32b. They show
that with film cooling the losses are higher, as indicated by the sizes of the tip leakage
vortices. There is also a shift in the tip leakage vortices, however this is not observed

for the largest tip gap.
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Figure 7.30: Comparison of pitchwise, mass-averaged kinetic energy loss coefficient for tip

gaps 0.5%, 1% and 1.5% tip gaps at 50% Cx for cooled and uncooled tips (HYDRA)
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Figure 7.31: Overall mass-averaged kinetic energy loss variations for tip gaps 0.5%, 1% and
1.5% tip gaps at 50% Cx (HYDRA)

The pitchwise, mass-averaged graphs are shown in Figure 7.33. Interestingly, the
near casing loss for the two larger tip gaps (1% and 1.5%) is lower than the uncooled
case. This result is credible as the experimental data shows a similar trait that can
be seen in Figure 7.18. The measurement locations at 0.93 and 0.96 R/S show the
impact of coolant on the loss production reduces as the tip gap increases.

The losses with coolant injection become more significant at this exit plane in
comparison to the previous plane and agreeing with those measured (examining the
same area as that which has been measured).

These contributions are shown in

Figure 7.34 describing the overall mass-averaged kinetic energy loss coefficients. The
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Figure 7.33: Comparison of pitchwise, mass-averaged kinetic energy loss coefficient for tip
gaps 0.5%, 1% and 1.5% tip gaps at 100% Cx for cooled and uncooled tips (HYDRA)

uncooled results shows a large discrepancy with the 1% tip gap, but other tip gaps are

mostly in good agreement. The source term approach shows that the cooled losses

are under-predicted, which can be expected based on the modelling technique used,

but the increases in loss with cooling present in comparison to the uncooled tip is a

positive finding. These are such that the predictions detect the majority of features

and trends that are found experimentally.

Considering the low-fidelity approach of modelling the film cooled squealer tip, it

has been shown that the source terms are reasonably capable of predicting the ma-

172



o
w

N
=
& 0.2
<
o
>
7
é 0.1
—@— Uncooled
—>— Cooled
0 ! ! i
0.5% 1% 1.5%

Tip gap, g/S

Figure 7.34: Overall mass-averaged kinetic energy loss variations for tip gaps 0.5%, 1% and
1.5% tip gaps at 100% Cx (HYDRA)
jority of trends found through experimental testing. In most instances, the technique
has a tendency to under-predict the aerodynamic and thermal performance. Based on
the computational cost saving, the coolant modelling is useful in establishing common
trends, however the limitation is its ability in predicting absolute values. However,
without a direct comparison to a higher fidelity modelling approach such as resolving
each cooling hole individually, it cannot be concluded how much this technique is
lacking. A study on a winglet using resolved cooling holes, rather than modelled, was
conducted under low-speed conditions by Zhou et al. (2013). The results showed that
the effectiveness was 11% under-predicted giving an indication of the present CFD
capability in predicting cooled tip configurations and the continual requirement of

computational fluid dynamics development.

7.4 Summary

In summary, heat transfer and aerodynamic loss has been determined for a cooled
squealer tip both experimentally and numerically at engine-representative aerody-
namic conditions. The results presented are the first of the kind in regards to assess-
ing a cooled squealer tip at different tip gaps at a transonic flow condition. Thermal

measurements of tip heat transfer coefficient and cooling effectiveness have been deter-
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mined. Aerodynamic loss measurements, expressed in terms of the kinetic energy loss
coefficient, have also been determined at two exit planes downstream of the squealer.

Comparatively, a low-fidelity cooled CFD analysis using specified source terms
has been done to determine the capability of predicting the cooled aero-thermal per-
formance of the squealer tip.

The conclusions are as follows:

1. The experimentally determined cooling impact on the squealer tip heat transfer
coefficients is minimal and shows no clear trend to whether or not it increases

or decreases with coolant injection.

2. The biggest effect the coolant has is found on the squealer rims and generally
shows a reduction of heat transfer coefficient with coolant. This result is un-
expected based on previous experience, for example the winglet. The results
are also ranked with tip gap when considering the overall and suction side rim
heat transfer. However, the pressure side rim shows a reversal of trends with
coolant and also has a higher heat transfer coefficient than the uncooled tip at

the small tip gap.

3. Measurements of film cooling effectiveness show coolant behaviour is dependent
on the tip clearance. The flow features found at a large tip gap show regions
of high effectiveness on the cavity floor downstream of the coolant holes. This
effect reduces with smaller tip clearances and indicates more of a jetting ef-
fect with little interaction from the mainstream flow. Furthermore, as the tip
clearance reduces, the effectiveness is greater, in particular towards the trail-
ing edge. On the other hand, the overall area-averaged effectiveness follows no

trend. Collectively, the tip cooling effectiveness is considered to be low.

4. The measured aerodynamic loss results indicate a contrasting behaviour at two

downstream traverse planes. At the exit plane closest to the blade row, the
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coolant acts to reduce the tip losses generated, whilst further downstream, the
coolant largely increases the loss. Thus, indicating vigorous mixing with the
mainstream flow occurring towards the more downstream portion of the fluid

domain.

. Similarly to the loss results, the exit yaw angles show little deviation at the near
exit plane and much larger deviation at the far exit plane. This occurs within
the tip leakage vortex and shows greater turning and fluid mixing when coolant

is present.

. The numerical simulations of the cooled squealer tip show less convincing results
compared to the uncooled study. Although the absolute values calculated are
not well predicted, the trends are reasonably well captured, in particular for the

cooling effectiveness.
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Chapter 8

Enhanced Internal Cooling By

Squealer Tip Shaping

8.1 Introduction

The choice of a squealer tip is regarded, largely based on the recent findings, as the
best compromise for overall aero-thermal performance. However, the aerodynamic
benefit may be outweighed by the difficulty of cooling the rims that are subject to a
very high thermal load.

Incorrectly determining the heat transfer within a gas turbine and the blade metal
temperature can result in a significant reduction of the blade life. Furthermore,
reducing the mean temperature by only 15 K can double the life expectancy of the
blade (Friedrichs, 1997; Han, 2013). Therefore, it is critical that the local heat transfer
coefficients and local blade temperature are accurately predicted.

The design of a durable turbine blade tip relies on the knowledge of local hot spots
and high heat transfer regions. One of the main challenges imposed is to strategically
maximise the internal cooling before introducing film cooling. With respect to this,

the present chapter introduces a shaped squealer tip concept that aims to offer an
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improvement thermally without hindering the aerodynamic benefit offered with the
choice of a nominal squealer. The shaped squealer concept was first proposed by He
et al. (2013). The major task of the present work is to examine the configurations
both experimentally and computationally to prove the concept. Furthermore, the
detailed analyses of a new shaped squealer configuration provides a direct indication
of its feasibility as a realistic high-pressure turbine blade geometry under working
conditions, and potential benefits for future design applications.

The proposed designs also acknowledge that the effects of external cooling by films
can influence the aerodynamic performance both positively and negatively which has
been found to be fairly dependent on the choice of tip and cooling strategy used.
Moreover, feeding coolant to the tip itself is a difficult task and can have a significant
influence on the external flow field, such as the unknown effects of film cooling weld
beads. Thus, the proposed designs aim to address these by focusing on the internal
cooling design aspect that can also potentially improve the external film cooling
strategy.

