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Abstract

“Film cooling is the introduction of secondary fluid (coolant) at one or more discrete
locations along a surface exposed to a high temperature environment to protect that surface
not only in the immediate region of injection but also in the downstream region,” (Goldstien,
1971). The secondary air which is cool air were extracted from the compressor and injected
near the blade surface (through holes or slots) to provide a layer of cool fluid between the hot
gases and the blade surface thus reducing the heat transfer to the surface. Enormous numbers
of experimental and computational investigations dealing with both the aerodynamic and the
thermal aspect of film cooling have been made available ever since. At the early stage of its
introduction, the experimental investigations were usually focused on either thermal or
aerodynamic aspect of the study. However, with the introduction of the laser based
measurement (PIV and LDV), which reduce the complexity of aerodynamic measurements,
most of current literature involving film cooling will have both, the thermal and the
aerodynamic aspect of the study. Most of the available literature involved a discrete hole or
single row cooling hole with common hole inclination angle towards the streamwise direction
at 30° and 35°. Although earlier researches have proved that decreasing the hole inclination
angle could provide better film cooling performance, there are very few literature available
with regards the hole inclination angle lower than 30°. Based on these facts, the present study
intended to investigate the aero-thermal interaction of a multiple shallow hole angle. In
addition to the experiments, computational investigation has been extensively used in
particular to explore the potehtial of new hole geometries and configurations. The
computational investigation has also been manipulates to provide the physical insight of the
aero-thermal interaction of the study.

The present study involves thermal and aerodynamic investigations of multiple
cooling holes with shallow hole angle. Total of three test models are considered in the present
study namely TMA, TMB and TMG. The base line test model; TMB is design to justify the
commonly used cooling hole having 35° hole angle. The other two test models; TMA and
TMG, are having a shallow hole angle of 20° with different lateral pitch distance of 6D and
3D, respectively. Total of twenty conventional cylindrical holes constituting a matrix
composed of four rows with five holes in each row. Thermal and aerodynamic investigations

~are carried out involving all of the test models. The thermal investigations involve



temperature measurement of test model surface by infrared thermography; NEC/Avio H2640.
The surface temperature is converted to film cooling effectiveness to represent the thermal
performance of the given test model. In addition to the surface temperature measurements,
the thermal investigations also involve measurement of thermal field downstream of each row
cooling hole. The thermal fields are measured by a thermocouple rig which is mounted on a
2-D traverse system. The traverse system will navigate the rig according to a designated
measurement grid to enable thermal field contour plot. 3-D Laser Doppler Velocimetry has
been utilized for the aerodynamic measurements. The laser probes are mounted on a 3-D
traverse system which will navigate the probes according to a designated measurement grid
to enable velocity field contour plot. The measurements are carried out at single Reynolds
number base on the hole diameter of 6200 at three different blowing ratios of 0.5, 1.0 and 2.0.
The present study also includes the numerical investigation of the above mentioned cases.
Simplified computational domains are constructed to include only single lateral pitch based
on the test models. The meshes are generated by ANSYS ICEMCFD ver. 12. The analyses
are carried out by ANSYS CFX ver.12 with the employment of steady and unsteady
Reynolds Average Navier Stokes analyses using the shear stress transports turbﬁlence model.
The experimental aerodynamic results are presented in the form of contour plot of
various variables including film cooling effectiveness, normalized u, v, and w velocities. The
velocity distributions show that at BR = 1.0, the lift-off effects are more apparent in the case
of TMB in comparison with the TMA. The vector plots between the two test models also
reveals the different in terms of the positioning of the counter rotating vortex core which is
observed to be further away from the wall surface in TMB. The velocity plots also reveal that
downstream of the cooling hole at the centerline, TMA is having higher streamwise velocity
in comparison with TMB. These observations can be directly associated with the different in
the inclination angle of the cooling hole. Steeper angle in the case of TMA allowed more
streamwise momentum component to be ejected through the cooling hole in comparison with
the case of TMB. The computational fluid dynamics investigation also reveals the occurrence
of different flow structure inside the cooling hole between TMA and TMB. In the case of
TMB, the separation which occurs at the inlet of the cooling hole triggers the formation of
counter rotating vortex inside of the cooling hole and persists through the cooling hole. An
accomplish counter rotating vortices can be observed at various plane inside the cooling hole.

