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Abstract

The effect of introducing ramps with cylindrical and conical holes on
the film cooling performance has been investigated numerically and
experimentally in the present study. A computational fluid dynamic code
(FLUENT) has been used to predict the flow behavior at the ramped-holes
regionand create simulation that mimicked the experiments. Six models with
different holes arrangements of ramped-holes are introduced in the
experimental test program; these models are selected depending upon the
numerical simulation analysis. One of these models, which is a single row of
cylindrical holes, works as a baseline model. For all three cylindrical hole
models, the diameter of the cylindrical hole is 4mm, and the hole length to
diameter ratio is 3.5 with a central pitch distance between each two
neighboring holes of 4D. Three conical hole models consist a one row holes
of 4 mm diameter at inlet, diverged by 6° to the exit, and the forward
injection angle (0) is 35° for all models. The heat transfer coefficient and heat
flux ratio are determined experimentally by using a single test transient IR
thermography technique. The study is performed at a single Reynolds
number of 5100 based on mainstream velocity and hole diameter at three
different blowing ratios of 0.5, 1.0 and 1.5.

The present experimental results of the baseline model are well in
agreement with previous experimental results at blowing ratios of 0.5 and 1.
The numerical approach verification of the current CFD is made by
comparison with present experimental results, it is fair to say that the CFD
results shows approximately similar trend and behaviour with slight

difference in local adiabatic film cooling effectiveness levels.



The experimental results showed that the adiabatic film cooling
effectiveness is greatly enhanced when introducing ramps. The distribution
of spanwise averaged film cooling effectiveness along the x-axis exhibited
that the double ramped-holes model provides promising film cooling
performance, particularly at blowing ratios of 1 and 1.5. For all ramped-holes
models, the heat transfer coefficient ratio and the heat flux ratio are slightly
increased. The adiabatic film cooling effectiveness for single-ramped
cylindrical hole model improved by 40.2%, 175.8%, and 234.9% over that of
standard cylindrical hole model, while for double-ramped cylindrical hole
model, it is enhanced by 45.3%, 185.8%, and 369% more than that of
standard cylindrical hole model for blowing ratios of 0.5,1 and 1.5,
respectively. Regarding to the single-ramped conical hole model , the
improvement of adiabatic film cooling effectiveness is 134%, 292.6%, and
554.6% over that of standard cylindrical hole model, whereas the double-
ramped conical hole model enhanced the adiabatic film cooling effectiveness
by 130.3%, 343.7%, and 679.4% more than that of standard cylindrical hole
model for blowing ratios of 0.5,1, and 1.5, respectively. The ramped-conical
holes models show a promising solution to enhance the film cooling

effectiveness, particularly for the gas turbine combustor film cooling.
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Chapter One
Introduction

1.1 General

A gas turbine is an engine designed to convert the energy of the fuel
into some form of useful power, such as mechanical power or high-speed
thrust of a jet. Today, the gas turbine is widely used, and it has been
developed into a very reliable, versatile engine with a high power to weight
ratio. It is used exclusively to power all new military and commercial aircraft
by one form or another of a gas turbine, also gas turbine has been widely
used to power gas plants, boats, trains, trucks, cars, and many other
applications. The basis gas turbine engine and its components are shown in
figure (1-1) [1], the cycle consists of a compressor where air is compressed
adiabatically, a combustion chamber where the fuel is burned with air,
resulting in the maximum cycle temperature, the combustion products then
expand adiabatically in the turbine. From a thermodynamics cycle analysis, it
Is found that the thermal efficiency and specific power of gas turbines can be
improved by increasing the turbine inlet temperature (maximum cycle
temperature); however, a major problem associated in achieving the
performance improvement of a gas turbine unit is the availability of materials
that withstand such high temperatures and combined stresses. One solution
has been the use of turbine cooling which allowed the turbine designer to
increase the turbine inlet temperature while maintaining a constant material
temperature.