Tip shaped designs tend to begin with an aerodynamically optimised tip and then
consider the thermal aspects and rely on film cooling for protection. Ideally, the
design should consider the interaction between both the aerodynamics and thermal

management and the following chapters aim to address this.

8.2 Squealer Tip Shaping Hypothesis

Unshrouded tip configurations are largely driven by their ability to reduce the unde-
sirable over-tip leakage flow. Based on the poor aerodynamic performance of the flat
tip, unshrouded tips have evolved with a purpose to reduce this aerodynamic penalty.
As discussed, such designs include squealers, winglets and winglet-squealer tips. A

study focusing on different types of unshrouded tip by Coull et al. (2014b) shows
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that by including a tip cavity, the over-tip leakage flow can be significantly reduced,
whether it be for a plain tip or plain-winglet tip. It was shown that the leakage flow
could be reduced by approximately 20% by including a cavity. The major drawback
to any type of winglet tip is the increased heat load mostly due to the larger wetted
area. Note that this is still less than a full shroud, and its heat load can be balanced
against efficiency.

The reputable squealer tip has demonstrated its ability in reducing the over-tip
leakage loss. Extensive research on the squealer tip, as covered in Section 2.5.2, has
shown this capability, but findings have also indicated the major weakness lies with
the squealer rims and their high thermal load. This problem is also exacerbated by
the difficulty in cooling them.

In terms of the physical mechanism behind a squealer tip, the squealer can be
likened to that of a “thin blade” as discussed by Denton (1993). Focusing on a
squealer tip, to reduce the leakage flow, the design relies on the flow separation over
the pressure side corner, as shown in Figure 8.1. Fluid is driven over the pressure
side through the gap (g) over to the suction side. In this instance, the flow separation
occurs over the pressure side corner creating a blockage effect. This blockage then
leads to a reduction of the discharge over the tip. Likewise to a ”thin blade”, a thinner
rim (or smaller width, W) is preferred from an aerodynamic perspective. However,
a thin squealer rim has a consequence thermally due to the increased area-to-volume
ratio. This results in a higher specific heat load per unit volume. Given that from
an aerodynamic standpoint, the squealer is the desired choice. However, the thermal
performance is restricted.

Recent efforts to improve the current unshrouded tip designs have been discussed
and although many offer thermal improvements, they impose a loss penalty. The
present work aims to address this by developing a tip that can produce a similar level

of aerodynamic performance as a standard squealer tip, but can offer a significant
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Figure 8.1: Squealer tip leakage flow blockage through separation (Reproduced from He et al.
(2013))

improvement thermally by proposing an enhanced internal cooling method. This
may also offer the potential of using less coolant and further increase the overall
performance.

As discussed, the clearance gap, g, to width, W, is an important aerodynamic
parameter for squealer tip design. Another is the rim width, W to cavity depth, H.
The width must be small enough to prevent flow from reattaching on the surface
(Metzger et al., 1989) and the depth acts to assist in terms of heat transfer. A deeper
cavity can generally provide lower heat transfer coefficients (Bunker & Bailey, 2001).

Given the importance of the rim width, W, in controlling OTL flow, it was pro-
posed to shape the squealer rim as such that it still provides much of the desired
aerodynamic effects whilst enhancing the cooling ability of the rim (He et al., 2013).

Schematics of a nominal and a shaped squealer are given in Figure 8.2.

g g

W, | g w, ¥ q

(a) Nominal Squealer (b) Shaped Squealer

Figure 8.2: Squealer rim configurations (Reproduced from He et al. (2013))

Figure 8.2 shows that in regards to the aerodynamic performance, a small width

is preferred. However, with regards to the thermal performance, the external surface
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area exposed to convective heat transfer to the corresponding volume of the solid is
limited. In relation to the surface area, A, of the rim to the solid volume, V, for a

unit depth gives:

(4) _ 2H+W,
V' / nominal HW)y

Thus, considering the extreme case for a small width (as Wy — 0):

(é)nominal — 0

For a shaped squealer with a rim inclination angle () from the vertical rim, the

surface area to solid volume (for a unit depth) gives:

H
(é) _ H+7cos(0)+Wl
V' / shaped HW1+%H2tan(9)

For a small width (as W; — 0) shows that the width is no longer a limiting factor:

A cos(0)+1
( \% ) shaped - %Hsin(@)

As a result, the rim width may be made smaller whilst at the same time providing
an improved thermal performance with a reduced external heat transfer. However,
the biggest advantage a shaped squealer can offer is the enhancement of the internal
heat transfer by cooling. Current designs are limited by the internal heat transfer
effectiveness as the rims tend to be at an unreachable distance from the internal
cooling passages and are usually protected by film cooling. However, with a shaped
squealer additional cooling passages may repositioned (closer to the rims) and can still
maintain the minimum wall thickness required. This concept is drawn in Figure 8.3
giving a representation of the improved cooling scheme in relation to type of squealer.

In order to justify the design of a shaped squealer that offers a high potential from
enhanced internal cooling methods, the acrodynamic sensitivity to the rim inclination
angle must be assessed and is the key focus of the present effort. For the basis of

the design concept to work, the dependence on the over-tip leakage flow must be
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Figure 8.3: Enhancing the internal cooling by squealer tip shaping (Reproduced from He et al.
(2013))

minimal. A set of squealers have been designed with different rim inclination angles

(0, = 6 — 90). These are more specifically with angles of 6, = 90°, 60°, 45° and

30° from the horizontal or the casing wall and can be seen in Figure 8.4. The blade

geometry parameters are kept consistent, however a closed trailing edge was chosen.

8.3 Aerodynamic Sensitivity to Shaping

8.3.1 High-Speed Linear Cascade Results

In order to understand the aerodynamic sensitivity to the tip shaping concept, tests
are conducted with the HSLC. An aerodynamic loss study is undertaken as conducted
previously for the open cavity squealer. The test conditions are maintained as the
blade is only adjusted near the tip region and the loss is examined at one axial chord
downstream of the blade row. The three hole probe is also used and is traversed at 22
locations in the pitchwise direction, covering one complete blade pitch and 9 spanwise
positions, of which 2 are done with a single hole probe close to the casing endwall.
It was decided to decrease the pitchwise measurements locations and increase the
spanwise measurement locations to provide a better resolution, based on the previous
aerodynamic loss results obtained.

The detailed total pressure loss coefficient results for the four tip designs are
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(a) 90° Rim (b) 60° Rim

(c) 45° Rim (d) 30° Rim

Figure 8.4: Nominal and shaped squealer models for aerodynamic sensitivity

presented in Figure 8.5. With respect to the rim shaping, the contour maps show
inconsiderable differences between the four cases. For all cases, the magnitude and
size of the loss core is mostly unaffected.

To further clarify the sensitivity to tip shape, pitchwise, mass-averaged total pres-

sure loss coefficients are plotted for each design in Figure 8.7. The results show only
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Figure 8.5: Measured total pressure loss coefficient, C'py, for nominal and shaped squealer tips
(HSLC)

marginal differences when comparing the nominal squealer (90° rim angle) to the
shaped squealer tips. The majority of the points lie close to one-another and the
largest differences are found with the shallowest rim case (30° rim angle) and may
suggest that this tip forces a limiter on the shaping concept. Even though it still has
a cavity, the blockage effects are not as strong as the steeper rim cases.

