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Abstract

Present studies focus on thermal and aerodynamics investigations of leakage flow
injection through a slot which is located at upstream of blade leading edge. In the real gas
turbine, this slot is actually the gap between the combustor and turbine endwall as for the
maintenance works consideration. However, the slot induced to the leakage phenomenon
caused by the bypassed air that coming from the compressor side for turbine cooling purposes.
Gas turbine manufactures intended to minimize these kinds of leakages in maintaining the
aerodynamics performance of the turbine cascade. However, previous researchers found that
the leakages could be used to protect the endwall surfaces from the hot gas since it could not
be completely prevented. Thus, present study investigated the potential of leakage tlows as a
function of film cooling. Chapter 1 gives some introduction on present works about the need
of film cooling to protect the wall surfaces. Several related studies by previous researchers
are also explained. Chapter 2 explained the details of methodologies used in present studies.
A leakage flow with 90° of injection angle was considered as for the baseline configuration.
Liquid crystal was used for the time-varying endwall temperature measurement. The transient
method was applied to determine the film cooling effectiveness, # and the heat transfer
coefficient, 4 for the thermal performance evaluations. The details of the aerodynamics
performances was revealed by conducting 5-holes Pitot tube measurement at blade
downstream plane (1.25C,) and the total pressure loss coefficient, C,, as well as the flow

vorticity, { contours were plotted. Furthermore, the effects of the leakage flow with the

mainstream consist of complex secondary flows structures also have been revealed by
numerical investigation. In present study, the flow is analyzed by using the three-dimensional,
steady Reynolds-averaged Navier-Stokes (RANS) equations by conducting Shear Stress
Transport, SST turbulence model. The leakage was injected with a various amount (which is
described by mass flow ratio, MFR) to observe the # performance at different injection cases.
Chapter 3 provided details discussions on the aero and thermal performances of the leakage
injection. Both experimental and numerical presented the performance of # increased when
the injection amount increases. SST turbulence model captured the presence of the separation
flow that caused the lower /# region which also captured by the experimental. As for the
aerodynamics performance, C,, was increased after the introduction of leakage injection and

indicated the increase trend when the MFR was being increased. Leakage flows were



prevented to be injected into high pressure region thus they tended to move towards lower
pressure region which is between two stagnation regions. As a result, a newly generated
vortex core was predicted. This accumulated vortex core (AFV) is considered to contribute to
the additional losses at blade downstream. Chapter 4 presents the numerical investigation on
the modification of slot configurations such as positions and orientations. The leakages flow
by shallower injection angle, p towards mainstream was predicted to reduce the strength of
the passage vortex thus increase the aerodynamics performance particularly at higher
injection cases. Additionally, » also obviously increased by the slot orientation. To move
away the slot from the blade LE was predicted to increase both aero and thermal performance.
The leakage flow could laterally be penetrated to the mainstream and stayed closer on
endwall surfaces. This is due to the fewer blockages influenced by the stagnation region since
the slot located far away from the blade LE. In contrast, move the slot closer towards blade
LE just increased the C,, Furthermore, locate the slot closer to blade LE could not increase
the protection layer except the level of #. Finally, Chapter 5 highlights the important points to
be concluded based on present investigations. The potential of the leakage flows to protect
the endwall surfaces has been proven and they were highly influenced by the secondary flows
behavior on the endwall region. However, to increase the performance of cooling by
increasing the injection amounts unfortunately reduces the aerodynamics performance due to
the increase strength of the secondary flow vortices. The leakage flow with a shallow
injection angle towards mainstream are predicted to provide a positive trends of cooling
performance with a lower aerodynamic losses especially at higher leakage flow injection

€asces.

Keywords: Turbomachinery, secondary flow, endwall film cooling, leakage flow, purge
flow, heat transfer, high-pressure turbine, liquid crystal, transient method, pressure loss, slot

orientation, slot position.
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Chapter 1

Introduction

This chapter provides some introduction on the gas turbine technologies. Increasing
gas turbine thermal efficiency is an approach to increase the performance which leads to
increase of turbine inlet temperature. The need of film cooling to protect the material surfaces
from the hot gases is also explained to show it's a very effective way to allow further
increases of turbine inlet temperature. In addition, the literature study has been done to
investigate the current achievement of the gas turbine cooling focusing on the endwall side.

The research objective is also includes in this chapter.

Background

Gas turbines are used to power aircrafts, trains, ships and electrical generators. Figure 1
illustrates the gas turbine structure of HF120 Turbofan manufactured by General Electric and
Honda whereas Figure 2 shows the diagram of modern gas turbine. Generally, gas turbine can
be divided into three sections; compression, combustion and expansion. The air flows
through a fan which then be compressed with multistage compressor to a higher pressure.
Energy is then added by injecting fuel into the compressed air inside the combustion chamber
and igniting it so a high temperatures flow is generated in this stage. This high-temperature
and high pressure gas enters a turbine, where it expands down to the exhaust pressure,
producing a shaft work or thrust output in the process. The turbine shaft work is used to drive
the compressor and other devices such as an electric generator that coupled to the shaft. The

P T 1 amm et tem 4lha Avhaa ts
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high temperature or a high velocity. The HF120 Turbofan is a gas turbine used for the jet
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Figure 3 Modern gas turbine performance chart

engines which are optimized to produce thrust from the exhaust gases, or from ducted fans
connected to the gas turbines.

Now day’s modern gas turbines have to fulfill the requirements of an increasing
efficiency combined with very low emissions in a robust, cost-effective way. Indeed, a global
warming due to the greenhouse effect is one of the most issue has been discussed and need to
be prevented. Low emissions or reducing the fuel burning is considerable limited the amount
of carbon dioxide gas released into the atmosphere. This can be realized by increasing the gas
turbine thermal efficiency. Looking at the performance chart for the design of a modern gas
turbine, see Figure 3. it is obviously that the need to achieve higher total gas turbine
efficiency leads to an increase of the turbine inlet temperature. To take advantage of the
higher turbine inlet temperature the turbine pressure ratio also has to be increased. The trend
of increasing turbine inlet temperatures started in the 1940's with the first jet engines
proposed by Sir Frank Whittle and continues to modern gas turbines as shown in Figure 4. As
it can be recognized from Figure 4, the increase in turbine inlet temperature has proceeded
much faster than the progress in the development of more advanced vane and blade materials.
Indeed turbine inlet temperature levels exceeded maximum tolerable material temperature by

several hundred K starting in the 1960°s, and this trend has continued since ever. This

-3-
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Figure 4  Turbine inlet temperature based on advanced material and cooling

technology

condition is realizable only through the application of advanced vane and blade cooling
technology to keep the material temperature below the allowable, lifetime-limiting level. The
extraction of the compressed cooling air bypassing the combustion chamber (as shown in
Figure 2) leads to an additional increase of the already high turbine inlet temperature. These
effects lead to a very high heat load of the nozzle guide vane hub and tip endwall of a modern
gas turbine. This implicates that the endwall have to be provided with an advanced cooling
technology to achieve the required lifetime-limiting material temperature.

Film cooling is an effective way to protect blade or endwall surfaces from the
extremely high temperature gases. Figure 5 shows on how the ejected coolant into the
mainstream produces the protection layer close to the endwall surfaces that mostly called film
cooling. The coolant temperature, T, with a blue streamline is injected through holes or slot
on endwall into the high temperature of the main flow, T, indicated by the red streamline.
Downstream of the hole or slot exit, the coolant will stay closer to the endwall surfaces and
providing a layer which preventing the endwall surface not to be directly expose to the hot
gas. Thus, the gas turbine can be operated at higher temperature exceeding its thermal stress

limit since the material surfaces are protected by the film cooling. Film cooling effectiveness









1.1 Secondary flows in the blade passage
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Figure 8  Secondary flow system; (a) Hawthorne, 1955, (b) Langston, 1977

Secondary flow structure generated in the blade row is the main factor that contributes to
the endwall loss. Since the secondary flow is a result of viscous shear on the endwall, it is a
large source of loss, contributing approximately one third of the total loss, Denton [1]. A
common means of quantifying secondary flow is by its Secondary Kinetic Energy (SKE),
which is normally defined as the kinetic energy associated with the velocity components
perpendicular to the primary flow direction. In the classical secondary flow system,
Hawthorne [2]. the axis of vorticity is twisted as the flow passes through the blade passage.
This axis is initially perpendicular to the flow direction, as it is caused by viscous effects in
the boundary layer, but by the blade row exit two counter-rotating passage vortices have been
formed, see Figure 8 (a). The vortex sheet also contains trailing filament vortices, which are
caused by the radial change in blade circulation, Sieverding [3]. The inlet end wall boundary
layer rolls up in front of the leading edge to form the horseshoe vortex, as first seen by Klein
[4]. Measurements by Langston et al. [5], showed the evolution of the vortex through the
blade row, Figure 8 (b): the pressure surface leg moving across the passage, due to the cross-
passage pressure gradient, and merging with the passage vortex. The horseshoe vortex
increases the SKE of the passage vortex by approximately 20 %, Georgiou et al. [6]. Sharma

and Butler, [7]. showed that the suction surface leg of the horseshoe vortex lifts up the blade



surface where the separation line reaches the blade surface. It then orbits around, and is
dissipated by, the passage vortex, although this type of interaction is dependent upon the
particular cascade geometry and pressure ratio, Goldstein and Spores [8]. Any reduction or
elimination of the leading edge horseshoe vortex is thought to have little effect on the shape
and position of the passage vortex, Sieverding [3]. In addition to the horseshoe and passage
vortices, several other vortices were found by Goldstein and Spores [8]. see Figure 9. Sharma
and Butler [9] also present a complex secondary flow models, shown in Figure 10. Wang et al.
[10] also presented the flow field data within the vane stagnation plane illustrating the
formation and dynamics of the leading edge horse-shoe vortex. The strongest is the corner
vortex found in the suction surface end wall corner, which rotates in the opposite sense to the
passage vortex. It is formed in a similar manner to the horseshoe vortex where the limiting
streamline impinges on the suction surface near the position of maximum surface curvature,
Sieverding [3]. but is only formed when the blade loading is sufficiently high to give a strong
interaction of the passage vortex with the blade surface. Its existence is shown by the radial
angle distribution, which gives a reduction in overturning near the end wall. Gregory-Smith

and Graves [11].

Atachmant Lne
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4 Sutticn $.08 COMNEr vor<es 8 Downwara veiocity coOmponent on pressure side

Figure 9  Endwall flow field, Goldstein and Spores, 1988
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V,, was also found inside the suction surface boundary layer, BL, near the trailing edge, TE,
Yamamoto et al. [13], Figure 11: some of this low energy fluid is absorbed into the passage
vortex, PV. Near the suction surface trailing edge, there are strong reverse flows towards the
throat, RF" and 7ER, and some of the vortices behave unsteadily due to the surrounding vortex
movement. Having described the secondary flow structure, the corresponding losses can also
be examined. There are three characteristic loss features at the trailing edge plane as well as
the end wall boundary layer. Dependent upon the inlet boundary layer thickness and blade
loading, these are more or less superimposed and as the loading increases they lift off from
the end wall. The secondary flow strength is largely dependent upon the thickness of the
upstream boundary layer and the amount of turning in the blade row, Sieverding [3]. Since
dissipation within a vortex core is very high, the decay of the SKE yields an increase in
entropy, Denton, [1]. Although some of the dissipation occurs within the blade row, most
occurs after the trailing edge and it is often assumed that all the SKE is lost: although this
exaggerates the loss, it partially accounts for other losses, such as the mixing losses,
Sieverding [3]. The sum of the loss coefficient and the SKE was found to be approximately
constant at any plane downstream of a two dimensional blade trailing edge, as was the mixed
out loss, Moore and Adhye [14], implying that the decay in SKE closely matches the increase

in entropy.