Turbine cooling was considered in German designs in 1935, with
concentrated efforts during World War Il [1]. The development of turbine
maximum temperature over the past 50 years is shown in figure (1-2),

improvements in parts materials have allowed an increase of melting point

1



Chapter One Introduction

around 200°C, and the use of turbine cooling has allowed an increase of
approximately another 250°C, which allows the turbine inlet temperature
above the melting points of the materials used [2]. Raising the turbine inlet
temperature can significantly increase the performance of a gas turbine
engine. The performance of a gas turbine engine is usually measured in terms
of overall efficiency, specific thrust, and specific fuel consumption. It is clear
from figure (1-3) that the increase in turbine inlet temperature increases

specific thrust [3].
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Figure (1-1): Components of gas turbine engine [2]
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1.2 Gas Turbine Cooling Technigques

Air (from compressor) is the main coolant that has been used with
surfaces exposed to high-temperature gas streams. The surfaces cooling can
be classified as, internal and external cooling; internal cooling involves
convection and impingement cooling methods. The external cooling involves
film and transpiration cooling method. The comparison of these cooling

techniques is shown in figure (1-4).

Internal cooling

COOLING AIR
CONVECTION

External cooling

~BLADE WALL

“

E——— /
INTERNALLY AIR-COOLED
TRANSPIRATION THERMAL BARRIER

Figure (1-4): Internal and external cooling systems [5]

1.3 Cooling Strateqies: Film Cooling

Film cooling is a technique used in many systems to protect the
component surfaces exposed to high-temperature gas streams. Applications
have been widespread, particularly in gas turbines, where combustor liners,
turbine shrouds, blades and other hot parts of the engine have used air bled
off from the compressor outlet as the coolant film. Such techniques reduce
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the thermal stresses that tend to occur with an increase of inlet temperature to
the first-stage turbine of high-performance gas turbine systems.

Film cooling involves the injection of a secondary fluid (air) into
the boundary layer of the primary fluid (hot gas mainstream) at one or more
discrete location along a surface exposed to high-temperature gas streams to
protect that surface not only in the immediate region injection, but also in the
downstream region. Film cooling protects the surface directly by formation
of a relatively cool insulation film of cooled air as compared to internal
cooling, where surface is cooled by extracting heat by convection. Film
cooling is more effective than internal cooling, because the cooling air
absorbs energy as it passes inside the body and through the holes, and then
further reduces the body temperature by reducing the amount of heat energy
transferred from the gases to the surface material [5]. The injection of the
coolant air into the boundary layer causes mainly pressure losses which tend
to reduce some of advantages of using higher turbine inlet temperature, also
if too much air is injected into boundary layer or the velocity is too high, the
cooling air may penetrate the boundary layer defeating the purpose of using
film cooling. If holes are placed too close together, stress concentrations,
which could be detrimental to engine performance and reliability, may occur.
On the other hand, a large number of small holes are required in the body,
because the cooling effect of film is quickly dissipated by downstream
mixing of the film air with mainstream hot gases and the heating of the film
air by the hot gases. Film cooling research on flat surface is common, flat
surface models can be used to study the effects of individual parameters with
relative ease and less expensive. The effects of geometric parameters (hole

geometry shape, size and spacing of the holes) and flow parameters (blowing
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ratio, density ratio, mainstream Reynolds number ...etc.) have been also
studied on flat surfaces.