The final examination of the aerodynamic sensitivity is a study of the measured
exit yaw angle and is based on the three-hole probe measurements. Contour maps of

the exit yaw angle for the different shaped configurations are given in Figure 8.6. The
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detailed yaw angle plots show small and insignificant differences as found with the
pressure losses. These can be seen more clearly by examining the pitchwise averaged
yaw angle results as shown in Figure 8.8. For the majority of the radial positions, the
measured yaw angles are within half a degree of each other and the largest difference

found shows a two degree margin.
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Figure 8.6: Measured exit yaw angle distributions for nominal and shaped squealer tips (HSLC)
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8.3.2 Computational Results

The following study addresses the loss sensitivity through CFD using the HYDRA
solver. The four different tip configurations are run with the equivalent boundary
conditions to match the HSLC setup, as introduced in Chapter 3. The following
aerodynamic CFD study serves a purpose to prove the aerodynamic concept of in-
sensitivity to tip shaping and with the addition of the experimental measurements,
the CFD can be validated.

As conducted using the HSLC, contour maps of the total pressure loss coefficient
and yaw angle at the exit plane one axial chord downstream are calculated. The re-
sults are presented in Figures 8.9 and 8.10, respectively. Following the experimental
results, HYDRA shows very little sensitivity to the tip shaping configurations sug-
gesting that the over-tip leakage flow and loss develops in a similar manner for all
cases, as shown in Figure 8.11

To further clarify the insensitivity to the tip shaping, pitchwise, mass-averaged

plots of total pressure loss coefficient and yaw angle are presented in Figures 8.12
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Figure 8.9: Predicated total pressure loss coefficient, Cpj, for nominal and shaped squealer
tips (HYDRA)

and 8.13, respectively. Both computed sets of results reiterate the insensitivity to the
squealer rim shaping. In comparison with the measured results, HYDRA compares
well but fails to obtain the correct magnitudes of loss close to the casing wall. The
exit yaw angles compare well. HYDRA also shows less sensitivity in comparison to
the measured results and to an extent, does not capture the detailed flow physics. As
indicated in Section 5.5, there may also be some dependence on the turbulence model
choice and inlet boundary layer.

Lastly, overall mass-averaged total pressure loss coefficient results for the nominal
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Figure 8.10: Predicated exit yaw angles for nominal and shaped squealer tips (HYDRA)

and shaped squealers for a 1% tip gap are given in Table 8.1. The average values are
obtained from the uppermost region of the blade span equivalent to the upper 25%
of the blade span. The percentage increase in pressure loss for each of the shaped
squealers are 1.5%, 1.1% and 3.8% for the 60°, 45° and 30° rim inclination angles
obtained using the HSLC, notably showing no trend. Similarly, HYDRA gives a
0.4%, 1.4% and 1.8% percentage increase for the respective shaped squealers. For

all cases analysed the percentage increase in total pressure losses are no greater than
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Figure 8.11: Streamlines showing the development of the flow patterns for nominal and
shaped squealer (HYDRA)
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3.8%, however, up until 45°, the measured losses are no greater than 1.5%. Therefore,

it suggests that the tip concept should only be applied to angles greater than 45° since

the increase in the tip aerodynamic loss, when the angle reduces from 45° to 307, is

noticeably higher. The predicted results do no predict this trend and is likely that

the tip flow behaviour is influenced by the highly skewed elements with a 30° rim.

For structured grids, the skewness of an element is the deviation from a quadrilateral
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element. At 30° this would equate to 66% skewness and is likely linked to not being

able to capture the correct flow physics near the rims.

Shaped Squealer HSLC HYDRA
90° Rim 0.262 0.278
60° Rim 0.266 0.279
45° Rim 0.265 0.282
30° Rim 0.272 0.283

Table 8.1: Measured and predicted overall mass-averaged total pressure loss coefficients for
nominal and shaped squealer tips (HSLC & HYDRA)

8.4 External Heat Transfer Sensitivity to Shaping

The proposed benefit of the tip shaping is the enhancement of the rim cooling ability.
Ideally, both the tip aerodynamic loss and external heat transfer are indifferent, or
largely indifferent, with the shaping compared to a nominal squealer with perpendic-
ular rims. Essentially, the specific heat load, that is the product of the heat transfer
coefficient and the tip area (hA), is expected to reduce with each inclined rim angle
of the shaped squealers since the overall tip area reduces.

In order to test this concept, results are obtained using HYDRA. The choice is
primarily based on the previous validation exercise using HYDRA (Chapter 5) and
secondly, due to the ability to include the inner squealer rim walls for the nominal
squealer that are not accounted for when using the HSLC infrared thermography
results.

Presented in Figure 8.14 are tip heat transfer coefficients for the nominal and
shaped squealers. The nominal 90° rim squealer shows the same characteristics of
heat transfer as found with the open cavity squealer in Section 5.2. The hot spot
region at the leading edge is identifiable along with the very high heat transfer at the
leading edge rim. The low region of heat transfer coefficient is also visible where flow

separates over the pressure side rim. Apart from the change to a closed squealer tip,
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the heat transfer patterns are consistent.

The shaped squealer tips also show comparative results. The high heat transfer
found on the leading edge rim and the cavity hot spot are present. Also, the pressure
side cavity region shows low heat transfer coefficient levels. However, the large scale
flow separation effects behind the rim are less pronounced. Nevertheless, the majority
of the heat transfer characteristics are similar for all cases.

In terms of the overall heat transfer coefficient (including all tip wall surfaces),
the shaped squealers show an increase with shallower rims as shown by Figure 8.15.
However, an important parameter in to consider is the tip area, which is significantly
decreased by the tip shaping. For the present uncooled configurations, this result is
advantageous as the heat load is reduced. Additionally, the potential for an improved
internal cooling design can be addressed by having internal coolant in closer proximity
to the rim walls. The overall tip area and heat load for the nominal and shaped
squealers are presented in Figures 8.16 and 8.17. The results show that the shaped
squealer concept is capable of reducing the specific heat load by up to 4.1% and 4.5%
for the 60° and the 45° cases, respectively. As well as proving to have minimal impact
on the tip aerodynamics, the tip shaping provides slight reductions in the overall

external heat load. This makes the shaped squealer more advantageous.

8.5 Experimental Results

As a consequence of a lab incident, heat transfer results for the shaped squealer tips
are limited due to multiple power supply and heater mesh failures over the past 12
months. This meant that a complete group of heat transfer experiments for these tips
could not be obtained. The results provided in this section are merely for indicative
purposes and only represent a partial validation of the numerical heat transfer results.