- The same observation cannot be made for TMA, where the vector plot reveals that the

xi



secondary air which has been separated at the cooling hole inlet then reattached to the
downstream wall of the cooling hole. This phenomenon hinders the formation of counter
rotating vortex inside of the cooling hole which will only be completed by the cross-flow
phenomena after the secondary air exiting the cooling hole. In comparison between TMA and
TMG, both the experimental and computational results reveal that the shorter lateral pitch in
TMG allows the secondary air to dominate the lateral space between cooling hole. The
domination of the secondary air within the lateral space leads to greater blockage not only at
the hole vicinity but also at the lateral space. The numerical results also show that the greater
blockage which occur in TMG resulting a different interaction between the upcoming and the
concurrent vortex cores in comparison with TMA. At wider lateral pitch of TMA, the
upcoming vortex cores diffuse directly into the concurrent vortex cores keeping the
secondary air in-line. At shorter lateral pitch of TMG, the upcoming vortex cores are
deflected in the lateral direction before diffuse at further downstream of the cooling hole. The
deflection cause the secondary air to disperses at the lateral space. The velocity plots also
confirmed the interaction between the neighboring counter rotating vortices in the case of
TMG which hindering it own growth and leads to lesser lift-off effects.

The thermal investigaﬁons results are presented in terms of the contour plot of film
cooling effectiveness, distribution of laterally average film cooling effectiveness and area
average film cooling effectiveness along the x-axis. Benchmarking between the present and
previous study are made to validate the present measurement and analysis approach. Good
agreement has been achieved between the present and previous study. The film cooling
effectiveness provided by TMA is higher at all blowing ratio in comparison with TMB
particularly at BR=1.0 and 2.0. The thermal fields show that at BR=1.0, the lift-off effects are
more evident in the case of TMB in comparison with TMA. At BR=2.0, the thermal fields
show complete detachment of the secondary air from the wall for the case of TMB leaving no
trace of film cooling coverage on the surface. The thermal fields also indicate a lesser
dispersion of the thermal field in the case of TMA in comparison with TMB which can
directly be associated with the interaction rate between the secondary air and the mainstream
air. In comparison between TMA and TMG, similar distribution of film cooling coverage can
be observed downstream the first and second row cooling hole. Downstream the third and
fourth row cooling hole, TMG start to provide better film cooling coverage. The contour plot

- shows an establishment of full coverage film cooling effectiveness region accommodating the
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lateral space between the cooling hole centerline. This observation serves the flow
phenomena which have been describe earlier in the writing. The thermal fields also show the
domination of the secondary air in the lateral space which is more apparent downstream of
the third and fourth row cooling hole.

Conclusions of the present study are summarized as follows; a) shallow hole angle
configurations are definitely improving the film cooling coverage in comparison to the
commonly used hole angle at 30° or 35°. The superiority of the shallow hole angle is more
apparent at higher blowing ratio cases in which the cooling protection provided at BR = 2.0
of shallow hole angle is a match to the result of BR = 2.0 of the 35° hole angle; b) at shorter
lateral pitch distance, full coverage film cooling effectiveness were prevail indicating the
benefit of the interaction between the secondary air of the neighboring cooling holes; c) the
superposition effect induces by the in-line hole arrangement of the present study help to
improve the film cooling performance with greater benefit were obtained by the shallow hole
angle in comparison to the 35 degree hole angle; d) the CFD results confirm the formation of
a counter rotating vortex pair inside of the cooling hole which perseveres until downstream of
the cooling hole in all cases. Increase in the length of the cooling hole will allow the
separated secondary air to reattach thus hindering the formation of the kidney vortices so as
to better the film cooling effectiveness in the case of TMA and TMG; e) the domination of
the mainstream air at the lateral space between the cooling hole in the case at longer lateral
pitch distance kept the secondary jet in-line as it travel towards the downstream direction. It
will cause the upcbming vortex core to directly infuses thus amplify the jetting effect of the
downstream vortices which will ﬁltimately minimizing the utilization of the secondary air; f)
at the shorter lateral pitch distance, the narrow lateral space between the cooling hole enables
the secondary air jet to interact with each other and prevent the mainstream air to dominating
the lateral space resulting the upcoming vortices to be deflected while it approaching the
downstream cooling hole. At the same time, the deflection helps to spread the secondary air

laterally hence to better the film cooling effectiveness.
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Chapter 1

Introduction

This chapter provides the background history on the gas turbine and the present
progress of the technology. The background section intends to establish the important of gas
turbine cooling technologies in the present gas turbine performance. The chapter also consists
of a literature review section which is focusing on the literature related to flat plate film
cooling technology investigation covering the empirical and numerical aspects. In addition,
this chapter also addresses the research motivation, research objectives and research

framework involve in the present study.