Figure 12 Endwall separation lines, Sharma and Butler, 1986

-10 -



A method to estimate the endwall losses was developed by Gregory-Smith [15], showing a
good agreement with experimental data: however, this was dependent upon the detailed blade
design. It was later suggested that an indication of the strength of the endwall loss was the
height of the separation line on the suction surface trailing edge, Sharma and Butler [7], see
Figure 12, termed the penetration height, Zrg. This correlation is only dependent upon the
flow turning angle, o, the convergence ratio of the blade row, CR, and the ratio of the inlet

boundary layer height, to the blade height, 8,/h:

2 3
Zre _ 0152 140 27300 419900 1)
C h h h

JCR

1.2 Relevant studies by previous researchers

Previous section discusses on the existence of the secondary flows on the endwall
region of the cascade without any disturbance from coolant air injection or by the effect of
different inlet flow parameters. The study above clearly explained that the needs of the details
investigation not only in the heat transfer behavior but also the interaction between complex
secondary flows with the coolant air. These all information is required for the development of
the modern gas turbine. This section will discuss about the related studies made by other
researches for the endwall film cooling especially through the slot leakage air approach.
Some other researcher defined as ‘purge flow’ if it is intended to inject the air from the slot
for the cooling purpose. Studies by Kang et al. [16] and Radomsky and Thole [17] revealed
the effect of inlet Reynolds number and turbulence level respectively on the formation of the
horse-shoe vortex. Both studies were not included the purge flows. Using the same cascade of
the previous study [16, 17], Sundaram and Thole [18] performed LDV measurements to
reveals the effect of the purge flow on the endwall flow structure to enable direct comparison
with the previous result [16, 17]. Rehder and Dannhauer [19], has carried out the experiments
to reveal the effects of injection flow angle from the upstream clearance of linear cascade of
LPT stator vanes. The observation shows that the leakage ejection perpendicular to the main

flow direction amplifies the secondary flow, in particular the horse-shoe vortex and therefore
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Figure 13 Endwall heat transfer distribution in cascade by Takeshi et al, 1990

increases the secondary losses near the endwall region, whereas tangential leakage ejection
causes significant reduction of horse-shoe vortex and at the same time decreasing the
secondary losses at the cascade exit. Recently, Thrift and Thole [20] investigated the effects
of orientation and position of the purge flow. The observations show a dramatic difference in
horse-shoe vortex formation at the stagnation plane which is directly influenced by the
orientation and position of the purge flow. The earliest study that relates the endwall flow
structure and film cooling has been made by Blair [21]. The work clarifies that, the horse-
shoe vortex and passage vortex has a dominant impact on the heat transfer of film-cooled
endwall. This also was proved by Takeshi et al. [22], as shown in Figure 13. They found that
the heat transfer distribution on a vane passage endwall with the increased heat transfer in the
leading edge region caused by the horse-shoe vortex. The heat transfer increased along the
separation line and in the airfoil wake region. They also found a reduction of the endwall film
cooling effectiveness near the blade leading edge due to the presence of the horse-shoe vortex.
Blair [23] reported a slight increase of the heat transfer in the beginning of the flow passage
with increasing Reynolds number due to earlier transition of the boundary layer. Further
downstream. the heat transfer decreases at higher Reynolds numbers because of the thicker
turbulent boundary layer. Again, higher heat transfer in the trailing edge wake region at the
lower Reynolds number can be observed. Kost and Nicklas [24] presented aerodynamic
measurement from a transonic cascade with an upstream normal leakage ejection located at

0.2Ca. They found that injection at this location promoted the separation and enhanced the
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horse-shoe vortex. Kost and Mullaert [25] continued the study by moved the slot location to
0.3Cax upstream of the cascade. From the results obtained, they found that the slot flow
stayed closer to the endwall and provided better film cooling than flow from the slot located
at 0.2C,, of cascade upstream. With 45 degree of leakage slot injection, Lynch and Thole
[26] and Knost and Thole [27] performed adiabatic effectiveness experiments by a different
slot location which was located at 0.96C,x and 0.38C,; upstream of the vane cascade
respectively. It was noted that the coverage area of the leakage coolant was similar between
the two locations. The effectiveness levels within the passage, however, were lower for the
slot placed further upstream as the coolant had more distance to mix with the hot mainstream
flow. The upstream leakage studies were also done by other researchers such as Piggush and
Simon [28], measured heat transfer characteristic over the contoured endwall in the cascade
of high-pressure turbine stators by the use of thermocouples on the endwall, emulating the
leakage flows from the upstream clearance and the segment gap. The similar study also done
by Lynch and Thole [26] using IR camera to determine the heat transfer and film cooling
effectiveness distribution over the endwall with the emphasis on gap size. They observed that
a narrower gap achieved a relatively uniform leakage flow along the circumferential direction,
resulting in a wider coverage of the leakage flow on the endwall. The observations show a
dramatic difference in horse-shoe vortex formation near the stagnation region which is
directly influenced by the orientation and position of the purge flow. Studies on various test
conditions are required to have detailed information on relevant studies. Based on above
literatures, it is also clear that cooling air injection from upstream slot highly influenced the
aerodynamics performance of turbine cascade. Furthermore, slot location and geometry as
well as cooling air amount need to be carefully considered for the optimization purpose. In
present works, a new model with slightly lower solidity and higher aspect ratio compared
with previous test blade [29] has been designed. The slot location also was moved slightly
away from the blade leading edge. The study focuses on both aero and thermodynamics
effect of leakage flow on the endwall region of high-pressure turbine linear cascade.
Aerodynamic measurements were performed by the use of pneumatic 5-hole pitot tube to
measure a total pressure at blade downstream while the liquid crystal was used for the
thermal investigation. The numerical simulation was also conducted for the validation and to

predict the interaction of ejected leakage flow with the mainstream.
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1.3 Research objectives

The objectives of the current study are to reveal the potential of leakage flows in
providing the protection layer on the endwall surface in linear cascade of high-pressure
turbine. In order to achieve present objectives, the studies concentrate on;

I. Investigation on the interaction between the leakage flow and the mainstream which
influenced to the aerodynamics losses and cooling performance

II. Aero-thermal performance based on difference amount of leakage flow ejection

1. The performance of the numerical simulation in predicting the aero-thermal performance
by the presence of secondary flow phenomenon on the endwall region

IV. The aero-thermal performance of leakage flow based on modification of slot orientation

and position.
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Chapter 2

Research Methodologies

This chapter presents the research methodologies implicated in present study. The
experiments involve two main experimental procedures (aero and thermal measurement)
which are conducted at Iwate University, Japan. Both of the measurements have been
conducted in the same experimental setup which enable a directly investigation on the role of
aerodynamics behavior onto thermal performance. Numerical simulation is also one of the
approaches that were applied in this study in order to reveal the flow which cannot merely

investigated by the experimental.

2.1 Test models

The test blade used in present study is shown in Figure 14. The blade design is merit
to the first stage turbine which is operating in high pressure condition. The blade was
designed by using 3-dimensional CAD (Computational Aided Design) software known as
SolidWorks. Based on the 3D data obtained from the SolidWorks, the blade was
manufactured by applying a rapid-prototyping method. In order to investigate the effect of the
leakage phenomenon in high-pressure turbine cascade, 6 blades have been designed with 5
segments as shown in Figure 15. The two blades with hub endwall are expected to be a
measurement region which consisted with a upstream leakage slot along the beginning of the
endwall. Two segment leakage gaps also have been design where the first segment gap
located between blade 2 and blade 3 while the second segment gap in between blade 4 and
blade 5. Upstream slot was designed to have a merit to the gap between the first stage turbine
endwall and combustor endwall while the gaps between the blades segments are merit to the
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2.2 Test facility

The new test facility was designed for aerodynamic and endwall temperature
measurements of a proposed test model. The experimental investigations were conducted in
subsonic wind tunnel located in the Aerospace Laboratory at Iwate University. Figure 17
shows the test apparatus used in this study, indicating main blower, diffuser, settling chamber,
contraction nozzle, transition duct and test duct. The main blower was used to drive the
mainstream air into the test duct with maximum flow rate of 320 m*/min at pressure of 3000
Pa. The diffuser is 1500mm long gradually-expanding passage following the test section with
inlet size of 390 x 490mm up to 900 x 900mm at exit in which the flow speed decreases and
the pressure rises. The flow kinetic energy coming from the main blower was converted to
static pressure inside the settling chamber. The uniform flow structures are required to obtain
more compatible results with numerical simulation. The modification of the mainstream flow
structures was done by applying two screens and honeycomb inside the settling chamber to
calm the flow and minimize the disturbances. The settling chamber's cross section dimension
is 900 x 900mm and match up with the dimensions of the contraction nozzle. The contraction
nozzle's purpose is to take a large volume of low velocity air and reduce it to a small volume
of high velocity air without creating turbulence. The length the nozzle is 1100mm. The size
of the large end, nearest the settling chamber was set at 900 x 900mm. The small end of the
contraction nozzle was set at 580 x 178mm which fixed the size of transition nozzle (300mm
length). The flow coming from the transition nozzle will be driven into the test section. The
shape of the contraction nozzle was a cubic curve, and the curve was applied on those four
surfaces. The secondary blower works to supply the secondary air into the mainstream.
However, the secondary air will firstly go through the plenum chamber which is attached to
the bottom side of the test duct parallel to slot position before it will be injected into the
mainstream. To have the uniform flow to be injected, the screen is positioned inside the
plenum chamber. A laminar flow meter was used to measure the mass flow rate of the
secondary air.