Thermal data has only been obtained for the 60° rim squealer tip, nevertheless, the
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Figure 8.14: Predicted tip heat transfer coefficient contours, (W/m?K), for nominal and
shaped squealers (HYDRA)
result is of high value as the data provides an insight into the behaviour of the inner
squealer rims which were unable to be captured previously. Although the results have
not been obtained for the nominal squealer and the 45° rim shaped squealer tip, the
results obtained and presented in this thesis provide adequate information regarding
the heat transfer patterns and trends over a transonic squealer, both unshaped and
shaped with open and closed trailing edges. Moreover, the experimental results reveal

a high level of detail of the tip heat transfer that is provided by a linear cascade facility

and through the use of infrared thermography.
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Figure 8.15: Area-averaged heat transfer coefficient, (W/m?2K), for nominal and shaped
squealers (HYDRA)
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Figure 8.17: Specific heat load, (W/K), for nominal and shaped squealers (HYDRA)

The result presented in Figure 8.18 shows data obtained for the 60° rim shaped

squealer. The results shows full coverage of the heat transfer coefficient over the tip,
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including the inner shaped rims. The result obtained shows a similar pattern of heat
transfer to the previously measured open cavity squealer (Chapter 5).

The leading edge region shows the highest levels of heat transfer coefficient where
reattachment of flow on the leading edge rim is apparent and flow impingement is
occurring within the cavity. Notably, the rear portion of the tip behaves like a flat
tip as expected(Chapter 6. Most significantly, the inner rim heat transfer can now be
identified and shows high heat transfer coefficients on the suction side rim. Conversely,
on the pressure side rim, low levels of heat transfer coefficient are found which is a
consequence of the flow separation over the rim. This result resembles the predicted
tip heat transfer coefficient result shown in Figure 8.14b well and once more shows
that HYDRA is well capable of predicting the tip heat transfer for turbine blade tips
under a transonic flow regime. The area-averaged heat transfer coefficient for the
measured squealer tip is 1047.70 W/m?K and the predicted squealer tip is 1010.20
W/m?K.

It should be noted that up until 60° away from the IR camera viewing angle, the
uncertainty on the angled rims should be no greater than previously measured. For a
black painted tip, IR emission remains roughly constant to an angle of approximately

60°, therefore the sensitivity to the angle of observation is low.
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Figure 8.18: Measured heat transfer coefficient maps (W/m?K) for the 60° shaped squealer
tip (HSLC)
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8.6 Open Versus Closed Cavity Squealer

Having opted for a closed cavity squealer to examine the sensitivity of the rim design,
it is also useful to compare the aero-thermal performance compared to the open cavity
variant of the squealer tip. Note that the closed cavity differs in a few ways compared
to the open cavity squealer where the cavity depth is constant for the closed squealer
and it also is based on a normal extrusion of the open cavity squealer mid-span blade

profile removing the presence of any blade lean.

8.6.1 Overall Aerodynamic Loss

Given in Table 8.2 are aerodynamic total pressure loss coefficients for the open cavity
and the 90° closed cavity squealer tips. The results include losses for the tip region
only (upper 25% of blade span, including the tip gap) and the overall passage loss. The
overall losses are expected to be lower than expected as the hub wall was prescribed
an inviscid boundary condition. The reported values are calculated at one axial chord
downstream and in terms of the mass flow rate, it is calculated over a plane over the

suction side surface and is located from the tip surface to the casing wall.

Open Cavity Closed Cavity

Upper 25% blade span C'pg 0.284 0.278
Overall Cpg 0.161 0.164

Upper 25% exit yaw angle 4.68° 4.65°
Overall yaw angle 1.67° 1.65°
mors /1 (%) 2.72 3.96
Near-tip C'py, at 95% span 0.05 -0.12

Table 8.2: Aerodynamic performance parameters for open and closed squealer tips examined
at a 1% tip gap (HYDRA)
Interestingly, focusing exclusively on the near-tip aerodynamic total pressure loss,
the closed squealer shows better performance. However, the overall loss shows that
the open cavity squealer performs marginally better and also has a substantially lower

OTL mass flow rate leaving the suction side rim (including the gutter for the open
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cavity squealer). The latter would also be true if the cavity exit flow was included for
the open cavity squealer. The large difference in the mass flow rates over the suction
side surface shows the gain in aerodynamic performance a squealer has, acting as a
double seal. The closed squealer tip towards the trailing edge is essentially a plain tip
and does not act as an effective seal, whilst for the open cavity squealer, the reversal
is true. Examining the mass flux distribution along the curve length of the two tip
geometries as presented in Figure 8.19 shows that the frontal portions of the tip
behave similarly, but towards the trailing edge higher over-tip leakage is experienced
when the rims are reverted to a flat tip. In terms of the trailing edge base pressure, the
closed squealer performs better as expected having a lower base pressure coefficient
(Equation 5.1) or more physically, a higher base pressure. Ideally, the cavity should
extend to the trailing edge as much as possible to maximise the aerodynamic benefits.
However, introducing a blunt trailing edge shows an increase in the near-tip losses
showing the complexity of the tip leakage flow.

2.5
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Figure 8.19: Mass flux distributions along the curve length of the suction side rim for open
and closed cavity squealers with 1% tip gap (HYDRA)

8.6.2 Overall Heat Transfer

In terms of the thermal performance of the two tips, the results are area-averaged and
include all tip surface walls. For the open cavity squealer, this is notably different

to those given previously. This is because the previous basis was to validate the
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numerical code based on the measured HSLC data, so only the top, flat surfaces were
accounted for.

Table 8.3 gives the overall, area-averaged heat transfer coefficient and the heat
loads for the open and closed squealer tips. The open cavity squealer shows higher
heat transfer levels and an increased heat load. The latter occurs inherently since the
overall area of this tip is much greater than the closed squealer. The closed squealer
shows larger low heat transfer regions (separation from the pressure side rim) as can
be seen in Figures 5.2b and 8.14a and is the main reason for the lower overall heat

transfer coefficient.

Open Cavity Closed Cavity
Heat transfer coefficient [W/m?K] 1020.4 948.7
Heat load [W/K] 1.55 1.13

Table 8.3: Overall thermal performance for open and closed squealer tips (HYDRA)

8.7 Summary

In this chapter, a modified squealer has been introduced with the aim to improve its
durability whilst maintaining its aerodynamic performance. The biggest challenge
of implementing unshrouded blades is the concern of the tip life and means to cool
it effectively. Specifically, the squealer offers the best overall compromise between
many design aspects and protection against tip-casing rubbing, but its rim durability
is most problematic. The purpose of the concept design is to maximise the rim and
near-tip internal cooling, prior to applying films. Three variations of the shaped tip
concept have been examined and results analysed.

The main conclusions are:

1. Experimental results using the High-Speed Linear Cascade show that the aero-

dynamic losses are largely insensitive to the tip shaping and the rim inclination
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angle. The results show at most a 3.8% increase in the overall, mass-averaged,
pressure loss coefficient compared to a typical (nominal) squealer. Less sensi-
tivity is found for rim angles greater than 45° providing an increase no greater
than 1.5%. Smaller than a 45° rim angle, the tip shaping concept is deemed

unfavourable based on experimentally determined results.

. Exit yaw flow angles are also found to be insensitive the tip shaping, showing
up to half a degree of deviation for most spanwise positions with a maximum

increase of two degrees.

. Numerical predictions using HYDRA show less sensitivity to the shaped squeal-
ers studied. Mass-averaged total pressure loss coefficients show no higher than
1.6% increase in comparison to the nominal squealer. Similarly, exit yaw angles

show inconsiderable deviations.

. Numerical calculations of the tip heat transfer coefficient reveal that it does
increase with each rim inclination angle. However, since the area of each tip
reduces, the tip heat load decreased by 5%. These results are not confirmed by

experiments.