1.1 Background

The history shows that the interest and development of gas turbine can be traced back
to over a century and half ago. However, the history of the gas turbine as a viable energy
conversion device had only began with Frank Whittle's patent award on the jet engine in 1930
and his static test of a jet engine in 1937. Shortly thereafter, in 1939, Hans von Ohain led a
German demonstration of jet-engine-powered flight, and the Brown Boveri company
introduced a 4-MW industrial gas turbine producing electrical power in Neuchatel,
Switzerland. Since then, gas turbine has been a success stories employed by the aircraft and
- the stationary power plant till today. Figure 1 illustrates the industrial gas turbine structure of
7F 5-Series gas turbine manufactured by General Electric. In general, the gas turbine consists

of three main components; compressor, combustor and turbine. The incoming air is



compresses by multistage stage compressor producing high pressure air to be supplied to the

combustor. The high pressure air is mixes with the fuel and burns inside the combustor and

produces high pressure, high temperature and high velocity gas. The turbine at the later stage

will extracts the energy from the gas before being converted to necessary energy required.

T(Temperature)

Figure 2

FY S

Figure 1

Compression

2

-
co

“‘:; \ i . '

alg *

PRI

GraphicSource: GE

Industrial Gas Turbine

S (Entropy)

Temperature—Entropy Plot of Ideal Brayton Cycle



Gas turbine operation is based on fundamental thermodynamic cycle known as
Brayton Cycle. Figure 2 shows the temperature—entropy diagram for the ideal Brayton cycle
representing a closed cycle gas turbine. The cycle consists of an isentropic compression of
the gas from state 0 to state 2; a constant pressure heat addition to state 3; an isentropic
expansion to state 4, in which work is done; and an isobaric closure of the cycle back to the

initial state. The overall efficiency of the Brayton Cycle can be define as Eq. 1,

Wnet 3—-4 T4-
g =ty (T) 0
Qin 3-2 T3

where;
Wit 354 » the net work produce by the cycle [W]
Qin 34 » the heat supplied to the cycle [W]
T; , inlet temperature of the turbine [K], and;
T, , exit temperature of the turbine [K]

Referring to Eq. 1, higher turbine inlet temperature, T3 will yield higher overall
thermal efficiency of the cycle. Increasing turbine inlet temperature has been the main

approach to improve the overall performance of a gas turbine.
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Figure 3  Historical Progress on Turbine Inlet Temperature
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Figure 4  Blade Cooling Revolution

As the demand for better performance gas turbine increases, the turbine inlet
temperature has been push far exceeding the operating temperature condition of the turbine
components material. Most of the present generation gas turbines are operated at turbine inlet
temperature in the range of 1800K to 2000K which is much higher than the melting
temperature of the available alloys used to make the turbine components; blade, vanes,
combustor wall, etc. Figure 3 shows the progress of the turbine inlet temperature from the
time of Whittle and Von Ohain to the present. The figure also marks the present turbine inlet
temperature of GE90 at 1923K. The increase of the turbine inlet temperature has been made
possible by the employment of cooling scheme on the turbine components as shown in Figure
4. There are many different cooling techniques that have been devised and implemented to
provide necessary protection of the turbine components. Turbine blade as one of the critical
turbine components for example consist of complicated cooling scheme including thermal
barrier coating, internal convective cooling, impingement cooling, and external cooling also
known as film cooling. Extensive review of the overall heat transfer and cooling technology

can be found in Han et al. [1].



At the early stage, turbine blade has been cooled mainly by the internal convection in
which the coolant is passes through the blade from the hub and releases at the blade tip. To
maximize the utilization of the coolant, film cooling has been introduced in which, the
coolant will be injected from the blade surface through a cooling hole. The injected coolant
will performs a thin film layer of cool fluid avoiding direct contact between the blade surface
and the hot gases. Since its introduction, film cooling has been recognized as one of the
effective cooling method for the turbine blade and has been used extensively in the present
turbine blade design. Figure 5 shows the film cooling hole distribution in the real turbine
blade structure. The film cooling has not only been employed on the blade surface but also on

the end wall of the turbine blade to provide necessary cooling protection for the component.