Figure 18 illustrates the birdview of the test section. It consists of four parts: the inlet
section, the blade section, secondary air inlet section for upstream leakage, and the outlet
section. All components of the test section except the test cascade were made of acrylic-resin

plate in order to keep visibility from outside. The inlet section is delimited by the hub
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endwall, the tip endwall and the two side walls. Beneath the both side endwall an adjustable
boundary layer bleed is employed to secure a parallel approaching flow field with a new
boundary layer. An L-type miniature pitot tube was placed upstream of the model leading
edge for inlet flow velocity measurement. The inlet velocity was about 16-18 m/s to meet
desired inlet Reynolds Number. The blade section is a linear cascade consisted of 6 blades
which had four identical HP turbine nozzle blades, and two dummy blades at outer side. The
profile of the blade is shown in Table 1. The top view of test section and geometry of the
leakage slot are shown in Figure 19. The upstream leakage slot was located at -0.63C,
upstream of the blade leading edge. The slot extended about 4 pitches and the width was
0.064C,x (4mm). In consideration for the baseline condition, normal injection into the main
flow was applied in this study. Second slot; segment gaps were located between the blade
segments with opening about 1.75 mm. This slot extended from x/C, = -0.63 until X/Cy =
1.25 with a curve slot near the blade throat. Behind the cascade, exit velocities of 50-60 m/s
were obtained (Mach number approximately 0.15). The air is expanded to atmospheric
pressure. Both of tailboard angle at cascade downstream were adjusted with gradually
expanding passage in order to obtain the uniformity of inlet flow structures. The coordinate
system is also presented in Figure 19 where X-axis is parallel to axial flow direction, Y-axis
is parallel to pitchwise direction and Z-axis is parallel to spanwise direction. Figure 20

indicates the 3D CAD of the plenum chamber used in present study.
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2.4 Test condition

All measurements have been conducted at fixed inlet Reynolds number based on inlet
midspan velocity and the actual blade chord length, Re;,,=125000. The definition of the
Reynolds is given by Eq. (2)

U.cC
Reoo = M__ (2)
Y7,
where;
P, mainstream air density [kg.m™];
U.., mainstream inlet velocity [m.s™'];

C, actual blade chord [m]; and,

4 , mainstream air viscosity [kg.m".s™]

The Reynolds number involved in the real gas turbine is far exceeding the considered value
in the present study. Due to the limitations of the experimental setup, only such Reynolds
number can be considered in the present study. In order to investigate the effect of the

different amount of the leakage into the mainstream, which represented by mass flow ratio,

MEFR given by Eq. 3,

MFR = ﬂ x 100 (3)
m,,
Here,
m, = p,0h, = p,A4,U, (3.1)
m,=p, 0, =p AU, (3.2)
Thus,
m, = (1.2839x 10 YMFRp,U_n 4)
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where;
mi,, secondary air mass flow rate, [kg/s];
m,, mainstream air mass flow rate, [kg/s]:
0., mainstream air volume flow rate, [m3/s];
0>, secondary air volume flow rate, [m3 /s];
U.., mainstream inlet velocity, [m.s™'];
P>, secondary air density, [kg.m™];
P, mainstream air density, [kg.m>];
A, cross-sectional area for 1 pitch at inlet, (=0.012839 [m?]); and

n, pitch number, [kg.m'3 ].

In present study, in order to investigate the effect of the leakage and its potential to become as
one of the cooling configuration, four mass flow ratio have been considered at MFR = 0.75%,
1.25%, 1.75% and 2.25%. These MFR have been selected by consideration of low,
intermediate, higher and extremely higher leakage injection, respectively. The consideration
of higher mass flow ratio was made due to the promising thermal results that have presented
by the previous researcher. Furthermore, the potential of the leakage flow ejection as a

cooling can be investigated and discussed.
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Figure 23  Measurement grid at inlet plane (-0.85C,)

2.5.2 Outlet flow investigation at plane 1.25Cax

The measurement was conducted at 1.25C, downstream of the blade LE which
indicated by the green dot-line in Figure 22. In order to study the effect of the upstream
leakage ejection included their injection amount, four MFR of 0.75%, 1.25%. 1.75% and
2.25% have been used in consideration on low, intermediate, high and extremely higher
injection, respectively. The high and extremely high amount ejection were done in order to
see the potential of the upstream leakage to work as cooling purpose thus their effect on the
aerodynamics side also need to be revealed. However, the measurement without any leakage
or secondary air injection was firstly carried out to observe a flow field of baseline condition
at the same plane. This enables the direct comparison between baseline condition and leakage
injection cases. For baseline condition case, a measurement was conducted without supplying
a secondary air, therefore a flat endwall platform without slot was placed at the first to avoid
a flow that coming from the high pressure mainstream moving into the slot which might be
considered affecting the ongoing flow structures. The measurements at outlet plane were
done by two phases where the first phase was to investigate a periodicity of flow at cascade

outlet. 1600 points of measurement were started from the blade tip which traversing for 2
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pitches and ended close to the endwall. On the other hand, second phase measurement were
surveyed with a finer grid for only 1 pitch and a measurement started at midspan. The finest
grid was 1 mm and coarsest was 10 mm with a 1148 points of measurement. Furthermore. the
finer grid was adopted near the region where the blade wakes are expected. As shown in
Figure 24, this plane has been surveyed by means of 28 traverses in the pitchwise direction.,
each of them constituted by 41 measuring points spaced with variable steps which have a
finer grid near the endwall. For each measuring point 10 samples have been collected and the
pressures were calculated as time-averaged components. However, results based on finer grid
measurements only will be presented. As done for inlet measurement, the nearest distance of
measurement from the endwall could be positioned approximately 2 mm which means the
measurement range is approximately 2% to 50% of the span direction. Figure 22 indicates the
viewpoint definition of all contours presented in this paper. Different case with inlet
measurement, the probe was oriented to -72.3" of yaw angle for outlet flow measurement
due to the flow turning at blade downstream. This angle was obtained based on the
prediction using CFD simulation. The probe will not properly measure the total pressure at
this plane by normal probe orientation as the flow deviation exceeding the maximum

calibration range. Table 3 shows the flow conditions for each measurement.
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AV Traverse direction sy
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endwall

Figure 24  Measurement grid at outlet plane (1.25C,y)
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However, Eq. 7 has been used in present study due to the difficulty to measure the total
pressure inside the plenum chamber within a very limited space. However, prediction
presented that the different between these two equations was less than 1% and could be
neglected. The vorticity, { as a rate of flow rotation in 2-dimensional plane (axis y and z)

has been determined in order to reveal the flow behavior at those planes as defined by Eq. 9.

ow  Ov
= & 9)

Both C,,and { contours presented by the experimental will be compared with the numerical
simulation for validation which enables the more accurate prediction of flow structures in the
blade passage. Finally, secondary kinetic energy coefficient, Cskg as been shown in Eq. 10

was also determined for a details discussion on the flow behavior.

SKE
CSKE = ‘ﬁ-— (10)
i onul,mid
Here,
SKE=%(V;ZC+W£C> (10.1)
2 . 2
I/St:(: = (Z/l sn‘l(aour‘mid ) - VCOS(aomed )) (102)
W =w (10.3)

sec

In the mean endwall tlow field, the rotational energy at the endwall is typically quantified by
the magnitude of SKE. Using averaged exit flow angle at midspan as the primary reference
direction, SKE is defined as half the sum of squared mean velocity component normal to the

primary reference. SKE then be normalized with the dynamics pressure to determine the Cskp:.
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2.6 Thermal investigation

2.6.1 Thermo-chromic liquid crystal (TLC)

The development of thermo-chromic liquid crystal (TLC) based thermography over
the past 30 years has provided thermal engineers with a relatively in expensive technique for
visualizing and measuring surface temperature. TLC is temperature indicators that modify
incident white light and display color whose wavelength is proportional to temperature.
Thermo is refers to temperature while chromic refers to color. They can be painted on a
surface or suspended in the fluid and used to make visible the distribution of temperature.
The displayed color is red at the low temperature margin and blue at the high end. The color
changes smoothly from red to blue as a function of temperature. The chemical makeup of
TLC material fixes its color-temperature response at the time of manufacture. A simple, two
color/temperature design at or typically describes this response and can be useful in
qualitative applications and for properly selecting a TLC formulation for a particular
application. Engineers and scientist have successfully used TLC thermography to investigate
various thermal phenomena in wide variety of applications. These applications include gas
turbine heat transfer. In present study, RW24-26 of TLC has been used to describe that the

color changes occurs at temperature range of 24°C to 26 C. In order to observe the color
change due to the temperature different, the mainstream temperature must be below 24°C

while the secondary air temperature should be higher than this range.

2.6.2 Temperature measurement by TLC

Thermal investigation was conducted by the same wind tunnel used for the
aerodynamics investigation. However, some modifications on the test section have been done
in order to obtain high accuracy of the measurement. As illustrates in Figure 26, the endwall
side of the test section included the blades were black painted in order to reduce the light
reflection towards camera during the measurement. To have a clear visualization on the
endwall side from the top, the tip side wall of the cascade has been replaced with a flat and
clean acrylic plate. Figure 26 also indicates the region of the temperature measurement which
was focuses on the endwall region between blade 3 and blade 4. Figure 27 shows two
configurations of TLC coating for the measurement. As shown in the figure 27, an acrylic

plate was firstly painted by a black color then the TLC layer was coated for configuration A
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2.6.3 TLC calibration

The relationship between the temperature and measured Hue of the reflected light
defines the calibration curve for the TLC. Figure 29 shows the calibration device that was
used where the stainless sheet was attached on the acrylic plate with two cooper electrodes
were fixed at the end. The TLC was coated onto the stainless sheet surface by configuration
A to have a similar condition with the measurement. The voltage was applied through the
electrodes and the color changes due the temperature different on the calibration plate were
captured by the same camera used in the measurement. At the same time, the temperature
distribution was measured by sixteen K-type thermocouples which were attached on the
bottom side of the plate. In order to reduce the uncertainties, the calibration test was
conducted in place in the wind tunnel with the same lighting level and viewing angle used
during the data acquisition phase of the measurement as shown in Figure 30. The RGB
images captured during the calibration test which was converted to HSL images is shown in

Figure 31. Then, Eq. 11 was used to obtain the relationship between temperature and Hue

T -T,

s Ly (P-P)+T (11)
PP,

where,

P, Hue value at specified pixel position;
Pg, Pixel position of the low-temperature side thermocouple;

P;, Pixel position of the high-temperature side thermocouple;
Ts, low side temperature measured at Ps. and

T;, high side temperature measured at Py,

Finally, the curve can be plotted as shown in Figure 32. Based on the Figure 32, the Hue
range of 30~170 illustrating the most accurate characteristic has been selected for the data
post-processing purpose.
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2.6.4 Transient method

This study employed a transient method to determine heat transfer coefficient and
film effectiveness from the time-varying temperature data of the surface. A brief description
on the method is given in the following. Temporal change of the surface temperature on
semi-infinite body 7, subjected to step-like temperature change of the flow over the body
with constant heat transfer coefficient, # is provided from the solution of one-dimensional

heat conduction equation as

o 2
L, 1, zlexp(ﬂ}rfc[ it j (12)
, pcA

7;. initial temperature of the body;
T, flow temperature;

p, density;

¢, specific heat; and

4, thermal conductivity.