. The combined aerodynamic and heat transfer studies reveal that the shaped
squealer tip is capable of reducing the heat load whilst showing inconsiderable
variations to the tip aerodynamic loss. These largely indifferent results with
inclined rim angles are preferred and forms the basis of the enhanced cooling

method, via internal cooling, to be introduced in the next chapter.

. Comparing the nominal and previously studied open cavity squealer, the aero-
thermal performance is dependent on the performance parameter. For the
parameters considered, the closed squealer ranks higher. Caution should be

exercised as the relative casing movement effects have not been examined.
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Chapter 9

Conjugate Heat Transfer Analysis

of Shaped Squealer

9.1 Introduction

Considering a squealer as a primary candidate for unshrouded tip development, it is
important to address the thermal behaviour and its impact on durability. Therefore,
this chapter continues to develop the shaped squealer and builds on its ability to
house additional internal cooling passages within the aims to extend the tips lifespan.
In particular, the rims appear to be the limiting factor in terms of the tip’s lifespan
given the very high external heat load they are exposed to, and their much larger
area/volume ratios compared to other parts.

The development of a near-tip internal passage is made possible due to the increase
in volume gained by the tip shaping. The approach taken for the following study is
to enable and maximise the internal cooling as a main priority rather than rely on
film cooling that is known to be challenged by complex flow features.

A conjugate heat transfer (CHT) CFD analysis is then conducted in order to

identify and understand the thermal performance potential with the additional inter-
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nally cooled passage for a tip under transonic flow conditions, comparing a nominal

squealer to a chosen shaped squealer.

9.2 Conjugate Heat Transfer

The conventional approach taken to predict the blade metal temperatures is based
on the surface convective heat transfer coefficient and adiabatic wall temperature
(recovery temperature) calculated from a fluid solution using CFD and then used as
boundary conditions for a conduction analysis using Finite Element Analysis and are
often described as loosely coupled (or segregated) conjugate methods.

The alternative approach is to use a fully coupled conjugate method which solves
both the fluid and solid zones simultaneously using the same CFD solver. This
approach is also more efficient as the loosely coupled approach may require many
iterations to improve the accuracy of the solution, whilst the fully coupled solution
does not require the heat transfer coefficient or the recovery temperature as described
by He & Oldfield (2011).

The governing equations to solve must be updated to account for the thermal

conduction of the solid, so with no thermal source, the equation to solve is:

opC,T
v (kY - T) 9.1)
ot

On the interface of the fluid and the solid region, energy conservation must be
satisfied so the heat flux must be equivalent across the interface. Also, the tempera-

ture must be equivalent on both interfaces as shown in Figure 9.1, or in other words

to satisfy temperature continuity:

ks

A_% (Tw - TS> = A (Tf - TU)> (9'2)

A:L'f

199



AX,

Figure 9.1: Fluid and solid domain interface

Or, alternatively:

T - Ty (ks/Azs) + Ty (ky/Azy)

9.3
kof Mg + ky/ Ay (9.3)

9.3 Formulation and Design Process

Following the verification that the over-tip aerodynamic loss is relatively insensitive to
the rim shaped angle, a lower overall heat load and the high potential of increasing the
tip durability through the design of additional internal cooling passages, a conjugate
heat transfer study is conducted.

For the conjugate study, the solid must also be modelled. As the priority is to
maximise the internal cooling, no film cooling is modelled. A simple, single internal
cooling channel is fitted and in the case of the shaped squealer, this channel feeds
extra cooling passages within rims. Incorporation of several cooling passages with in-
troduced surface roughness, rib turbulators or dimples are not explored in the present
study. Modern gas turbine blades can tolerate a minimum wall thickness of less than
1 mm and up to 0.5 mm for trailing edge slot designs and these two conditions serve
as constraints in the cooling design process.

The two initial designs sought are shown in Figures 9.2 and 9.3. The former is a
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(a) External geometry (b) Internal geometry

Figure 9.2: Nominal squealer solid model with a simplified cooling chamber

(a) External geometry (b) Internal geometry

Figure 9.3: Shaped squealer solid model with cooling chamber and extra cooling passage
within rims
nominal squealer with a simplified internal cooling passage and the latter is a shaped
squealer (Figure 8.4c) that is also fitted with an extra cooling passage within the
rims. Improvements to the passage and trailing edge slot are also examined (Section
9.6.1).
The chosen material property for the solid is a Nickel superalloy (Inconel 718)

that has material properties given in Table 9.1. Typically, the alloy is a composition
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of Nickel, Chromium, Iron and other elements and is often used in within turbine
engines for its resistance to degradation, high temperature strength and toughness,

as described by Pollock & Tin (2006).

Property Value

Density 8193 kg/m?
Specific Heat Capacity 435 J/KgK
Thermal Conductivity 11.4 W/mK

Table 9.1: Material properties of Inconel 718

9.4 Flow Solver, Boundary Conditions
and Numerical Grid

The chosen CFD solver for the CHT analysis is Ansys CFX since a fully coupled
analysis was not developed for HYDRA Version 6.1.16. The fluid domain for the
CHT study is largely the same as those used for the uncoupled studies with a few
forced amendments to the blocking structure to ensure a conformal grid with the solid
volume. The calculations are steady state.

The boundary conditions applied to the CHT study are unchanged on the inlet and
outlet, although the inlet total temperature is set to 300 K and since the external fluid-
solid temperature is now resolved, no thermal boundary conditions on the external
solid wall surfaces are required. All walls are supplied with no-slip wall conditions
and the hub and casing are set to adiabatic to solely examine the effects of the extra
cooling passages within the rims on the tip heat transfer. In order to consistently
compare the nominal squealer to the shaped squealer, the internal coolant fluid is not
resolved. This is because without film cooling, the flow would remain stagnant within
the nominal squealer’s internal chamber. Thus, the internal plenum and chamber

have imposed wall conditions with an assumed fluid temperature set to 150 K giving
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Figure 9.4: Nominal squealer grid used for conjugate study

a typical inlet-to-coolant temperature ratio of 2, and internal heat transfer coefficient,
h;, set to 700 W/m?K. Lastly, to close the turbulence stress terms the SA model is
used with a later study to examine turbulence sensitivity using k& — w SST. It must
be stressed that the external fluid is solved as studied previously and only additional
internal cooling boundary conditions are supplied.

The numerical grids used for the study are generated using Pointwise. The grid for
the nominal squealer is fully structured for both fluid and solid domains and shown in
Figure 9.4. However, due to the complexity of the geometry part of the solid for the
shaped squealer forced an unstructured grid comprising of tetrahedra and pyramids.
Since the solid is simpler to resolve in comparison to the fluid, the compromise was
inconsequential. The shaped squealer grid is shown in Figure 9.5.

To ensure the numerical solution does not depend on the grid, refinements were
made to both the solid and fluid regions, for both the nominal and shaped squealer
models. As stated, the meshes of the fluid domains studied previously were main-
tained as well as possible, however some adjustments were forced due to the blocking
structure of the solid domains. Four meshes were tested and the minimum number of
cells required was 19.7 million cells. An refinement of this mesh to 22.7 million cells

gave a change of 0.1% in the area averaged tip temperature. The mesh dependency
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Figure 9.5: Shaped squealer hybrid grid used for conjugate study

study results for the conjugate mesh are shown in Figure 9.6. In contrast, the coarsest
mesh (14.5 million cells) gave a change of 2%.