IMPINGEMENT TUBES
&

va
PLATFORM FILM COOLING HOLES . Cooling air

Figure 5  Film Cooling Holes Employed by the Turbine Blade

Hole Angle
35°

Flat Plate Model

Figure 6  Schematic of Film Cooling Working Concept



1.2 Film Cooling

“Film cooling is the introduction of secondary fluid (coolant) at one or more discrete
locations along a surface exposed to a high temperature environment to protect that surface
not only in the immediate region of injection but also in the downstream region,” [2]. The
secondary air which is cool air were extracted from the compressor and injected near the
blade surface (through holes or slots) to provide a layer of cool fluid between the hot gases
and the blade surface thus reducing the heat transfer to the surface. Figure 6 illustrates the
working principle of film cooling on flat plate model.

In general, the thermal protection provided by the film cooling is high close to the
cooling hole and decreases progressively in downstream direction due to the mixing of
cooling film and hot main flow. In comparison between the thermal protection provided by
discrete cooling hole and a slot, the later is more efficient because the less intensive mixing
process of the closed film ejected from a slot. However, high thermal stresses encountered on
gas turbine blades and vanes do not allow the use of long slots. The modern film cooled
turbine blades, therefore, are provided with rows of holes or rows of small slots. The
investigation involving film cooling often prefers the flat surface model for its simplicity with
the results obtained can be applied to real engine designs with slight corrections.

The effects of geometrical parameters like hole geometry, shape, size and spacing of
the holes together with the flow parameters like coolant to mainstream mass flux ratio,
temperature ratio, mainstream Reynolds number, velocity, and freestream turbulent intensity
have been studied on flat surfaces. Latest reviews on the film cooling technology
developments have been made by Bunker [3] covering most of the available film cooling
technologies which are graded base on various factors; adiabatic effectiveness,
manufacturability, cost, flow sensitivity etc.

In the real gas turbine, film cooling hole employed by the turbine components is
either cylindrical or diffusion fan-shaped with 30° or 35° inclination relative to the protected
surface along the streamwise direction. Full coverage thermal protection can prevail, if
coolant flow attaches onto the protected surface and never penetrates and dissipates in the hot
mainstream. However, such an ideal film cooling condition is always compromised because
of the interaction between mainstream flow and the secondary air flow. Report of the early

studies prevail a complex vortical structure in the wake of a transverse jet. This complex flow
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pattern reflexes mainstream and secondary jet interaction and significantly affects film

cooling performance. Generally, the inclined cylindrical cooling hole will generates counter

rotating vortices which will persist until the hole exit. The initial generation of the counter
rotating vortices will be help to continue its formation by the crossflow phenomena between
the secondary air jets and the mainstream air. The counter rotating vortex pair, also known as
kidney vortices tends to lift coolant flow off the protected surface and to entrain hot gases
undemeath as illustrated in Figure 7. As a result, coolant flow penetrates and dissipates
quickly into the main flow stream, and degraded protection is inevitable. The degradation of

the protection becomes worst at higher blowing ratio cases.

Figure 7  Idealized Shape of Cooling Jet with Symmetric Counter Rotating
Vortices

1.3 Literature Review |

Enormous numbers of experimental investigations dealing with both the
aerodynamics and the thermal aspect of film cooling have been made available ever since and
only a brief review will be provided in this paper. General review on flat plate surface film
cooling studies prior to 1971 has been given by Goldstein [2]. Presented in the paper were the
effects of various hole geometries and flow parameters that dictate the film cooling
performance summarized from the prior available literatures [4—6]. Among the highlight of
the paper are the superiority of inclined and shaped film cooling holes compared to
perpendicular holes which contributes to momentum reduction at the hole exit due to wider

 exit area in inclined and shaped cooling hole which allows more coolant to remain attached to



the surface, leading to better the film cooling effectiveness with the shaped cooling hole also
help to laterally diffuse the coolant to provide better lateral film cooling coverage. The same
observation has been made by other researchers with further reduction on the hole angle

expected to produce better film cooling performance. Although the advantages of the shaped

holes is acknowledged, significant number of studies still focuses on cylindrical holes
particularly on the hole geometry properties including compound angle [7-10] and hole
length to diameter ratio [11, 12]. Jubran and Brown [13] and Ligrani et al. [8, 9] presented
film cooling effectiveness of a multiple row cooling holes at different arrangement patterns. It
was concluded that the two row cooling holes can significantly increase the laterally average
cooling effectiveness either arranged in-line or staggered with the latter producing superior
results. In the in-line arrangement, superposition effects result-in better film cooling
effectiveness downstream of the second row holes and beyond. Meanwhile, wider film
cooling coverage downstream of the second row in staggered hole arrangement led to the
same consequences.