In a real situation, since it is almost impossible to obtain a step-like temperature rise of the
flow, as shown in Figure 33, Duhamel's theory can be applied to cope with a gradual
temperature rise. In this case the temperature rise is approximated by a series of steps with
small temperature increase, which yields the expression for the time-varying wall temperature

as

N
Tw(t)_Tf = ZIU(t_Tj XTg.j _Tg../fl) (13)

J=

hz("’) hjt-r,

J

U(t—r.j)zl—exp —pT erfc —\/77—

(13.1)

When applying the above-mentioned relationship to film cooling situation, the flow
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temperature 7 in Eq. 13 should be replaced by adiabatic wall temperature, 7,,. Since film

cooling effectiveness # is defined as,

_ Tl (14)
(-

where T, and 7> are main and secondary flow temperatures. The adiabatic wall temperature

can be written by
Taw:nT2+(l_’7)Too (15)

Suppose that the film effectiveness remains constant even when the temperature rise of the
secondary flow is approximated by a series of step-like temperature change, the following
expression can be used for 7,

a o

Tw.j :nTZ,j +(1_’7)T (16)

Therefore, Eq. (13) can be rewritten by substituting Eq. (17) into Tg;

y
T,()-T,=n> Ult-1)t,, -7, (17)

J=1

Eq. 17 can be regarded as a non-linear equation with respect to two variables, i.e., film
effectiveness, # and heat transfer coefficient 4. Combination of two different wall

temperatures for two different elapsed times #,and #; given by Eq. 17 yield

U<ta -7, XTz,A/ - Tz,j—l)
= (18)

j U(tb - Tj XTL/’ - T2~jfl )

M(

1t

M=

~
Il

This is an equation only with respect to 4, from which % can be determined by solving Eq. 18

numerically. Then, film effectiveness can be given as follows,
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ZU(ta o z-j XTZJ - Tz,jfl)

=1

However, there are required several procedures before the 4 and 1 can be properly calculated

by this method. Figure 34 illustrates the procedures of overall data post processing.
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Figure 34  Data post processing procedures
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2.7 Experimental uncertainty

2.7.1 Uncertainty definition

Experimental uncertainty analysis is important to evaluate the level of confidence in the
results. Uncertainty analysis is a powerful tool for improving the value of experimental work, and
can be applied during all phases of an experimental program. The greatest value of uncertainty
analysis is almost certainly obtained when it is used during the planning of an experiment, Kline
[31]. The general case of an experimental result, R, computed from j measured variables X;

the data reduction equation is:
R= (X, X, X X ) (20)

and the uncertainty in the experimental result is given by

S e e R i e

Here,

X

n

] =5,+& (1=1,2,3,...J) (22)

Where,
Upg. uncertainty in the result,
Uly,, uncertainty in the variable X,
dp, device accuracy uncertainty

g, standard deviation
This is the most general form of the uncertainty propagation equation, Coleman and Steele

[32]. The uncertainty due to device accuracy, dp and the standard deviation, & can be

determined by Eq. 23 and Eq. 24, respectively.
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é‘ — acc
NE) (23)
X vax = Xpin
= 23 (24)
n_ Average
Where,

Dac., accuracy of the measurement device
X, Max, Maximum value of X,
X, min, minimum value of X,

Xn,Average, average of X,

The overall experimental uncertainty can be calculated by determine the root square of Eq. 21.

The details of the experimental uncertainties also presented by Moftat [33] and Alok [34].

2.7.2 Aerodynamic measurement uncertainties

In present study, the accuracy of the measurement device is also considered in the
calculation. For instant, the uncertainty of the pressure transducer approximately 1% (Setra
265: 0~5000Pa) is considered as one of the variable. The procedure to determine the
uncertainty of the total pressure loss is explained below. Based on Eq. 7, C,is dependent on
three variables; inlet total pressure, Py outlet total pressure, Py, and dynamic pressure, Py.

By considering
=P,-P (25)

Thus, based on Eq. 21, the uncertainty of the total pressure loss can be determined by Eq. 26

(@] Z{U(P,,,_\.\.)Jz +[u(f:,)]2 (26)

C P P,

i loss

Here,

(U(r )Y (V) (Vleu))
B ) LB ) U B
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Based on Eq. 22, Eq. 23 and Eq. 24,

P -P

1,0, Max t,o0, Min

U([)IOO) — Dacc,/ran + ng
P \/g 1)/ o, Average

(26.2)

})I,ou/,/\wiax - Pl,uut,Mm

[U(l)l,ozll )\J - Dacc,lran + 2\/§ (263)

\/3 [)/ Jout, Average

-P

Pd JMax d ,Min

. vas ~ L.
(U(Pd)j _Ducom 23 (26.4)

P d x/g l)d JAverage

Where,
Dec iran, accuracy of the pressure transducer (Setra 265)
P oo Max» maximum value of inlet total pressure
Pt our Max» maximum value of outlet total pressure
P4 max, maximum value of inlet dynamic pressure
P+ rax» minimum value of inlet total pressure
P our Max» minimum value of outlet total pressure
P4 pax, minimum value of inlet dynamic pressure
P/« verage> average of inlet total pressure
P\ ouraverage> average of outlet total pressure

Py tverage, average of inlet dynamic pressure

Thus, the overall experimental uncertainty can be defined by Eq. 27 by substituting Eq. 26.1,
Eq. 26.2, Eq. 26.3 and Eq. 26.4 into Eq. 26

[U)) [e [v12) N
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The thermocouple has been used for the plenum and mainstream temperature thus the device
accuracy has been included to determine the uncertainty for T, — Ty and T), — To,. At
different elapsed time, t both uncertainties for # and n are highly influenced by the T, — T,
and T,, — T, which mean a different uncertainty should be determined at different n. As the

same procedures applied in aecrodynamics uncertainties, the uncertainty for n=0.2 and n=0.5

are
(@j =+18.73% (30)
n=0.2
(U_”)) _ 425.49% G1)
77 n=02
[__U ’7)) = +15.49% (32)
77 n=0.5
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Chapter 3

Results and Discussions

This chapter presents the results and the discussion of the present study. The
discussion involving the experimental works will includes the comparison with the numerical
simulation. Both of aecrodynamics and thermal behaviors will be included. Firstly, the details
on the inlet flow behavior have been clarified included the blade profile investigation. The
advantage of the CFD simulation enables the prediction of flow structures especially at the

region where could not be obtained by the experimental.

3.1 Blade profile verification

The blade profile was verified by determined the static pressure loss on blade PS and
blade SS as shown in Figure 38. The loss profile based on the EFD is compared to the CFD
for the validation. The loss pick on the blade SS is parallel to the position of blade throat.
Predicted loss profile almost in good agreement with the EFD except near the blade TE on
blade PS. The difficulty in providing a measurement holes at this small area only allowed a
few data can be taken. Furthermore, complexity of the flow due to the wake profile near the

blade TE also the reason could be considered.
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3.3 Aerodynamics performances at blade downstream

3.3.1 Baseline flow performance (without leakage flow)

The flow at plane 1.25C, has been revealed by conducting the 5-holes probe
measurement which enables the three-dimensional flows measuring. The details on the
baseline case need to be firstly discussed thus the flow behavior affected by the leakage flow
injection could be clearly being observed and compared. Figure 43 presents the total pressure
loss coefficients, C,, with secondary velocity vector plotted, vorticity, { and secondary kinetic
energy coefficient, Cskx in (a), (b) and (c) respectively, for the baseline case obtained by the
EFD. The vertical axis of the contour represents the normalized spanwise direction while the
horizontal axis is normalized pitchwise direction. The contour in spanwise direction starting
from endwall, z/s=0.02 and ended at blade midspan, z/s=0.5. Noted that the nearest position
of probe towards endwall is approximately 2 mm which means z/s=0.02. Figure 43 (a) shows
the losses contributed by the wake profile which occurs along the spanwise direction in the
region of y/p=0.35~0.5. In addition, the contours also characterized by the presence of the
passage vortex represented by the first loss core centralized at y/p=0.48 and z/s=0.1. The
second loss core also can be seen close to the endwall at y\p=0.38~0.42 which is considered
associated with the interaction between boundary layer, wake profile and the corner vortex.
The  contour plotted at the same plane in Figure 43 (b) explains the cause of the loss which
is associated with the passage vortex consists of three { regions. The first region indicates in
red located at y/p=0.4~0.6 and z/s=0.08~0.12 rotating in anti-clockwise direction. The second
{ region rotating in clockwise direction located at the bottom side of the first region. The
flow direction due to these ( is parallel with the secondary velocity vector plotted in Figure
43 (a). The third  region captured close to the endwall region could be considered as the
corner vortex rotating in anti-clockwise direction. The magnitude of the rotational energy
influenced by the secondary flows describes by Csxr as presented in Figure 43 (c). The
appearance of Csxzregion as captured in the figure is parallel to the position of the passage
vortex which is presented in { contour in Figure 43 (b). Thus the contour explains the energy

produces by the passage vortex for baseline case.
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3.3.2 Leakage flow injection effects

The effects of the leakage flow from the slot which is located -0.63C,¢ upstream of
the blade LE has been investigated by four different injection amounts. The leakage flow
amount represented by MFR were ejected approximately 0.75% ., 1.25%. 1.75% and 2.25% to
describe the case for lower. intermediate. higher and extremely higher ejection. The same
contours as discussed in previous section are plotted in Figure 44~Figure 47 for MFR
=0.75%. 1.25%. 1.75% and 2.25%. respectively. According to those figures, there are three
significant changes has been recognized compared to Figure 43 (a). Firstly, at a lower MFR
ot 0.75% presented in Figure 44 (a). the shape of the first loss core seems to be slightly
changed. As shown in Figure 44 (b), the flow C indicated by the blue region which is rotating
in clockwise direction increased its strength which might be one of the reasons of the change.
However. the position of this core did not show any significant change. Secondly. the second
loss core which is located at v/p=0.4 also slightly increased the region. However. the C
contour as be shown in Figure 44 (b) did not show any signiticant change in term of the
magnitude or region compared to the baseline case. The third change is the most significant
effect could be observed when the leakage flow being injected even tough at lower MFR. The
additional lost core region on the blade SS side located at y/p=0.55~0.87 and z/s=0.02~0.05
has been captured. Indeed, the additional loss region was likely occurred close to the endwall
side. The secondary flow structure was being affected by the leakage tlow ejection
consequently contributes the additional loss near the blade downstream. This has been proved
by the appearance of the newly vorticity contour near this region with a lower strength. see
Figure 44 (b). The discussion above is mainly concentrates on the effect of leakage tlow on
lower injection case. The effects by the different amount of leakage injection was also been
revealed.

Figures indicate that the upstream leakage ejection has a significant influence on the
secondary tlow structures across the MFR value. Increased the MEFR from 0.75% to 1.25%
did not give a significant effect on the first loss core in term of shape. see Figure 45 (a) but its
position slightly shifted towards midspan. This phenomenon could clearly be seen when the
MER continuously be increased to 1.75% and 2.25%. see Figure 40 (a) and Figure 47 (a). The
first loss core were shifted trom z/s=0.10 to 0.13 for MFR=1.75% as shown in Figure 46 (a)
and leakage injection with 2.25% presents the highest position among others approximately

z/s=0.15. sce Figure 47 (a). This might be considering that the leakage flow injection from
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the upstream of the blade LE caused the increase strength of the horse-shoe vortex (HSV)
especially on the pressure-side leg horse-shoe vortex (PS-HSV). As a result, the PS-HSV had
a higher fluid momentum compared to lower leakage injection or baseline cases to cross the
mainstream flow from the blade PS to neighboring blade SS. Finally it developed as a
passage vortex near blade TE. At the corner between blade SS and endwall. the passage
vortex is expected to be lifted-off the blade surface with a higher position in spanwise
direction by the higher fluid momentum thus presenting higher position of the loss core at
blade downstream compared to a lower MFR injection. This is parallel to the suggestion
made by Sharma and Butler {7]. In addition. not only the position. but also the shape of the
loss core seems to be continuously changed. The transformation of the loss core shape can
clearly observed at higher MFR of 1.75% and 2.25%. This core tends to change especially on
the blade SS where it became oblongated towards pitchwise direction. For the second loss
core. the region (red core) in Figure 47 (a) for 2.25% injection became wider in pitchwise
direction and the region was expanded approximately from y/p=0.38~0.42 to y/p=0.38~0.55.
The loss region became wider was due to the increase strength of the tflow ¢ near this region
as shown by the { contours in Figure 44 (b) ~Figure 47 (b). As the MFR being increased, the
strength of the corner vortex has been amplified which then contributed to the higher losses.
This phenomenon could also influences to the blockage which might be considered to detlect
the earlier tflow direction slightly upwards. The higher position of first loss core at higher
MFR also might be the result from this phenomenon.