Likewise, the shaped variant of this geometry with an additional internal coolant
passage, consisted of 24.4 million cells to establish a similar mesh independent solu-
tion. A refined mesh with 27.6 million cells gave a 0.2% overall change in tip surface
temperature. The conjugate mesh used for the shaped variant was a hybrid type with

mixed elements including hexahedra, tetrahedra and pyramids, displayed in Figure

9.5.
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Figure 9.6: Area-averaged tip surface temperature for closed squealer conjugate meshes
(Ansys CFX)
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9.5 Significance of Biot Number

When quantifying heat transfer, the Biot number is a dimensionless group used to
match the conductive resistance to the convective resistance of a solid body and is

defined by:

Bi =~ (9.4)

As a parameter used in many gas phase equations including Reynolds number,
Nusselt number and Prandtl number and in solid phase equations such as with the
Fourier number, the role of the Biot number should not be overlooked. Typically,
in a gas turbine, the Biot number may have an expected value of approximately 0.5
based on a high convective heat transfer coefficient of 10,000 W/m?2K and a length
scale (2L) of 1 mm based on the blade wall thickness and a thermal conductivity
of 10 W/mK. Whereas in the case of the simulated conjugate heat transfer for the
scaled model, the Biot number has been calculated to be approximately 0.05 based
on a high convective heat transfer coefficient of 2,000 W/m?K blade. Thus, it should
be noted that the Biot number does not match between the tested blade and a real
engine configuration blade and that the results should only be used as an indication
of the expected solid temperature profiles. It is recommended that future calculations
account for the change in Biot number between engine and test scenarios in order to
broaden the understanding of turbine tip metal temperatures and their profiles along

the tip.

9.6 Tip Heat Transfer Results

The conjugate heat transfer results for the nominal and shaped squealer are presented

in Figure 9.7. By equipping the shaped tip with an extra cooling passages within
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the rims provides a significant improvement in surface temperature in comparison
to a nominal squealer without the passages. The targeted areas are the pressure
and suction side rims and having an extra passages offers a global reduction in wall
temperature over the rim regions. The conductive heat transfer effect also propagates
towards the cavity floor.

Temperature [K] Temperature [K]

280 280
267 267
255 255
242 242
230 230

(a) Nominal tip (b) Shaped tip

Figure 9.7: Tip surface temperature contours with SA turbulence model

To help understand the effect of the additional coolant passages within the solid,
a cut plane is made through the solid to show how the temperature profiles compare
for the two tip designs. These are shown in Figures 9.8 and 9.9. Even with an elliptic
shaped passage equipped, the rims can show a significant response. Improvements
to the passage shape may also reduce the surface temperature further by maximising
the internal area available whilst maintaining wall thickness tolerances, such as, a
passage with a quadrilateral shape. Figures 9.10 and 9.11 show the effect on the
suction and pressure side rims and the results show potential local reductions to the
tip temperature by approximately 10%. Importantly, there is a significant impact on
the mid-axial chord rims. These regions are prone to over-heating and often noted as
areas of fatigue.

The effect of turbulence modelling was also studied to test the sensitivity on the

CHT results. The chosen model was k£ — w SST. Unlike the uncoupled simulations,
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Figure 9.8: Nominal squealer temperature contours through solid (SA turbulence model)
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Figure 9.9: Shaped squealer temperature contours through solid (SA turbulence model)
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Figure 9.10: Suction side rim surface temperature contours with SA turbulence model
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Figure 9.11: Pressure side rim surface temperature contours with SA turbulence model

the CHT results show less dependence. Contour maps of the tip surface temperature

are presented in Figure 9.12. The maps resemble those as shown in Figure 9.7 and
the difference is mostly a shift in the predicted temperature range. Apart from the

temperature shift, which is actually an increase, the effect of the additional internal
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cooling passages is similar. The overall percentage change of the temperature drop
over the tip with the additional cooling passages using the SST model is 3.1% and
4.1% with the SA model.

Temperature [K] Temperature [K]
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(a) Nominal tip (b) Shaped tip

Figure 9.12: Tip surface temperature contours with k£ — w SST turbulence model

The nominal squealer for both cases shows high thermal loads on the rims, typi-
cally these are classed as “burnout” regions. The main purpose of the shaped squealer
is to house additional coolant passages, so it is of interest to understand the effects
on the rim surfaces alone.

Extracting the top rim surface for both the nominal and shaped squealer tips
as shown in Figure 9.13a, the calculated temperatures are circumferentially-averaged
and plotted in Figures 9.13b and 9.13c for the SA and k —w SST models, respectively.

The distribution of rim surface temperature is similar for both turbulence models,
although the k£ — w SST model shows noticeably higher predicted temperatures. Re-
gardless of the turbulence model, the reduction in surface temperature is clear when
an additional passage is equipped to a squealer tip with shaped rims. The significance
of this result provides the desired outcome, where the goal was to better control the
high thermal stresses on the rims. From an initial design perspective, being able to
house such a passage shows great potential. The overall reduction in rim temperature

the current design gives is 5.6% for the SA model and 4.8% for the k —w SST model.
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Figure 9.13: Turbulence model sensitivity

The conjugate heat transfer results show an insignificant dependence on turbulence
modelling.

For all calculations, assumed thermal boundary conditions are supplied to the
internal cooling chamber. One of the conditions as mentioned is a set internal heat
transfer coefficient, h;. In order to understand the dependence of the solution to the
internal boundary conditions, additional cases have been run with a lower internal
wall heat transfer coefficient of 400 W/m?K. Using this condition, whilst maintaining
the inlet-to-coolant temperature ratio, the tip surface temperature of the nominal
and shaped squealer tip are shown in Figure 9.14.

As expected, the surface temperature reduction is less than that with a higher wall
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Figure 9.14: Tip surface temperature contours with 7; = 400 W/m?K (SA)

heat transfer coefficient (h; = 700 W/m?K), but importantly the additional cooling
passage within the rims is still capable of reducing the surface wall temperature, par-
ticularly on the targeted rim areas. Overall, the shaped squealer tip surface absolute
temperature reduces by 3.2% compared to the nominal squealer. Comparatively, the
rim surface reduces by 3.9%. In both instances, the additional passages still prove to
be beneficial. For the nominal case, the dependence on h; is only slight. However, it is
more noticeable for the shaped squealer where the set internal thermal conditions has
more of an impact on the overall tip and rim temperatures. The distributions of rim
surface temperature from the leading edge to the trailing edge for the nominal and
shaped squealer with a lower internal heat transfer coefficient are plotted in Figure
9.15.

The present study provides an initial basis to improving the tip durability and
improvements to the inlet of the coolant passage can be made, so too can the shape
of the passage. Furthermore, film cooling fed by the additional passages may also be
explored, an advantage that can also help provide better film coverage over the tip
region itself. This is a common weakness for unshrouded tip design along with the
understanding of cooled tip heat transfer. Generally speaking, there have been far

fewer tip cooling studies conducted in comparison to vane and rotor blade cooling.
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Figure 9.15: Circumferentially-averaged rim temperature with h; = 400 W/m?K (SA)

Increasing the understanding in tip cooling and engineering advanced cooling methods
may greatly increase the lifespan of unshrouded turbine blade tips and ensure longer

periods of maximum efficiency is gained during the in-service cycle.