In addition to the hole geometries and arrangements, the amount of injected air
through the cooling hole is also an important variable that decides the film cooling
performance which is determine by blowing ratio. Considerable amount of investigations
have been done to clarify the effects of blowing ratio to film cooling performance. To name
one of the latest relevant studies is Rabekah et al. [14]. The paper presented the effect of
various blowing ratio to the film cooling performance with the wall temperature data
obtained by using temperature and pressure sensitive paints. The study shows the film
cooling effectiveness is signiﬁcahtly influenced by the blowing ratio which generally agreed
with the previous available findings [4, 5]. Base on the available observations and
interpretations, film cooling performance of a given hole geometry, arrangement and flow
condition are closely related to the flow structure of a given case, therefore investigation on
the flow structure in the film cooling system is imperative.

The aerodynamics investigations of film cooling had started as early as 1980°s with
most of measurements were made by using the hot wire probe. It is found that phenomena
such kidney vortices and flow separation plays a key role in film cooling performance. The
kidney vortices as the prominent flow structure downstream of film cooling hole have been
identified empirically by previous research [17-19], which concluded that the pair vortices

entrain the mainstream fluid and transport it towards the blade surface. Recently, laser base
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measurement instruments namely Particle Image Velocimetry (PIV) and Laser Doppler
Velocimetry (LDV) have been utilized to capture flowfield as presented in the work of Thole
et al. [20]. The paper presents the investigation on the flowfield of expanded exit cooling hole

with comparison to the conventional cylindrical hole. Prediction on the film cooling

performance have been made base on the interpretation of the measured flowfield. Film
cooling performance of similar hole geometries have been published later by Gritsch et al.
[21]. Good physical insight has been established between the aerodynamics [20] and thermal
results [21]. Thole et al. [20] also highlighted the importance of understanding the inside hole
flowfield as the hole exit flowfield is expected to play a major role on the formation of the
downstream hole flowfield.

Wright et al. [22] on the other hand have presented the effect of mainstream turbulent
Jevel to the film cooling flow structure. The flow structure have been measured by using PIV
on the plane normal to lateral direction to reflect the previous thermal study using the
identical hole geometry. It was concluded that the main reason behind poorer film cooling
performance at higher turbulent level is due to the enhancement of the mixing between the
coolant and the mainstream air which lead to coolant temperature drop thus reducing its
cooling capacity. Kampe et al. [23] presented a complete study of diffuser shape film cooling
holes covering both the thermal and the aerodynamics aspects. The thermal measurements
have been made by IR camera while both PIV and LDV have been used in the aerodynamics
measurements. The paper also presented CFD results of the considered experimental
condition. Physical interpretations on the film coeling performance have been made based on
the aerodynamics results and a gbod agreement between the experimental and the CFD have
also been achieved at the same time. The paper provides inclusive reviews of the diffuser

shape film cooling holes.

1.4 Motivation

The present work, likewise in the efforts by Kampe et al. [23], aims at the clarification
of detailed velocity field associated with cooling holes using 3D LDV and their
characteristics in film effectiveness on the wall measured by IR camera. This present work

- especially deals with multiple cooling holes with in-line configurations. As mentioned in the

previous section, there are several preceding studies on the in-line hole configuration, which
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is usually for full coverage film cooling of combustor liners or turbine vanes. However,
relatively few studies have been made on the in-line configuration in comparison with the
staggered configuration because the former is believed to perform less than the latter.

Nevertheless, it is still worthwhile to investigate in-line configuration of multiple cooling

holes with some updated ideas in order to expand the design space of film cooling

technologies. For this purpose, this study has consider multiple shallow cooling hole angle at

20 degree towards the streamwise direction performing in-line hole arrangements. The

shallow hole angle of the cooling hole is predicted to provide better film protection in

comparison to the common cooling hole having 35 degree hole angle.