The third loss core which was only be captured in the leakage cjection cases also
continuously expended the region when the MFR increases. The third loss region which is
localized on the blade SS side expanded almost half of the blade pitch for the extremely
higher injection in Figure 47 (a). Furthermore, compared to lower injection case. this loss
core likely to be litted-up toward midspan as the same phenomenon has been captured on the
first core.  As discussed previously. the newly generated flow C at this region was being
considered to responsible for the additional losses. Since the strength of the C in this region is
increased when the MFR increases, see Figure 45 (b) ~ Figure 47 (b). the wider loss region
was obtained. Additionally, higher strength flow  can easily penetrates into mainstream thus
resulting higher position in spanwise direction. The increased strength of flow ( near this
region is also clearly be captured by the secondary velocity vector plotted which is

centralized at y/p=0.76 and z/s=0.06, see Figure 47 (a). The tormation of the vortical
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structure in this region explains a significant effects influenced by the leakage flow where the
strength of the passage vortex was amplified. Based on Figure 44 (c) ~ Figure 47 (c), Cske
contours are parallel with the above explanation where the increased strength of the passage
vortex also can be seen by the increases of the secondary flow energy. As expected,
MFR=2.25% provides the highest Csxzmagnitude compared to a lower MFR or baseline case.
In this case, higher Cgxr consequently increase the passage loss associated by the secondary

flows.
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Normalized spanwise direction of Cp/Cpymig) and flow deviation at the same plane are plotted
in Figure 48, by determining the average on pitchwise direction of each data. The graph
illustrates the comparison between the leakage injections with the baseline case presented by
the red line in (a) C,, and (b) yaw angle, a. As be shown in Figure 48 (a), the C,,/Cpymizy =1 1s
actually belongs to the loss associated by the wake profile and for C,/Cpymiay >1 can be
considered as the loss associated by the secondary flows. For the baseline case, the loss
influenced by the secondary flows can be observed from z/s=0.02 to z/s=0.3 with the
maximum Cp,/Cpymig) =1.33 located at z/s=0.08. The loss contributed by the secondary flows
in spanwise direction spread slowly from z/s=0.3 to z/s=0.4 (indicates by C,/Cpimia
>1 )when the leakage flow are applied. The picth-averaged C,, also presents the increases
trend when the MFR increases. The maximum C,/C,miq 1S approximately 1.39, 1.41, 1.5 and
1.58 for MFR = 0.75%, 1.25%,1.75% and 2.25% respectively. At the same time, as the MFR
increases, the position of the pick slightly shifted toward midspan. This observation is in
good agreement with the Cp; discussion made on Figure 43~Figure 47. The introduction of
the leakage flow at upstream of the blade LE is considered to increase the strength of the PS-
HSV which finally influenced to the higher flow blockage in the blade passages. As a result,
a high flow deviation by the higher MFR was obtained as indicated in Figure 48 (b) thus
resulting higher losses.

The aerodynamics performance of upstream leakage flows can be summarized by
taking the mass-averaged C,, for each case as shown in Figure 49. The approximate curve has
been plotted thus the trend of aerodynamics performance can be observed. The contribution
of the MFR towards the C,, can directly specify from the graph. Measurement indicates the
C) is linearly increases as the MFR increases. Based on the trend line obtained, applying the
highest MFR=2.25%, resulting the C—pt =1.456 which means the loss was increased
approximately 14.2%. In other words, in order to increase 1% of MFR, the loss is estimated
to be increased about 6.3%. Another approach also can be used to describe the trend of loss
with substituting the parameters into the linear function by taking the MFR parameter into

account. As a result, Eq. 28 can be used to represent the loss trend for upstream leakage

injection.

Cpe=YMFR + Cpeo (33)
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Where,
v, loss increase rate (=0.080)

Cpto » baseline mass-averaged loss (=1.275)

)
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Figure 49  Trend line for mass-averaged total pressure loss at Plane 1.25C

3.3.3 Predicted flow behaviour at Plane 1.25Cax

The performance of numerical simulation in predicting the interaction between the
leakage flow and the secondary flow on the endwall has been investigated by three cases.
Firstly. the baseline case was predicted. Then it has been compared with another two
injection cases; MFR=1.25% and 2.25% represent intermediate and extremely higher leakage
injection. Figure 50 presents the (), contour (a). ¢ (b) and Cy (¢) for baseline case. The
same figures are plotted for MFR=1.25% and 2.25% in Figure 51 and Figure 52. Without any
leakage flow injection, Figure 50 (a) presents the loss contour for baseline case which was
associated by the wake profile along the spanwise direction in the region y/p=0.3~0.5. The
passage vortex was considered to be responsible to the loss core indicates with a higher loss
region at y/p=0.43, z/s=0.10. As be shown in Figure 43 (a). this loss core was also be
captured by the experimental. However, in comparison with the EFD. numerical simulation
clearly predicted the existence of the loss core close to the endwall located at region
v/p=0.35~0.5. The limitation of the measurement device to access this region caused the
presence of loss core near this region was not clearly captured. In comparison to the baseline

case. the loss core associated with the passage vortex can be observed to occur further away
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from the wall corresponding to the MFR values. At MFR = 1.25%. see [igure 51 (a).
additional loss region can be observed to occur on the blade SS. Noted that. this new loss
core was also presented by the experimental as shown in Figure 45 (a). As the MFR increases,
the additional loss region also increases as shown by MFR= 2.25%. see Figure 52 (a). This
additional loss region was also caused by the flow vorticity which is clearly captured on the
blade SS. Additionally. in comparison with the measurement, CFD also clearly captured the
presence of the vortical structure illustrates by the secondary velocity vector is centralized at
y/p=0.75. z/s=0.11 to present the increased strength of the passage vortex in the cascade.
Higher leakage flow ejection case causes deformation on the shape of the loss core
characterized by the passage vortex. The CFD results show similar trends as the EFD. Similar
to the EFD. the position of the loss core predicted by CFD seems to move away from the
endwall as the MFR increases. Although the similar trend can be observed. the CFD results
show a discrepancy in terms of the shape and location of the loss core. The discrepancy could
be contributed by the ditterent inlet flow protile used in the CFD which influence to the
development of the passage vortex. see Figure 42. With regard to the loss region
characterized by the corner vortex which has been observed earlier. see Figure 51, wider loss
region can be observed at higher MFR indicating the increase of the corner vortex strength.
The same trend of Cgy is also presented by the CFD where the increases of the secondary
flow energy can be observed after the leakage injection: see Figure 51 (¢). Its continuously
increase when the leakage flow changed to MFR=2.25%. see Figure 52 (c). However, CFD
has predicted the higher secondary flow energy compared to EFD close to endwall side which
been observed after the leakage injection. This higher flow energy might be sourced by the
newly generated flow vorticity near this region. Figure 53 summarizes the predicted
aerodynamics performance by determine the mass-averaged C,, which is compared to EFD.
A similar pattern can be observed between the EFD and CFD. Having the similar trends, the
losses predicted by the CFD increased approximately 14.3% for MFR= 2.25%. Thus, it could
be estimated that about 6.4% of loss increases when injecting a leakage flow by MFR=1%.
The prediction is very close to the EFD with 6.3% of loss per MFR. In general, the graph
shows that CFD is over predicted the losses in the range of 3%~5% in comparison to EFD.
Based on Eq. 33, the loss predicted by CFD can be estimated by Eq. 34.

Cpe= 0.085MFR + 1.331 (34)
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velocity. Furthermore, the { contour at Plane B which is located at approximately 60% from
blade PS is also presented in each figure. These two planes enable the observation of the
horse-shoe vortex (HSV) development in the cascade. Note that x/Ca = 0 is parallel to the
position of the blade LE.

In the baseline case as shown in Figure 54, CFD has predicted the formation of
pressure side leg horse-shoe vortex (PS-HSV) and suction side leg horse-shoe vortex (SS-
HSV) near the blade leading edge. PS-HSV travels from the blade PS to neighboring blade
SS consequently meet the SS-HSV coming from adjacent blade LE. The presence of the
leading edge corner vortex has also been predicted at both sides of blade leading edge with a
smaller core compared to HSV. Based on the streamline, the HSV is centralized at x/Cyx= -
0.15, z/s=0.02 and the higher C core captured on Plane B located at approximately x/Cax =
0.35 illustrates the PS-HSV moving towards downstream of the blade passage. A
modification of the existing secondary flow structures occurred when the leakage flow is
injected, see Figure 55. The introduction of the leakage injection upstream of the blade LE
unfortunately induced to the flow blockage just downstream of the slot (slot location, x/Cyy =
-0.63). As a result, the strength of the HSV near the blade LE was amplified as indicates by
the increases diameter of the swirling flow in Figure 55. Figure also clearly explained the
increase of HSV strength with the higher swirling energy of the core compared to the
baseline case. This resulting in increase of PS-HSV energy which will allow it to travel
across from blade PS and lifted- off onto adjacent blade SS. At MFR=2.25%, { contour on
Plane B in Figure 56 shows that the direction of the PS-HSV slightly shifted towards
upstream. The PS-HSV seems to be merged with the adjacent flow { caused by the separation
flow downstream of the slot. At MFR=1.25%, a newly generated vortex core can clearly be
observed along the pitchwise direction just downstream of the slot. As shown in Figure 57,
due to the high pressure near the blade stagnation region, ejected leakage flow tends to move
towards centre of the blade passage and accumulated with the opposite flow direction of the
leakage flow that coming from adjacent blade. This phenomenon has influenced to the
formation of new vortex core (accumulated flow vortex, AFV) which then developed along
the blade SS surface. As been shown in previous section, the presence of this vortex core is
predicted to responsible to the additional loss which was generated after the leakage flow
injection. As the MFR increases, the AFV strength is further increases. At MFR=2.25%, see

Figure 56, ejected leakage flow has much higher momentum to penetrates into the main
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stream; particularly near the stagnation region compared to the lower MFR cases. Higher
blockage consequently influenced to higher strength of the HSV. Noted that the higher
energy of the PS HSV, the earlier the reattachment onto the adjacent blade SS occurs. The
position of the PS-HSV shifted again toward upstream compared to the lower injection and
baseline cases as shown in Plane B in each figure. This phenomenon consequently deflected
the direction of the LE CV upwards. The explanation parallel to the position of first loss core
which is shifted towards midspan at a higher MFR as shown in C,, contours in EFD and CFD.