9.6.1 Improved Cooling Passage Design

As mentioned, the primary goal is to maximise the internal cooling of turbine blade
tips and one option is to improve the design of the passage. The previously considered
design utilised an elliptical shaped passage. However, by considering a quadrilateral
shaped passage, the internally cooled area can be maximised whilst still maintaining
the minimum wall thickness required.

The updated design also improves the trailing edge cooling gallery by replacing
the geometry with a slot, that is also more representative of a turbine blade, as well
as improving the trailing edge cooling. The design of the trailing edge slot requires a
landing edge in order to properly satisfy the wall thickness constraint. The updated
shaped squealer with improved additional internal cooling passages is shown in Figure
9.16.

The CHT results for the modified coolant passage are shown in Figure 9.17. Note
that present simulation utilises the k—w SST turbulence model only, as the turbulence

effect has been shown to be minimal. The results indicate a further reduction in
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(a) External (b) Transparent external

(c) Internal

Figure 9.16: Improved internal coolant passage and trailing edge slot design

surface temperature can be achieved by maximising the interface area of the internal
coolant passage. The targeted rim regions show a drop in surface temperature and
notably, the modified passage reduces the leading edge tip corner heat transfer as well
as significant reductions towards the trailing edge due to the improved slot design.
The circumferentially-averaged rim surface temperatures are given in Figure 9.18.
The reduction in tip temperature shows a percentage change of 7.0% for the whole
tip surface and 6.7% for the top rim surface only. The overall tip surface temperature
shows the most significant improvement, giving over a two-fold difference. The rim

surface also shows a reasonable improvement. The weight of these results when scaled
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Figure 9.17: Tip surface and solid model temperature contours for modified internal cooling
passages (k — w SST)
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Figure 9.18: Circumferentially-averaged rim temperature comparison for nominal and shaped
squealers with elliptic and quadrilateral internal cooling passages (k —w SST)

to engine-realistic temperatures offers great potential benefits considering turbine in-

let temperature are soaring above 1800°C mark. From an initial design perspective,

the results show a possible configuration of managing the tip thermal stresses from a

bottom-up approach. Naturally, design constraints and restrictions may hold, how-

ever the implementation of shaped squealer tips that can house additional internal

cooling passages offer great potential in protecting squealer tips known to be exposed
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to overheating and fatigue. Moreover, since the tip shaping effect on the aerodynam-
ics has been shown to be minimal, the sought design can offer the high efficiency
levels a typical squealer provides, but also a significant potential to protect the tip

and increase its durability and life.

9.7 Summary

To summarise, a conjugate heat transfer CFD analysis has been performed to assess
the tip metal temperature of a shaped squealer equipped with a proposed, near-tip
internal cooling passage. The solution is solved at engine-representative aerodynamic
conditions with an assumed coolant-to-mainstream temperature ratio and coolant
wall heat transfer coefficient. The metal material is also chosen to a Nickel superalloy
representing the state-of-the-art in gas-turbines.

The major conclusions are:

1. Simple additional internal cooling passages designed in conjunction with a
shaped squealer has demonstrated its ability in lowering the surface temper-
ature of the tip and rim surfaces. An approximate wall temperature reduction

(T.), of 5% can be achieved on the rims and 3-4% overall.

2. Improvements to the cooling passages provides greater reductions, a difference
of 7% of T,, on both the rims and the overall tip surface is discovered. Not-
ing that the Rolls-Royce Trent 900 operates at 1800°C, an equivalent surface

temperature reduction is deemed significant.

3. The aim of designing a tip to help protect it from extreme gas temperatures

and to promote durability has, from a preliminary perspective, been achieved.

214



Chapter 10

Conclusions and Recommendations

10.1 Overall Context

Gathered from the open literature, there has been a shift in the importance of the flow
regime used to study unshrouded high-pressure turbine blades. Ideally, all research
and data should be obtained from rotating rigs operating at high-speed in order to best
replicate a real engine. However, obtaining data is often challenging and considerably
limited. Measurements on the tip are often confined to only a few locations.

As a result, many studies have been undertaken within stationary platforms and
at low-speed. Their offering of highly resolved and detailed data has meant that they
are often preferred. For these reasons, low-speed cascades have become extremely
popular and their results have strongly impacted the wisdom and understanding of
the flow physics of unshrouded blade tips. However, as recently discovered, without
matching engine-realistic conditions the true tip flow and physical features are missed
and have a profound impact, particularly on turbine blade tip heat transfer. Taking
into account the complexity and costs, ultimately, the next closest setups to high-
speed rotating rigs are high-speed cascades since they can assist in capturing well

resolved data.
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Based on the requirements for highly resolved spatial measurements of the tip
flow and blade surface heat transfer, the High-Speed Linear Cascade was developed to
understand the behaviour of unshrouded blades at engine-representative aerodynamic
conditions. The results obtained for a flat tip showed considerable differences to low-
speed flow and to a large extent, showed reversed trends in tip heat transfer and going
against the common conventional wisdom. These results were also in agreement with
numerical CFD simulations.

Following the flat tip studies, approaches were taken to minimise the tip aerody-
namics. At high-speed, this was done with the use of winglets and winglet-squealers.
However, both tips were prone to high heat loads. A common approach used to im-
prove efficiency and heat transfer, is by the use of a squealer; a flat tip with a cavity.
The literature has reported its good overall performance, but the research of a squealer
tip under a high-speed regime has been minimal. Also, to the author’s knowledge,
there are no detailed studies of a tip clearance study on high-speed squealer tips, the
cooling performance at different tip gaps or the role of casing motion at different tip

gaps in open literature.

10.2 Conclusions

10.2.1 Heat Transfer

Using infrared thermography and the Impulse Response method, the tip heat transfer
of a transonic squealer was determined. The results revealed distinctive heat transfer
patterns as the tip gap was varied. Importantly, this finding is new as the tip gap
survey has not been undertaken for a squealer tip at high-speed. The results found
that the frontal portion of the tip showed an increase in heat transfer coefficient with
larger tip gaps. Also discovered was that towards the trailing edge region, there was

a reversal in the heat transfer trend. Typically, the larger tip gap accounts for a
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higher leakage mass flow rate over the tip and therefore, higher heat transfer. As
the flow becomes choked, this becomes a limiter. Using a CFD analysis, the tip gap
flow was shown to be supersonic in the rear portion and on the rims only, and also
revealed the dependence of heat transfer with flow regime. Similar trends were found
including that of a smaller tip gap being prone to higher heat transfer towards the
trailing edge. The CFD results showed good agreement with those measured and in
both cases, the heat transfer was ranked accordingly with tip gap.

Subsequently, this dependence was also found for a flat tip and showed similar
trends with the over-tip leakage flow regime. Studying both the squealer and flat
tips with a relative casing movement condition, the tip heat transfer was also ranked
similarly. Both the squealer and flat tip with a moving casing condition showed the
existence of supersonic tip flow. It was also shown that the supersonic region was
mostly affected by the moving casing over the flat tip, whereas for the squealer tip
it was more proportional, for both stationary and moving cases. Thus, showing a
dependence on the geometry.