1.5

Research Objectives

The objectives of the current study are:

To investigate the film cooling performance of multiple shallow cooling hole angle at
20 degree in comparison to the 35 degree cooling hole

To investigate the lateral pitch distance effect on film cooling performance of multiple
shallow cooling hole at 20 degree

To investigate the flow structure of multiple shallow cooling hole angle at 20 degree
in comparison to the 35 degree cooling hole

To investigate lateral pitch distance effect on the flow structure of multiple shallow
cooling hole angle at 20 degree

To evaluate and manipulate the Computational Fluid Dynamics to provide further
understanding on the aero-thermal interaction of shallow cooling hole angle at 20

degree
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1.6 Research Frameworks

AERODYNAMICS

RESEARCH
ACTIVITIES

Figure 8  Overall View of the Research Framework

Figure 8 shows the overall view of the research framework of the present study. The
present research activities consist of three main activities; a) Experimental Aerodynamic
Investigations, b) Experimentai Thermal Investigations; and c¢) Computational Fluid
Dynamics Investigations involving both the aerodynamic and thermal aspects of the
investigations. The experimental aerodynamic and the thermal investigations will be
manipulate to understand the aero-thermal interaction of the given case. The aerodynamic
results are expected to provide the physical phenomenon of a given thermal results. Both of
the experimental results will be used to validate the capability of the computational fluid
dynamics to predict the aero-thermal phenomena of the present study. In addition, the
computational fluid dynamics will also be manipulated to provide details investigations on

the aero-thermal phenomenon involved in the present study.
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Chapter 2

Research Methodology

This chapter presents the research methodology implicated to the present study. The
research method is divided into two; experimental and numerical investigation. The
experiments discussed in this work involve two different experimental setups at Iwate
University, Japan with each for the thermal and aerodynamic measurements. As both of these
setups involved two different wind tunnels, two different experimental setups have been
constructed. To make these thermal and aerodynamics results complementary to each other,
the test models have been designed to have the same non-dimensional configuration which
will be further discussed in this chapter. The chapter also provides details on the experimental

work together on the description on the numerical work involve in the present study.

2.1 TestModel

Three test models have been considered in the present study namely Test Model A,
Test Model B, and Test Model G. For the purpose of simplification, the test models will be
referred to as TMA, TMB, and TMG respectively from now on in this writing. TMA, TMB
and TMG consist of twenty cylindrical cooling holes arranged in five times four matrix
performing an in-line hole configuration. Figure 9 associated with Table 1 described the

- geometry of the test models.



Figure 9  Details of the Test Model
Table 1  Details of the Test Model Geometries
o1[°] P, P, t !
TMA 20 10D 6D 1.3D 381D
T™B 35 10D 6D 1.3D 227D
™G 20 10D 3D 1.3D 381D

Based on the current available literature, TMB was designed to be a baseline test
model with 35° hole angle in the streamwise direction. TMA and TMG are both having
shallow hole angle imbedded at 20° hole angle in the streamwise direction. The thickness of
the test models has been fixed at, # = 1.3D which consequently will provide a hole length, /=
3.81D for TMA and TMG, and [ = 2.27D for TMB. As been mentioned previously, since the
experiments involved two different wind tunnels, the test models have been designed to have
the same non-dimensional configuration base on the cooling hole diameter with the
aerodynamics and thermal investigations are having the diameter of the cooling hole at, D =
10mm and 7mm respectively. The overall size of the test model was determined in
consideration of the possible development of film cooling effectiveness region further
downstream of the last row of the cooling holes. The test models were made from medium
impact acrylic plate with thermal conductivity, £ = 0.19 W.m'K™". The inner surface of the
 test models were coated with black paint to emulate a black body in the thermal

measurements and to reduce the surrounding noise during the aerodynamic measurements
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caused by laser reflection. All test models have been considered in thermal investigations and
only TMA, TMB and TMG were considered for aerodynamics investigations. Figure 10

shows the entire test model involved in the present study.