1.3.1 Film Cooling Performance

The performance of film cooling is usually characterized by the
non-dimensional adiabatic wall temperature (effectiveness) and heat transfer
coefficient. The heat transfer coefficient, (h), and the adiabatic wall
temperature, (T,y), are the two parameters that define the performance of a
particular film cooling configuration. While (h) is a function of the fluid
mechanics of the film cooling configuration, T,, is also dependent on the
temperature of the coolant and mainstream flows, and is intermediate
between them. In order to remove the temperature dependence, the
dimensionless adiabatic wall temperature, called the adiabatic film cooling

effectiveness, is defined [6]:

Tm—Taw
=T (1-1)

Where: T,, is the mainstream temperature.
T, is the coolant temperature.
The value of () varies from unity, at the point of injection, to zero
at large downstream distances.
Heat transfer coefficient can be described using some important

variables. In general, convective heat transfer is described by:
q=hTew — Tn) (1-2)

The first of the important variables in this equation is the heat
transfer coefficient (h). The heat transfer coefficient is for the most part

dictated by the external flow field. (h) is a factor that relates the driving
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temperature difference, (T, —Tm), to absorbed heat flux energy (q). In order
to keep surface temperatures low, it is the best interest of the turbine designer
to attempt to minimize heat transfer coefficient (h). In general, the injection
of film cooling changes the fluid flow profile around the surface and usually
increases the heat transfer coefficient. This increase in (h) is undesirable as it
promotes heat transfer from the hot mainstream flow, and good designs of
film cooling should attempt to minimize this increase. Obviously, an
understanding of exactly how film coolant schemes affect the heat transfer
coefficient is important. While the introduction of film cooling has the effect
of increasing (h) slightly, the technique's advantage is realized by a large
decrease of the adiabatic wall temperature (Tay).

In general, the film cooling performance is a function of many parameters in
an engine environment. The most influential parameters can be grouped into
two categories:

1- Cooling geometry which includes:

a) Hole geometry and its position, orientation, and inclination angle.

b) Tabs, struts or vortex generators in each hole.

¢) Creating a trench or crater about holes.

d) Upstream geometry modification by using ramps to modify the
approaching boundary layer flow, and its interaction will the film
cooling jets.

2- Aerodynamics which includes:

a) Local freestream Mach number, M.

b) Freestream turbulence.

c¢) Film cooling momentum ratio.

d) The film cooling blowing or mass flux ratio (BR).

e) Film cooling density ratio (DR).
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1.4 Strategies to Control the Formation of Kidney Vortices

The studies in the field of interaction between coolant jet from
inclined holes and the mainstream flow show formation of kidney vortices,
l.e., a counter rotating vortices pairs (CVP) [7]. Figure (1-5) shows the
formation of the (CVP); these vortices are detrimental to film cooling,
because it brings about two undesirable effects. Firstly, the hot mainstream
air is forced to enter beneath the jet, thus heating the wall surface. Secondly,
the mutual interaction between the vortex pair tends to lift the jet off the wall
surface which diminishes the film cooling. The formation of these counter
rotating vortices is dictated by the shear layer between the mainstream flow
and the coolant jet and not due to the viscous wall effect in the film cooling
hole or plenum. The lateral expansion of the conical or shaped holes exit
produces two major benefits [8], the first is that each counter rotating vortex
tends to remain near the edge of the hole, so increasing the width of the hole
exit increases the distance between the pairs, hence decreasing the interaction
and delaying the jet lift off. In addition to this, a properly shaped hole will
generate a pair of anti-kidney vortices which are opposite to the kidney
vortices vortices in the sense of rotation. These two pair cancels each other

and prevents the jet from lifting off.

hot gas

entrainment

anti-kidney vortices reduced
mutual
induction

lift-off by mutual
induction

crossfiow

S
)
f
i > X
| s
| l increased
77

T — lateral
Shaped holes separation

coolant

Figure (1-5) Kidney and anti-kidney shaped vortices and the advantages
of shaped holes
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Chapter One Introduction
1.5 Thesis Objectives

This work is a numerical and experimental investigation of some

parameters affecting the film cooling thermal performance of ramped-holes.
The effect of using double ramped-hole on the film cooling performance has
been experimentally investigated for the first time.