The main discovery with the moving casing was the geometrical influence on the
heat transfer patterns; the squealer showed generally equally proportional changes of
heat transfer, whilst the flat tip showed a large, non-proportional behaviour with tip
gap variation. For this reason, the heat transfer was strongly affected at the small

tip gap over the flat tip.

10.2.2 Aerodynamic Loss and Exit Flow Angles

An aerodynamic loss study was also conducted using using pressure measurements
taken downstream of the blade row at two exit plane locations; half and one axial
chord downstream. An expected trend of increased losses with larger tip gaps was
observed. The numerical results also showed agreement with the experiments. How-

ever, at the half chord exit plane the magnitudes were less well predicted. The exit
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flow angles showed the increase of flow turning with increased tip gaps coinciding
with the increase in loss. Only fair agreement was found with the simulated results.

With a moving casing, the losses at one axial chord downstream showed a signif-
icant difference to the stationary case; the enhancement of the passage vortex was
found showed little variation with gap height. However, the tip leakage vortices con-
tinued to be dependent on the gap. For the stationary case, the squealer was generally
shown to be superior to a flat tip, with exception at the smallest tip gap where they
are largely similar. With a moving casing, the performance of the squealer was shown

to be superior to a flat tip at all tip gaps.

10.2.3 Film Cooling

Experimentally, applying film cooling to a squealer tip at high-speed showed overall
low effectiveness with only the pressure side films having most impact. Within the
squealer cavity, the film coverage is limited and seem to be slightly influenced by the
tip gap. At larger tip gaps, streaks of high effectiveness were found. These reduce
with tip gap and likely to be influenced by the mainstream flow.

Compared to the uncooled case, the aerodynamic loss was affected in two ways.
The kinetic energy loss coefficient showed a reduction of loss at half an axial chord
downstream of the blade row and an increase of loss at one axial chord downstream.
These results also showed similar traits with the exit yaw angles measured. It is
apparent that the coolant suppresses the tip leakage vortex initially, but contributes
to higher mixing further downstream.

Numerically, a low-fidelity approach using source terms was used to predict the
cooling effectiveness. Although it was able to predict the correct trends for both aero-

dynamic loss and film cooling effectiveness, the magnitudes were less well predicted.
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10.2.4 Enhanced Internal Cooling by Tip Shaping

Shaped squealer tips were designed and tested to show their insensitivity to the tip
aerodynamics. The results showed that for the near-tip region, the total pressure
losses increased by, at most, 1.5% compared to a standard squealer tip when restricted
to squealer rim angles greater than 45° from the top (horizontal) rim surface. Exit
yaw angles also showed little variation in comparison to the standard squealer tested.
CFD simulations also confirmed this result and showed less sensitivity.

As a consequence of the tip shaping, the reduction of tip area resulted in a reduc-
tion of the tip heat load, calculated by numerical simulations. These results offer the
potential to reduce the tip heat transfer and confirmed the intentions of the shaping
design. As far as the aerodynamic OTL flow losses and the external heat transfer
are concerned, aero-thermal indifferences were found. Thus, these results support the
approach to enhancement of the internal cooling by a shaped squealer rim.

Following the proof of concept in terms of the external aero-thermal indifferences,
the 45° rim angle shaped squealer tip was modified by equipping extra cooling pas-
sages within the rims, only enabled by the increase in volume gained by a shaped
squealer tip. The goal was to provide better protection of the rim surfaces for im-
proved tip durability. Based on an initial conjugate heat transfer CFD study, the
additional passages were able to provide a 7% reduction in metal temperature. Al-
though considered small, it is to be noted that a 15 K reduction in wall temperature
can double the lifespan of a blade (Friedrichs, 1997). Assuming a wall temperature of
1000 K, if a 5% reduction could be achieved, this would equate to a 50 K reduction
and a considerable impact on the tip durability. However, it should be noted that
there will be some significance of the Biot number between the modelled case and the
engine case and these values should are likely to differ once matched. Nevertheless,
the tip cooling concept is further benefited by a proven, aerodynamically efficient tip

design: a squealer.
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10.3 Recommendations for Future Work

Based on the contributions of the present research, the following suggestions are made
for future studies on unshrouded turbine blade tips.

Firstly, on the experimental side it is imperative that the heater mesh setup is
improved due to the high failure rate experienced during the later part of the present
study. It is advised to consider a double heater mesh setup with them running in
series to provide an adequate step-wise increase in mainstream temperature whilst
reducing the thermal load on each mesh. Following this, the tip heat transfer of the
shaped squealer tips should be measured to understand the predictive capabilities
and check whether the obtained results are valid. A correction may be required for
the angled rims, where the infrared energy may be less than expected.

Secondly, based on the squealer tip design, it is recommended to further develop
the shaped squealer concept and understand possible means to further improve the
aero-thermal performance. This may potentially be by incorporating a larger cavity
that extends closer to the trailing edge or perhaps by introducing an opening in the
form of an open or cut-back squealer.

Thirdly, since only an initial study has been conducted on improving the internal
cooling of a squealer tip, it is highly recommended to investigate this further by
incorporating a realistic internal passage. There is also potential for increased film
cooling coverage on the tip using additional cooling passages and is recommended to
consider possible means to do so. A plausible design can then be tested using the
High-Speed Linear Cascade.

On the film cooling side, it is advised to thoroughly study the effect of pressure
side and suction side cooling holes on the aerodynamic loss and tip heat transfer. This
may initially be done through plugging cooling holes and examining the contributions,
especially with regards to the loss generated. It is highly recommended to follow this

study with a means to optimise the tip cooling arrangement as there is currently a

220



lack of research on cooled unshrouded tips. Incorporating tip abrasives or tip coatings
and a study of tip welds that are present due to the manufacturing process would
also be beneficial as it better replicates an engine-scenario and has not had much
exposure in terms of research. Numerically, a higher fidelity method of predicting the
film cooling is advised so that a better comparison can be made with experimental
results and to help provide an in-depth analysis of the film cooling performance and
how it can be improved for unshrouded blade tips.

Notably, the results obtained from the High-Speed Linear Cascade have been con-
ducted in a stationary environment. Although extremely difficult, it may be possible
to introduce a transparent rotating disc at high-speed (Kakade et al., 2009). This
setup would be able to provide an excellent representation of a real-engine whilst
being able to provide a map of tip heat transfer. Not only would this data be useful,
it would also help for CFD validation and tip development. It is also advised to use
a higher-resolution infrared camera for better spatial maps of heat transfer. On the
numerical side, a casing speed sensitivity study on the tip aero-thermal performance
would be useful as the goal of achieving higher rotational speeds is desired. Further-
more, the effects of unsteadiness on a rotor blade tips in a high-pressure turbine stage
would also be beneficial in enhancing the understanding of unshrouded blades.

Lastly, calibration of a four-hole probe would be beneficial for the aerodynamic
loss studies as it would enable additional measurements of pitchwise yaw angles.
Furthermore, the loss at half an axial chord downstream should be further examined
to understand why the discrepancy between the experiments and the CFD exists. In
addition, means to improve the PID controller to maintain longer steady inlet pressure
would be useful for providing a higher resolution of the downstream aerodynamic loss

as it is currently restricted by the run time.
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