To obtain the full understanding on the vortex propagations, the vortex core generated
near the blade trailing edge are also presented in Figure 58~Figure 60. Again, the { contour at
Plane 1.25Cax is also shown in order to directly recognize the sources of the { from the
vortex core. Further downstream of the blade leading edge, it can be observed that PS-HSV
was deflected by the SS-HSV before attaching onto the adjacent blade SS surface, see Figure
58. This SS-HSV is actually coming from adjacent blade suction, losing its swirling energy
when travels away from the blade leading edge. In contrast, the strength of the LE-CV
increases near the blade throat and developed in the same direction with the PS-HSV to
become a large passage vortex at blade downstream plane.

The first Cp, core which was presented in Figure 43 (a) and Fig. 50(a) are considered
to be associated with this particular vortex core. Figure 58 also shows the origin of the
counter vortex (CV) located just downstream of the blade throat. The CV rotating in anti-
clockwise direction was also captured by the { contour shown in Figure 50 (b) ~ Figure 52 (b).
Figure 59 and Figure 60 also clearly indicate the development of the AFV near the blade TE.
Thus, the newly generated vortex core, AFV at upstream seems to be responsible to the
additional losses. Since the € contours based on CFD is showing almost similar trend with the
EFD, the predicted vortex core could explain the sources of the flow vorticity as shown in
bottom side of Figure 58~Figure 60. Figure 61 shows the birdview of the flow streamline in

comparison between baseline and injection cases.
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chamber extended for 4 pitches parallel to the slot length. Gridgen was applied to generate
the mesh with 12.4 million elements with fully structured multi blocks. By considering the
time and cost required, approximately 1.5 million of mesh element were generated for each
blade pitch. The same grid topology was applied on each blade pitch thus the bias causes by
the grid itself can be avoided. This model enables the studies on the secondary air behaviour
on the C, contours. The same turbulence model used in previous flow prediction, SST was
adopted. From Figure 62, the total mass flow rate at cascade downstream can be represented
as
m,, =m, +mn, (35)

Since the secondary air inlet was split into two pipes (inlet a and inlet b), here ni, can be

represented as

n'zz = 17'12[1 + n'12b (36)
Thus,
m,, = m, +n,, +n,, (37)

In order to investigate the effect of the flow inside the plenum chamber, fixed ni, at
MFR=2.25% was predicted with several cases by different m,, and m,;,. Five cases were

predicted in this study.

Case 1
) ) 1 .
m,, =My, = Emz
Case 2
) 2 . A
m,, :§m2 My, —Emz
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3. 1
Myg =M, My =M,
Case 4
1. 2 .
m,, =—m, My, =—m,
2 3 26 3
Case 5
| X 3
mZa :Zmoo mzb =—m,

The same mass flow rate was applied to m,, and m,,, in Case 1, 1h,, > ™My, in Case 2 and
Case 3 while m,, < 7n,, in Case 4 and Case 5. These all cases were applied into two
secondary inlets and the different flow behaviour inside plenum chamber were expected.
Since the measurement grid of the total pressure was located at downstream of the Blade 3,
see Figure 22, thus the same position of the C,, contour will be observed to see the changes of

the flow behaviour by each cases.

3.4.2 Results and discussion

Predicted flow streamline inside the plenum chamber by different mass flow rate from
inlet a (rm,,) and inlet b (1h,,) at fixed ni, is presented in Figure 63. There are three
different colours of streamline; blue represents the main flow, yellow represents a leakage
flow coming from inlet a while red represents a leakage flow coming from inlet b. All cases
illustrate that the leakage flow from both inlets were deflected by the plenum chamber wall
which just located close to the air inlet. Thus they tend to move towards side and bottom wall
and finally penetrated into the mainstream. This phenomenon influenced to the high
turbulence flow inside the chamber. It clearly shows that the flow inside the plenum chamber

is ununiformed before entering the mainstream through the slot. Furthermore, the flow

nends on the amount of flow from inlet a and



inlet b. Case 1 in Figure 63 (a) presents that the penetration of the flow toward each other
from both inlet almost the same since the same mass flow was applied. For the Case 2 and
Case 3 where m,, >y, see Figure 63 (b) and (c¢), the flow inside the chamber is highly
influenced by the yellow streamline (m’,,) and consequently changed the flow structure. On
the other hand, Case 3 and Case 4 for m,, <y, see Figure 63 (d) and (¢), the flow is
highly influenced by red streamline (mh,,) instead of yellow. Figure 64 (a)~(d) presents the
endwall streamline which illustrates the direction of the leakage flow coming from the
plenum chamber based on Case 1~Case 5, respectively. The concentration of flow
observation will be made on the flow structures between Blade 3 and Blade 4 where its
parallel to the position of the traverse grid at blade downstream. As being discussed in
previous section, the leakage flow coming from the slot tends to move towards center of the
blade passage due to the high pressure close the blade stagnation region. Then it accumulated
with the opposite flow direction coming from adjacent blade stagnation region to generate a
newly vortex core, AFV (as shown in Figure 56). The shape and position of the C,, contours
presented in previous section for the leakage injection cases are considered to highly
influenced by the formation of AFV.

As shown by Case 1 in Figure 64 (a), AFV is actually generated by the accumulation
of flow coming from inlet a and inlet b (illustrates by the arrow a and b). However, red
streamline coming from inlet b mostly influences the AFV. In Case 2 when m5, was
increased, see Figure 64 (b), red streamline seems to be reduced and its almost the same with
the yellow streamline coming from inlet a to generate AFV. However, when the m;,
continuously increases as Case 3 in Figure 64 (c), AFV mostly influenced by the yellow
streamline. In contrast, AFV was mostly generated by the red streamline when mj,;, being
increases and yellow streamline was eliminated at this region, see Figure 64 (d) and (e). The
changes of flow phenomenon presented by Case 1~Case 5 is considered at least to change the
characteristic of the AFV consequently effected to the shape and position of the C,, contours
at blade downstream. C,, contours downstream of Blade 3 for Case 1~Case 5 are presented in
Figure 65 (a)~(e). The range of contours are the same with the C,, contours shown in Figure
47 (a) and Figure 52 (a) thus direct comparison can be made towards EFD and the periodicity
applied CFD modelling. Periodicity applied CFD model was presented in Figure 35 and
Figure 36 in Chapter 2. The first loss core in Figure 65 slightly changed among the cases.
Even though this core was actually associated by the PS-HSV and also LE-CV, the change of
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3.5 Thermal performances

3.5.1 Experimental based performances

The potential of the leakage tlow injection to protect the endwall surfaces has been
revealed by conducting liquid crystal for surface temperature measurement. Based on the
temperature data, non-dimensional temperature which is represented by film cooling
effectiveness. 1 is used to describe the cooling performance of leakage flow. The blue
contour illustrates the lower 1 while the red one illustrates the higher n. Figure 66 (a) ~Figure
69 (a) indicate the n contours for MFR=0.75%. 1.25%, 1.75% and 2.25%. respectively. In
order to have details information about the thermal performance. the heat transfer coefticient,
h and the RGB propagation illustrated by the liquid crystal are also included in each tigure.
Figures illustrate the contour from the position of the leakage slot (x/C, = -0.63) till
downstream of the blade TE for two pitches (v/p = 0~2). View of the two blades also
included and that is the actual camera angle during measurement. Noted that the axis showing
by the gridlines is only referring to the endwall surfaces and invalid for the blade tip region.
This is because the camera was slightly inclined in order to capture the most important region
in the measurement. At lower injection of 0.75%, see Figure 66 (a). the unprotected region in
pitchwise direction is observed trom y/p=0.2~0.8 and y/p=1.4~1.9. This is because the
leakage flow was unable to be injected near the stagnation region due to the higher pressure.
This influenced them to be injected into the mainstream at the lowest pressure region located
between the two blades at approximately v/p=0.8~1.3. Since the leakage flow only be
penetrated near this region, high level of 1 contours was obtained. However. when the
leakage flow increased to 1.25%. see Figure 67. the protection region became wider not only
in pitchwise direction but also in axial direction. Unlikely the case for 0.75%. the leakage
flow provides a protection layer along the cascade pitch even though at a lower level n.
Upstream of the blade LE. leakage tlow provided the protection layer from x/C,=-0.63 to
X/C4=-0.43 which approximately 35% of the endwall surfaces towards blade LE. This might
be considered that the leakage flow had enough momentum to be penetrated into the higher
pressure mainstream especially close to the stagnation region. At y/p=0.8~1.2. the contour
also seems to expand from x/C,=-0.03 to x/C,=0.57 and the contour shape at this region are
highly influenced by the secondary tlow behavior. They likely influenced by the tlow which

is moving towards blade SS. Further increases the MFR to 1.75%, see Figure 68. the wider 1
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contour is presented. Approximately 50% of the endwall surfaces on upstream region are
protected. However. at region y/p=0.8~1.2. no significant change on the protection layer can
be observed in axial direction except in pitchwise direction. As expected. MFR=2.25%. sce
Figure 69, presented the greatest cooling performance compared to other cases where
approximately 90% of protection layer is provided on the endwall surfaces close to the blade
LE. The penetration of the leakage flow further downstream of the blade approximately
x/C=0.7 also can be observed at y/p=0.6~1.2. However. overall nj contours illustrate the low
n region just downstream of the leakage slot especially at higher MFR. As discussed in
previous section. the normal injection of the leakage flow towards mainstream direction
influenced to blockage which introduced to the separation flow. As a result. the leakage tlow
could not stay closer to the endwall resulting lower 1y at this region. Figure 70 presents the
laterally averaged n starting from the slot position. x/C,=-0.63 and ended at blade TE.
X/Cy=1.0. Most of the cases show that the n pick are located at approximately x/C,=-0.4.
This is might be the position where the leakage flow reattached to the endwall surface after
the tlow separation phenomenon which is occurred just downstream of the slot. The
reattachment point of the leakage flow on the endwall surface downstream of the slot is
closer to the slot position due to the weaker flow separation by the MFR=0.75%. This was
explains by the position of the pick of each cases in Figure 70. The reduce trend of cooling
performance is presented towards blade downstream. The leakage flow mixed out with
secondary tlow which finally prevented most of the leakage flow to stay closer to the endwall
surface. This is considered as the main reason of the reduce trend as indicated in the Figure
70. Due to the higher penetration of the leakage flow into the mainstream at higher MFR. the
protection region is higher compared to lower cases in axial direction. The cooling
performance indicates in Figure 70 is parallel with the 1y contours presented in Figure 66 (a)
~Figure 69 (a) wherc the higher performance of n showed by higher MFR. The cooling
performance is summarized by determined the mass-averaged of 0 as shown in Figure 71.
The performance can be increased by increasing the amount of the leakage flow.
MFR=2.25% illustrates the highest performance among the cases. ij scems to be linearly
increased as the MFR increases which approximately 6.7% for every 1% of MFR. Thus, the

relationship between i and MFR can be represented by Eq. 38.