=

Figure 10  Overall View of the Test Models
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2.2 Experimental Condition

All the experiments have been conducted at single targeted Reynolds number base on
the hole diameter, Rep = 6200. The definition of the Reynolds is given by Eq. (2)
R P * Uoo -D (2)
ep = —————
U
where;
Pw, mainstream air density, [kg.m™];

U, mainstream air velocity [m.s™];

D, cooling hole diameter [m]; and,

i, 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. Another fundamental variable in the

film cooling study that have been considered in the is blowing ratio, BR which is define by

Eq. 3),

U.-
BR = ¢ Pc (3)

where;

U,, secondary air hole exit velocity, [m.s™];
p., secondary air density, [kg.m’3];
U, ; mainstream velocity, [m.s"]; and,

P.;. mainstream air density, [kg.m™].

At the initial stage of the study, three blowing ratios have been considered at BR = 0.5,

1.0 and, 2.0. However, higher blowing ratios have been considered in the later stage. The
consideration of higher blowing ratio was made due to the promising thermal results that

" have obtain in the case of shallow hole angle configuration. Details on the high blowing ratio

cases have been presented in the last chapter of this writing.

- 15 -



Hot Wire Probe

Test Duct

133

Mainstream

Flow Direction

1% Row

10D

Sharp Edge

Figure 11  Mainstream Turbulent Intensity Measurement

Table 2  Experimental Matrix of the Present Study

BRO5 o
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To provide more information involving the flow characteristics involve in the present
study, the turbulence intensity of the mainstream flow have been measured. The mainstream

turbulence level for the thermal investigations is measured to be at, Tu = 0.13%, while for the

aerodynamics investigations the turbulent intensity measured to be at, Tu = 0.15%. The
mainstream turbulent level for both the thermal and aerodynamics setup are naturally
established in the mainstream flow path without any introduction of turbulent promoter.
Although the turbulence levels of the thermal and aerodynamics investigation do not match
each other, nevertheless at the same order of magnitude, the freestream turbulence effect on
the film cooling effectiveness and secondary flowfield of the present study could be assume
at minimum. The turbulence intensity level was measured by a hot wire probe at location of
x/D = 10 upstream of the first row cooling hole. Figure 11 shows the schematics diagram of
the mainstream turbulent measurement, meanwhile Table 2 shows the experimental matrix

involved in the present study.

2.3 Aerodynamics Investigation

2.3.1 Overall Setup

The aerodynamics investigations involved in the present study have been carried out
in a large-scale close-loop wind tunnel. Figure 12 shows the overall view of the experimental
setup. The mainstream air was supplied into the test section by a centrifugal blower via
settling duct, flow contraction nozzle, straighteners, and transition duct. The test duct size at
620mm x 260mm inlet dimension with 1550mm length. The secondary air was supplied
through a separate blower equipped with a laminar flow meter. After passing the laminar
flow meter, the secondary air will entered a secondary air chamber before being introduced
into the mainstream flow through the cooling hole. The view of the test duct together with the
positioning of the laser probe involved in the measurement is shown in Figure 13. The
orientation of the test duct made the test model surface to be perpendicular to the ground
level. Such orientation was necessary to enable the Laser Doppler Velocimeter (LDV) probe

to access the desired measurement locations.
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Figure 12 Overall View of the Aerodynamics Experimental Setup

Figure 13 View of the Test Section for Aerodynamics Investigation
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2.3.2 Velocity Field Measurement

A three-component Laser Doppler Velocimetry (LDV) was used to capture the
velocity fields of the present study. The LDV system engaged includes 85mm fiber optic
probe, Dantec’s BS F60 Processor and 3D Traversing System provided by Dantec. The laser

probes traveled by the traverse system will go through a set of measurement points

performing a plane grid which is shown in Figure 14. The measurement plane is covering the
| lateral distance at 3.6 < z/D < -3.6 and 2.3 < y/D < 0.3 in the vertical direction. The size of
{ the measurement plane was decided base on the preliminary measurement with intention
avoiding insignificant area to be involved in the actual measurement. The measurement grid
size applied on the plane is set to be at 2mm times 2mm which been proved to be small
enough to capture the flow details also during the preliminary measurement. Several
measurement planes have been considered at x/D = 3, 7, 13, 17, 23, 27, 33 and 37 as been
shown in Figure 15. During the measurements, both the mainstream and the secondary air
were seeded with particles produced by the SAFEX Fog Generator (Figure 16) at average
droplet size diameter of 1.545um. The seeding particles were supplied through a fog tank to
ensure continuous supply of the fog during the experiments. The uniformity of the seeding
particle distribution was ensured through the data rate distribution on the measurement plane

during the preliminary measurement.