The objectives of this work are to predict the film cooling
performance for different novel combinations models. This goal is to be
accomplished through the following steps:

1- Caring out a numerical simulation for a baseline model and the novel
combinations of ramped-holes (cylindrical and conical) models, in
order to determine the jet-mainstream interactions and for better
understanding these interactions and the deformation and strength of
vortices to investigate the effects of using ramped-hole on the
adiabatic film cooling effectiveness before choosing suitable models
for experimental work. It will be done through simulations of the
governing equations which include the continuity, momentum, and
energy equations and the transport equations for the turbulent kinetic
energy, and dissipation, these equations will be solved numerically by
using the package FLUENT version (12.1).

2- Experimental work will provide an evaluation of the film cooling

effectiveness, heat transfer coefficient ratios, and heat flux ratios for five

selective models in addition to baseline model (cylindrical hole without
ramp) in order to compare the film cooling performance of the novel
combinations models with the baseline model.

3- Analysis and discussion of results for final conclusions and

recommendations.
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Chapter Two
Literature Survey

Flat surface is commonly used in film cooling researches. Flat
surface models can be used to study the effects of individual parameters
with relative ease and are less expensive. Studies have proved that the
results obtained on simple flat surface models can be applied to real
engine designs with slight corrections [9]. The effects of geometrical
parameters, like hole geometry, shape, size and spacing of the holes and
flow parameters, like coolant to mainstream blowing ratio, temperature
ratio, mainstream Reynolds number, velocity, etc. have been studied on
flat surfaces. Also, the effects of pressure gradient and curved surface
have also been studied. Some studies have focused only on the film
cooling effectiveness results, and others have presented both film cooling

effectiveness and heat transfer coefficient variation.

2.1 Experimental Work

Experiments done at the University of Minnesota by Goldstein
et al. (1970) [10] are some of the most basic flat plate discrete hole film
cooling experiments. These experiments were performed on both a single
coolant hole and one row of coolant holes with flat plate geometry. Also,
these experiments were performed at low speeds rather than at high
speeds which are more representative of an engine environment. The
thrust of their research was to vary the injection angles and blowing ratios
to investigate the film cooling effectiveness. These experiments generally
showed that the cooling effectiveness was optimized for the hole inclined
at 35° to the streamwise direction, and that the centreline effectiveness
decayed monotonically with distance from the coolant hole. Also, this

study showed that at a blowing ratio of approximately 0.5, the centreline

10



Chapter Two Literature Survey

cooling effectiveness reached a maximum value. The researchers
suggested the decline of effectiveness at higher blowing ratios was due to
the coolant film lifting off the surface and allowing the hot stream to
penetrate to the surface.

Goldstein et al. (1974) [11] studied the effect of the use of
shaped injection hole for improving the film cooling performance. They
used a 10° spanwise diffused hole and found that the shaped hole provide
better film cooling characteristics than the cylindrical hole, because the
reduced momentum of the jet attenuated coolant lift-off from the blade
surface, and thus less penetration of the coolant into the mainstream.

Brown and Saluja (1978) [12] measured the film cooling
effectiveness on a flat plate in a wind tunnel. Tests were done using a
single cylindrical hole and, in three cases, a row of cylindrical holes. The
holes were inclined at an angle of 30° from the test surface, and pitch-to-
diameter ratios of 8.0, 5.33, and 2.67 were used. It was found that as the
pitch was decreased, the spanwise-averaged film cooling effectiveness
increased. Also, the maximum effectiveness was found to occur at a
blowing ratio of around 0.5 for all cases. Finally, it was found that the
free-stream turbulence had the effect of decreasing the film cooling
effectiveness.

Foster and Lampard (1980) [13] presented spanwise-averaged
film cooling effectiveness results over a flat plat with 35°, 55° and 90°
streamwise angles for long injection tubes spaced 3-diameters apart. They
used foreign gas injection to simulate a density ratio of 2.0. They,
however, measured only the film cooling effectiveness at blowing ratios
of 0.5 and 1.4, they suggested that the film cooling effectiveness is
independent of the density ratio.