7= 0.067MFR (38)
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3.5.2 Predicted thermal performances

The performance of the numerical simulation to predict the thermal behaviour under
the influenced of the leakage flow has been investigated. As the same turbulence model
applied in the aerodynamic prediction, SST was also being applied in this investigation.
Figure 72~Figure 75 illustrate the predicted film cooling effectiveness (a) and the heat
transfer coefficient (b) for MFR=0.75%, 1.25%, 1.75% and 2.25%, respectively. The region
illustrates in the figure is the same which were presented in Figure 66~Figure 69 in order to
enable the direct comparison between experimental and the prediction. At MFR=0.75%
indicates in Figure 72 (a), the higher # is obtained at the region between y/p=0.8~1.4. Even
though it is about 20% wider compared to the measured #, see Figure 66 (a), the prediction
presents a similar behaviour of performance indicated by the measurement. CFD also
predicted that the leakage flow tends to be penetrated near this region due to the higher
pressure close to the stagnation region. As a result, the lower 5 is presented near the
stagnation region with approximately 0.15~0.25 (light blue region). Noted that this protection
layer was not be captured by the measurement at the same injection case. The difficulties to
obtain almost the same leakage flow profile inside the plenum chamber and the heat loss
during the measurement are considered as main reasons. Furthermore, the smaller range of
the liquid crystal used to capture the endwall temperature changes also one of the reason. As
the MFR increases, the # contour became wider in both axial and pitchwise direction. If the
lower # indicates with light blue region is neglected, the similar contour is predicted at
MFR=1.25% where it increased to x/Cy;=-0.43 and this can be observed along the slot in
pitchwise direction. When the MFR increases, the increase trend of » can continuously
observed in Figure 74 (a) and Figure 75 (a). However, unlikely the contour obtained by the
measurement, no significant changes of the # contour (tail shape contour) showing at region
x/Cax=-0.03 towards downstream except the light blue layer. But this tail shape contour exist
at the region between x/C,=0.57~0.67 in both measurement and prediction expect the
MFR=0.75%. The heat transfer coefficient parallels to the x contour where they also
increases as the MFR increases. The dark blue region illustrates the # with almost close to 0
were captures along y/p=1.0. Noted that this is the region where the leakage flow was
accumulated and the formation of the AFV also occurred at this region. The dark blue region
also can be seen along the pitchwise direction. This region shifted slightly downstream as the

MFR increases. This might be due to the high strength of the separation flow at higher MFR.
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At higher MFR of 1.75% and 2.25%, see Figure 74 (b) and Figure 75 (b), the apparent of the
dark blue region became more significant at x/Cp=-0.43 and MFR=2.25% illustrates the
widest. This is the second separation flow exists between the separation flow vortex and the
HSV near the blade LE. Separation flow prevented the leakage flow to stay closer to the
endwall surfaces thus low # was obtained. The thermal performance between CFD and EFD
is compared based on the mass-averaged n as shown in Figure 76. The red approximate line
indicates the linear increase trend is also obtained by the prediction. The relationship between

the # and the MFR is describes in Eq. 39.

7= 0.127MFR (39)

Based on Eq. 38 and Eq. 39, the predicted increase rate of # is higher about half of the
measurement where the # increase approximately 12.7% for every 1% of MFR. As being
explained, due to the different leakage profile, heat loss and the smaller range temperature
measurement were the main reasons. In CFD, the adiabatic wall condition was applied to the

plenum and endwall surfaces thus the heat loss could be considered as 0.
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3.6 Flow behaviour effects on thermal performances

Figure 77 shows the effect of the secondary flow structures on endwall # distribution
in (a) and blade SS surface (b) at MFR=1.25% with the endwall streamline superimposed.
Cooling layer provided by the leakage flow seems to be highly influenced by the secondary
flows structures. The presence of the PS-HSV and SS-HSV near the blade leading edge
leaves the area unprotected. These vortex prevented the leakage flow to go through this area
which finally mixed out with the main stream moving towards adjacent blade SS. The
contour shows that higher # was observed at the region where the leakage flow was
accumulated. Furthermore, the cross flow and the development of the passage vortex (PV)
from blade PS to neighbouring blade SS provide a wider cooling coverage on the endwall
region near the blade SS instead of blade PS. The merging of PS-HSV and LE-CV to
generate a larger PV along the blade SS surface enable the coolant to provide a lower # trail
as shown on the right figure. The details of # on the blade SS surface explain in Figure 78 (a)
and Figure 78 (b) for MFR=1.25 and MFR=2.25%, respectively. { contour at Plane B which

were presented in Figure 55 and Figure 56 also shown on the right figure. As shown in Figure
78, the 5 strikes on the blade SS illustrates the reattachment position of PS-HSV which was
coming from adjacent blade PS. The higher MFR cases with high fluid momentum enable to
cross the mainstream with higher flow deviation thus could reached the neighbouring blade
SS earlier. Furthermore, the wider # in spanwise direction (Z;; > Z;) explains that higher

MFR injection lifted oft blade surface in higher position due to the higher Cskg:.
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Chapter 4

Slot Modifications Effect by Prediction

This chapter provides details on the extended studies in order to improve current aero-
thermal performance as discussed in Chapter 3. The modification of slots is expected to
improve their performance. The numerical investigation on the slot configuration focuses on
the slot orientation and its position from the blade LE. The leakage flow with various
injection angles, B are compared to the baseline configuration with 90 injection. For the slot
position studies, the slot with various position, / from the blade LE were compared to the
baseline slot position which is located at -0.63C, upstream from blade LE. This chapter
provides the prediction results to show their effect on current aero-thermal performance. This
investigation aims the improvement of the aero-thermal performance which could be

considered in actual gas turbine application.

4.1 CFD modeling

Based on the good agreement that have been achieved between the EFD and CFD for
baseline configuration as presented in Chapter 3, the present section intended to predict the
performance of leakage flow injection with a different slot configuration. The modification of
the slot in term of slot orientation and position were considered could provide some
modification on the existing performance. In order to obtain a direct comparison with the
predicted baseline configuration, the same mesh and grid topology was applied to the
mainstream and the blade domain. The only change that was made is the slot configuration.
The injection angle, f=90" and position, / =x/C4=-0.63 which was presented in the previous
chapter is considered as the baseline slot configuration. As shown in Figure 80, the slot were

oriented to three different injection angles, B=60°", 45°and 30°. However, in order to see their
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MFR=2.25%. According to the trend shown in Figure 81, the shallower the injection angle,
the Cpt will starts to reduce at lower level of MFR. Figure 82 and Figure 83 present the C),
contours for MFR=1.25% and 2.25%, respectively in comparison with different . At
MFR=1.25%, the shape of first loss core significantly changed at p =60° (Figure 82 (a) ) and
Cprseems became wider at the bottom side of the core. In the contrary, the third core slightly
reduced and the region exists closer to the endwall side. Further reduce the B to 45° and 30°
as shown in Figure 82 (b) and (c), both loss cores reduced especially at § =30°, the third core
is very weak. At MFR=2.25%, a very interesting results is shown in Figure 83 because it’s
contradicting with C,, contour shown by the baseline case (Figure 52 (a) ) when the MFR
being increases. Especially for f =30°, see Figure 83 (c), the loss drastically reduced where
the second and third loss cores mostly eliminated by leakage flow injection. These explain
that the strength of the TE-CV and AFV became weaken and the influences of these vortexes
to loss almost cannot be seen. The reduce strength of the PS-HSV also being explained by the
deformation of the first loss core in the same figure. This phenomenon is parallel to the loss
distribution shown in Figure 82.

The details flow structures by each B in the blade passage are shown in Figure
84~Figure 86 for MFR=2.25% since a very interesting result has been shown by the case. All
B cases captured the presence the PS-HSV but the secondary flow seems to be modified by
this slot configurations. The modification of the secondary flow structures is predicted to
improve the blade passage by the less strength of the vortex core shown in each figure. In
comparison with the baseline slot configuration at similar MFR, see Figure 56, the changes of
B to a shallower angles seem to reduce the strength of the HSV indicated by the flow
streamline at stagnation plane. At MFR=2.25%, the leakage flow has enough momentum and
can easily be penetrated into the mainstream includes the blade stagnation region. By normal
injection, the penetration of the leakage flow influenced to the flow blockage and high flow
separation occurred at downstream of the slot. However, the less flow blockage at this region
was predicted by shallower injection consequently reduce the strength of HSV. The smaller
diameter of vortical structure might explain the reduce strength of HSV. By B =30° as shown
in Figure 86, the occurrences of the flow separation almost cannot be seen and the HSV with
a small diameter shifted closer to the blade LE wall. The development of PS-HSV has been

observed by the £ plotted on Plane B. In comparison with baseline slot configuration ( Plane

B ¢ in Figure 56), PS-HSV seems to slightly shifted towards downstream by f =60°and
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closer to blade PS by B =45" and B =30°, see Plane B in Figure 84~Figure 86. Noted that this
phenomenon is contradicting with usual case where the PS-HSV is expected to cross the
mainstream before lifted-off neighboring blade SS. Additionally, in comparison with the
baseline case with no leakage flow injection, see Figure 54, the existing flow structures is
actually being improved without PS-HSV crossing the mainstream thus less flow deviation
occurs. This is due to the weaker PS-HSV with a low fluid momentum unable to cross the
mainstream and it highly influenced by the higher momentum of leakage flow. This means
that the formation of passage vortex near the blade SS occurs without the presence of PS-
HSV and this might be the reason of the lower C,, contour obtained by this case.

The most significant change on the secondary flows is the strength of the AFV
reduced by B =45"and the formation of such vortex almost cannot be observed by B =30". The
endwall flow streamline illustrates in Figure 87 explains the formation of AFV by B =60° and
the elimination of the AFV by shallower injection angle at  =30°. In usual case, the leakage
flow tends to migrate toward blade center due to the high pressure region near the blade
stagnation. However, as explained above, inclined slot toward this region could provide
enough fluid momentum thus they can easily be penetrated and reached the blade PS wall
before being deflected particularly by p =30°, see Figure 87 (c). Deflected leakage flow
leaves a significant flow behavior indicated by the vortex core on the blade PS defined by
DFV. The presence of DFV also can be observed in Plane B indicated by negative ¢ rotating
in clock wise direction. At § =30°, DFV seems to be appeared till the blade midspan.

The vortex core propagation near the blade TE by each [ are presented in Figure
88~Figure 90. The { contour at Plane 1.25C, is also illustrates in the same figures. By J
=60°, the influenced of the AFV which contributed to the third loss core (see Figure 83 (a) )
is clearly shown by the negative { region in Figure 88 (a). However, the ( is slightly lower
in comparison with baseline slot configuration (see Figure 60) resulting lower losses. By p
=45" and B =30" shown in Figure 89 and 90, the first loss core is predicted to be associated by
the LE-CV alone without the combination with the PS-HSV. This illustrated by the lower
region parallel to the position of first loss core shown in Figure 83 (b) and (c). The reduced
strength and elimination of the AFV by  =45° and § =30°, respectively is considered as the

major change which contributed to the reduce loss where the appearance of the AFV in the {

contour almost cannot be seen.
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of fixed area was not counted. Noted that the starting point is actually the position of the slot,
=-0.63. This might be the reason why injection by = 30°is almost the same with = 45" as
shown in Figure 91.