(T%g) Measurement Grids
2.0
y/D
0.3
3.6 0.0 3.6

2/h

Figure 14 Measurement Grid
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Figure 15  Aerodynamics Measurement Planes

| . ControlPanel

Figure 16  Fog Generator
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2.3.3 Laser Doppler Velocimetry

Figure 17 3D Laser Doppler Velocimetry and Traverse System

Figure 17 shows the three dimensional Laser Doppler Velocimetry together with the
traverse system in used of the present study. In principle, Laser Doppler Velocimetry (LDV)
crosses two beams of collimated, monochromatic, and coherent laser light in the flow of the
measured fluid. The two beams are obtained by splitting a single beam and at the same time
maintaining the coherence between the two. The lasers have the wavelengths in the visible
spectrum (390-750 nm); allowing the beam path to be observed. A transmitting optics focuses
the beams to intersect at a focal point, where the interference between the laser beams
generate a set of straight fringes also known as laser volume in the case of three dimensional
measurement. The intervention of the seeding particle inside the created laser volume enables
the laser to obtain a feedback which is interpreted as velocity cOmponent, u, v, and w in x-
direction, y-direction and z-direction respectively. Figure 18 illustrates the overall working
concepts of LDV. The velocity components were estimated based on the statistical data of the
seeding particle that get intact with the laser volume. The numbers of counts involved during
the measurement was set to be at minimum of 750 counts, while almost all the considered

measurement points recorded the counts value above 1000 counts.
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Figure 18  Working Concepts of Laser Doppler Velocimetry

Eq. (4) and Eq. (5) defines the formula for time average and root means square (RMS) value

of velocity components, respectively.

— 1 &
Uu, . .=— .

X,¥,Z N 12:1: Ul (4)
R Su,v,w = N—lg Ui _Ux,y,z (5)

where;
x, y, Z, coordinate axis, [-];
N, number of count, [-];

U,, instantaneous velocity, [m.s'l]
In addition to the above mentioned variables, by using the coincident data measurement

method, the value of Reynolds stress tensor can also be generated from the measured LDV

data which is determine by Eq. (6) and Eq. (7).
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uw = N El(ul u)(wl w)

2.3.4 Transformation Matrix

(6)

(7)

To enable the interference between the laser beams, the probes were set to be inclined

at 25° towards each other as shown in Figure 17. The alignment requires the measured

velocities (#;, uz and u3) to go through a transformation process to represent the velocity

components of the actual experimental axis. The transformation is done through the BSA

Flow Software with the user define transformation matrix as shown in Eq. (8) where u, v and

w is the velocity of it respected x, y, and z axis and C11, Cia, ... and Css are the transformation

coefficients.

u G, C, GCs|u
v =G Gy Cyulu
W G, G, Gylu

(8)

Base on the probe inclination on the x-axis, the coefficient matrix can be written as Eq. (9)
where the a;and aare the inclination angle of the probe on the x-axis.

0
L

0

sin «, sin o,

0

sin{ oty + &)
— cos &,

cos( ¢, + a,)
cos «a,

sin(, + @,) sin(a; +a,)

(9)

givena;= a2 = 0, the transformation coefficient matrix can be simplified to Eq. (10)

1 0 0
1 1
0
2¢cosax  2cosa
1 -1
0 . ,
2sina 2sina
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2.4 Thermal Investigation

2.4.1 Overall Setup

Figure 19 shows the experimental setup for thermal investigation involved in the
present study. The facility consists of a wind tunnel used to supply the mainstream air
representing the hot gas in the real gas turbine operation. A separate blower is used to supply
the secondary air. The test duct cross section was designed to have 450mm width and 280mm
height with a sharp upstream edge to recreate the boundary layer inside the test section. The
overall size of the test model for the thermal investigation was set to be at 250mm x 545mm
with the hole diameter of 7mm. The size of the test model was determined in consideration of
the possible development of film cooling effectiveness region further downstream of the last
row of the cooling holes. Insulation layer have been fix at the back of the test model to avoid
heat conduction from secondary air chamber to the test model. Figure 20 shows a close up

view of the test section for thermal investigation.

Main Blower

Contraction Nozzle

n —+ N3

Figure 19  Overall View of the Thermal Experimental Setup
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