Makki and Jakubowski (1986) [14] presented the downstream
heat transfer results for a film hole with a trapezoidal shaped expansion.

11
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They showed that the shaped film hole consistently provided better heat
transfer characteristics than simple cylindrical holes with the same
metering section. Also, they reported that the shaped holes offered up to
23% better film cooling performance than the corresponding cylindrical
hole.

Honami et al. (1994) [15] described the behaviour of the
injected jet over a flat surface with 90° orientation angle holes. They
measured streamwise mean velocity, boundary layer temperature fields,
and effectiveness distributions using liquid crystal. Their results showed
that the 90° orientation angle injection formed an asymmetric structure
with a large-scale vortex motion on one side caused by the interaction
with the mainstream. In addition, they concluded that the asymmetry was
promoted with increased mass flux ratio, resulting in low film cooling
effectiveness.

Sen et al. (1996) [16] and Schmidt et al. (1996) [17] presented
two companion papers, in which the effect of adding a 15° forward
diffusion exit to a streamwise oriented hole was investigated. They found
that the exit diffused film hole demonstrated better spread of adiabatic
film cooling effectiveness than the cylindrical counterpart. From the heat
transfer coefficient standpoint, the forward expanded hole performed
poorly, presumably because of the increased interaction between the jet
and mainstream.

Kohli and Bogard (1997) [18] examined the film cooling
effectiveness of the shaped holes on a flat plate using 35° and 55° injection
angles, the result showed that the shaped holes with a large injection angle
had better cooling performance than cylindrical holes. They also reported
on the thermal and velocity fields in the region around the injection holes.

Ekkad et al. (1997) [19] provided the film cooling effectiveness
results for two different density ratios. The adopted orientation angles

12



Chapter Two Literature Survey

were 0° 45° and 90° using the transient liquid crystal technique, they
reported that the compound angle injection produced higher film
effectiveness than the simple angle injection for both density ratios. They
concluded that the highest film cooling effectiveness was obtained at a
blowing ratio of 1.0 for compound angle injection.

In Sung Jung and Joon Sik Lee (2000) [20] studied
experimentally the effect of orientation angles and velocity ratios of a
cylindrical hole on the boundary layer temperature distribution and film
cooling effectiveness. The results showed that the increased lateral
momentum in the case of large orientation angle injection strongly
affected boundary layer temperature distribution.

Baldauf et al. (2001) [21] conducted experiments to measure
film cooling effectiveness on a flat plate with a single row of cylindrical
film cooling holes in a wind tunnel for different values of blowing ratio,
injection angle, pitch, density ratio, and turbulence intensity. A correction
for the test plate, not being perfectly adiabatic, was made using FEA. It
was found that the overall effectiveness was optimized for a blowing ratio
of 1.0. At steep injection angles, the coolant jet separated from the test
plate surface earlier. For small pitches, there was more interaction
between the adjacent jets, which caused them to merge earlier. The
surface effectiveness was optimized at lower blowing ratios for lower
values of density ratio. Finally, it was observed that increasing the
turbulence also increased the interaction between the coolant and the hot
gas, resulting in less extension of the effect of the coolant in the
streamwise direction.

Takahashi et al. (2001) [22] performed experiments on a flat
plate with a single row of film cooling holes. Measurements of the film
cooling effectiveness were taken for seven different types of holes. It was

found that since the film cooling jet through the cylindrical hole did not

13
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spread out over the downstream portion of the wall, the film cooling
effectiveness of the cylindrical holes was lower than that of the
rectangular holes having the same width. For rectangular holes, the
highest film cooling effectiveness was seen for the widest slot. The
optimum mass flux ratio which gives the highest effectiveness increased
to 1.0 as the hole geometry approached a "slit". Finally, they showed that
the films cooling jets through the oval holes adhered to the wall better and
spread out earlier than those through the rectangular slots and were thus
more effective.