Figure 92 and Figure 93 present the » contour based on the different 3 for
MFR=1.25% and MFR=2.25%, respectively. The same figure which were presented by
Figure 73(a) and 75(a) to illustrates 2 pitches of endwall starting from x/Cax =-0.63 and ended
at x/Cya=1.15. Noted that the mass-averaged # presented in Figure 91 was determined based
on this area. At MFR=1.25%, no significant increase of the protection layer provided by B=
60° and = 45" in comparison with baseline injection except the increased level of the . The
leakage injection at this MFR still unable to eliminate or reduce the strength of the PS-HSV
which preventing the leakage flow to protect the endwall close to the blade PS region.
However, the leakage flow could stay closer to the endwall side due to the less flow
separation in comparison with the normal injection case thus resulting higher level of . By
B= 30", see Figure 92 (c), the level of # further increases and the protection layer has spread
towards blade LE and also slightly closer towards blade PS region. This might be due to the
reduced strength of the HSV or PS-HSV. As shown in Figure 84~Figure 86, further increases
the MFR to 2.25% were predicted to significantly modified the secondary flow structures
generated by baseline slot configuration at same MFR. The reduced strength of PS-HSV by
= 60° at MFR=2.25% influenced the leakage flow to further expand the # as shown in
Figure 92 (c¢). Since the strength of PS-HSV has been drastically reduced by = 45°and =
30°, the leakage flow can easily reached the blade PS region and whole endwall surfaces was
been protected. The higher penetration of leakage flow towards the blade PS by = 30°
compared to f= 45°(see Figure 87) provides slightly higher level of # near this region as
shown in Figure 93 (c¢). Furthermore, higher penetration towards blade PS by p= 30°
influenced the leakage flow to stayed closer to the blade PS surface and leave wider
protection layer strike as shown in Figure 94. This is also a very interesting thermal
performance shown by such slot configuration where this region usually unprotected by
normal injection. This caused the endwall region close to the adjacent blade SS obtained
lower level of # indicated by a green region since the leakage flow tend to move along the

blade PS.
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presents the loss trend by determined the mass averaged of C,. The red vertical line
illustrates the position of the baseline slot located at /= -0.63. Regardless the /, MFR of 2.25%
is always provides the highest loss among the cases. However, as / moved away from the
blade LE, the prediction shows that the loss is linearly reduced. This phenomenon also
follows by another two cases of MFR=1.75% and 1.25% where the lowest losses were
obtained at /= -0.90. This means that /= -0.10 presents the highest loss among the case. The
injection of leakage flow closer to the blade LE might be induced to the higher flow blockage
which then amplifies the strength of HSV. As a result, the higher loss caused by the
secondary flow structures was obtained. Figure 96 presents the C,, contour based on
MFR=1.25% in comparison of different /. When the slot moved closer to the blade LE at /= -
0.36, the first and third loss cores seem to be increased. Further closer at /= -0.10, see Figure
96 (c), the third core merged with the first loss core resulting wider loss which associated by
the PS-HSV. In contrary, in comparison with the baseline slot configuration, see Figure 51
(a), a significant change cannot be seen on the first and third loss cores except the level of C,,
slightly reduced.

The details of the secondary flow structure exist in the blade passage are explain by
predicted vortex core as shown in Figure 97~Figure 99 for MFR=1.25% by the effect of /. At
the same swirling strength level, the strength of the PS-HSV is predicted to be reduced when
the slot moved away from the blade LE at /= -0.90 as been shown in Figure 97. In
comparison with the baseline slot position, the vortical structures showing by the flow
streamline at stagnation plane slightly weaken due to the less tflow separation. The leakage
flow can easily be penetrated into the mainstream since the slot is far enough from the higher
pressure region. As a result, the leakage flow could stayed closer to the endwall surfaces .
However, as shown in Figure 100 (a), the leakage flow tends to move towards center of the
blade passage further downstream of the slot to generate AFV.

In case for = -0.36 as shown in Figure 98, the injection near the high pressure region
seems preventing the leakage flow to be reattached on the endwall surfaces thus high flow
separation occurred just downstream of the slot. A very complicated flow structures has been
predicted by the leakage injection at this slot position. To move the slot further downstream
at /= -0.10 where the slot is actually located parallel to the higher pressure region at blade LE.
Thus, the leakage injection with MFR=1.25% is predicted did not has enough momentum to

be penetrated into the stagnation region as being shown by flow streamline at stagnation in
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Figure 99. The leakage flow is totally prevented to be penetrated into the higher pressure
region thus it tends to swirl inside the slot just upstream of slot exit. They tended to be
penetrated near the blade center where the pressure is lower. The formation of the AFV by /=
-0.36 and /= -0.10 cases are also observed in Figure 98 and Figure 99. The secondary flow
structures near the blade TE are presented in Figure 101~Figure 103 with the { contour
plotted on Plane 1.25C,. There are almost similar flow structure has been shown by the case
at /= -0.90 and /= -0.36. However the different phenomenon has been shown by /=-0.10, the
PS-HSV seems to be deflected by the AFV and develop along the passage before be attached
on the adjacent blade SS near TE. This is a different phenomenon where in usual case the

reattachment of PS-HSV occurs near the blade throat.
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4.3.2 Thermal performances

Figure 104 presents the performance of # at MFR = 1.25% by each slot position, /
which is illustrated by the black horizontal line. The change on # contour can clearly be
observed. At /=-0.36_# shows slightly lower performance compared to -0.63 where the yellow
regions indicates the higher # slightly reduced. Different phenomenon shown by the case of
[=-0.10 where the red region indicates a higher level of # became wider near the blade SS.
However, the region near to the blade LE almost not be protected by the leakage flow due to
the higher blockage caused by the higher pressure in stagnation region. This phenomenon has
been shown in Figure 99 where the leakage flow tend to swirl inside the slot instead of the
endwall surface resulting unprotected area near this region. This means the leakage flow
tends to migrate towards passage center and might be the reason for the higher level of # is
observed. In contrast, the level of # clearly increased for the case of, /= -0.90 in comparison
with the baseline case. Since the slot located far away from the blade LE compared to other
cases, the widest protection region was obtained and the red region which indicates higher n
also increases. Moved the slot away from the blade LE allows the coolant to be laterally
penetrated and provided much better protection layer. Regardless the position of slot, the
region close to the blade PS is remains unprotected even the slot was moved closer. Noted

that the higher level of # is presented at the same region where the AFV is generated.
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4.4 Laterally averaged » by slot modification

The laterally averaged film cooling effectiveness are plotted in Figure 105 by the
effect of the slot orientation (f =90° 60°, 45°and 30") while Figure 106 illustrates the effects
of slot position (/=-0.90, -0.63, -0.36 and -0.10). By the effect of B, laterally averaged z
significantly increase by the shallower angle. It relatively increases approximately 30% when
B is changed to 60°in comparison with normal injection followed by another 20% for p=45".
However, the differences seem to be reduced at further downstream of the passage especially
just downstream of blade throat at x/Cy=0.6 where for p =90°, 60°and 45° are almost the
same level. Different performance by =30 where it always higher than others along the
passage. At x/Cy=0.6, the performance slightly raised for the whole cases might be due to the
vortex core which was mixed out with the leakage flow was deflected towards endwall
surface by the LE-CV near the blade throat thus higher # is obtained.

Since the positions of slot are differing in Figure 106, the starting point of the curve is
different. If the comparison is made starting from x/Cg=-0.30, the performance illustrated by
the case of /=-0.9, -0.63 and -0.36 are almost the same where # is approximately 0.5.
Positioned the slot further away from this point continuously increased the performance as
shown by the case of /=-0.90 and -0.63. By /=-0.10, relatively higher performance has been
shown compared to others. The leakage flow coming from this slot location could provide
higher temperature different compared with others which were already mixed out with the
mainstream. The mixed out flow would have relatively lower temperature than the leakage
flow. Based on the thermal performance show by whole cases, to change the slot injection
angle is considered as the most effective way to improve the cooling compared to the slot
position. Furthermore, there are very limited space between the combustor and high-pressure

turbine endwall if the position of slot is considered
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Chapter 5

Conclusions

The potential of leakage flows through a baseline slot configuration (90" injection at /= -
0.63) to work as a cooling in order to protect the endwall surfaces in high pressure turbine
cascade has been investigated. The measurement by 5-holes Pitot tube enables the
clarification of three-dimensional flow behavior with the C,, and { contours plotted. As for

the thermal investigation, the TLC layer coating on the endwall surfaces allowed the
detecting of temperature different and the transient method was applied to determine 4 and #.
The capability of numerical simulation was also investigated by the validation with the
experimental results. Authors also have taken the advantage of numerical simulation to
predict the effects on aero-thermal performance by changing the slot configuration in terms
of positions and orientations. Based on the results obtained, the following conclusions can be
drawn:
® Both EFD and CFD represent almost similar trend of performance and enable authors
to take advantage of numerical simulation to accurately predict the interaction of
ejected leakage flow with the main stream. Leakage flow has significantly affected the
secondary flow fields. Based on tested MFR, this loss region expanded approximately
40%-50% of area. MFR=2.25% was contributed to the highest loss among others. The
newly generated vortical structures have been captured by the CFD with a higher
swirling strength travel along the blade SS, which consequently contributed to the
additional losses
® The loss core which was indicated in the baseline case was also affected by the leakage
injection. Injecting the leakage flow from the blade upstream was predicted to amplify
the strength of PS HSV so that it lifted-off adjacent blade SS with slightly higher

position resulting higher loss core position in spanwise direction The mass-averaged
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total pressure loss was proportional to the MFR and the graph plotted enable the
authors to estimate the loss providing with another case of MFR. CFD over predicted
the loss approximately 3% to 5% compared to the measurement.

The discrepancy between CFD and EFD in terms of shape and position of the loss core
was predicted associated by the flow behavior inside the plenum chamber. It was
predicted to provide a significant effect of the formation of AFV on the endwall which
consequently presented a difference loss contour.

Film cooling effectiveness increases as to MFR, at the rate of at least 50% of the region
for every 0.5% increase of MFR. Area averaged film cooling effectiveness increases
approximately 7% whereas CFD predicted about 12% for 1% increase of MFR. This
was due to the smaller temperature measurement range and the heat loss phenomenon
during the temperature measurement. The thermal performance on the endwall region
was also highly influenced the secondary flows behavior in providing the cooling
protection area. SST turbulence model captured the presence of flow separation caused
a lower HTC region on endwall surface which was also captured by the experimental
especially for the MFR = 1.75% case.

The injection of leakage flow at higher MFR of 2.25% through the inclined slot angle
was predicted to reduce the strength of the secondary flow vortices near endwall. As a
result, at fixed MFR=2.25%, injection with =30 "contributed the lowest averaged loss
among cases. The performance of leakage flow through a shallow injection angle not
only reduce the loss, but also was predicted to provide the wider cooling layer with

higher 7 on the endwall surfaces. Blade PS and SS near the endwall corner were also

protected by the slot configuration of f=30"and 45"

Positioned the slot at /=-0.90 could provide a better cooling performance with a less
secondary loss effects. At MFR=1.25%, the loss was predicted to reduce approximately
1.0% after changing the position of slot from /=-0.63 to -0.90. However, it was
increased approximately 2.0% and 4.0% after shifted the slot closer towards blade LE
at [=-0.36 and /=-0.10, respectively. Predicted film cooling effectiveness also indicates
a positive trend of contour at /=-0.90. The wider protection area has been provided after
moved the slot away from blade LE.

The prediction presented that to change the slot orientation was the most effective way

in order to increase both aero and thermal performance of in high-pressure turbine.
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