Lee et al. (2002) [23] investigated the flow visualization and
film cooling effectiveness used a round shaped holes with compound
angle orientations on a flat plate. The shaped holes have a 15° forward
expansion with a fixed inclination angle of 35°. The orientation angles are
0° 30° and 60° and the blowing ratios are 0.5, 1.0, and 2.0. Flow in the
injectant exit plane was visualized using oil aerosol particles, and the
adiabatic film cooling effectiveness was measured using the
thermochromic liquid crystal technique. They concluded that the shaped
holes with simple angle injection did not provide substantial improvement
in the film cooling performance compared to cylindrical holes. However,
shaped holes with compound angle injection exhibit improved film
cooling effectiveness up to 55% in comparison with round hole data at
high blowing ratios.

Yu et al. (2003) [24] conducted transient liquid crystal
experiments to measure the film cooling effectiveness and heat transfer
coefficients on a film-cooled flat plate. Three different types of cooling
holes were tested: 30° cylindrical hole (Shape A), 30° cylindrical hole
with 10° forward diffusion (Shape B), and 30° cylindrical hole with 10°
forward diffusion and 10° lateral diffusion (Shape C). Blowing ratios of
0.5 and 1.0 were used. The results showed that Shape (C) gave 30-50%

14



Chapter Two Literature Survey

improvement in the film cooling effectiveness over Shape (A). Shape (B)
also gave improvement, but the results were closer to those of Shape (A)
than those of Shape (C). Flow visualization showed significant lift-off of
the coolant from the wall for Shapes (A) and (B), whereas the coolant out
of Shape (C) flowed much closer to the wall.

Rhee et al. (2003) [25] conducted an experimental study to
investigate the film cooling effectiveness for one, two, and three rows of
four different types of film cooling holes: two sizes of cylindrical holes, a
rectangular hole, and a rectangular hole with an expanded exit. For
multiple rows of holes, the coolant injected through upstream rows
prevented the downstream coolant from lifting off and prevented
entrainment of main flow into the coolant, increasing the film cooling
effectiveness downstream. For cylindrical holes, local peak values were
observed due to separation and reattachment of the coolant. Due to the
Coanda effect, the coolant flow through the rectangular holes spreaded
widely and sticked close to the surface, resulting in higher effectiveness
than for the cylindrical hole case. The rectangular holes with expanded
exits resulted in film cooling effectiveness similar to that of slot film
cooling. For three rows of holes, the hole type was seen to have less effect
on the film cooling effectiveness.

Yuen and Botas (2003) [26] presented an experimental
investigation of film cooling effectiveness for a cylindrical hole with a
streamwise angle of 30°, 60° and 90°, in a flat plate test facility with zero
pressure gradient. The free-stream Reynolds number based on the free-
stream velocity and hole diameter was 8563, a hole length of L/D=4 was
used, and the blowing ratio was varied from 0.33 to 2. The wide band
crystals of temperature with a steady-state heat transfer method were used
to obtain the film cooling effectiveness. For a single 30° hole, in the

region immediately downstream of the hole the maximum effectiveness
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occurred for a blowing ratio less than 0.5. Downstream of this immediate
region, centreline effectiveness and lateral spread increased up to a
blowing ratio of 0.5, then decreased with increasing blowing ratio due to
jet penetration into the free stream. Also, the region with film cooling
effectiveness greater than 0.2 did not extend beyond an X/D of 13.

Hasan et al. (2003) [27] investigate experimentally the effect of
discrete triangular-shaped tabs with different orientations on the film
cooling performance from a row of cylindrical holes inclined at 35° along
the streamwise direction. The taps were located along the upstream edge
of the holes, three blowing ratios were tested. The results showed that the
tabs oriented downwards provide the highest film cooling effectiveness at
a blowing ratio of 0.56 while the tabs oriented horizontally provided the
highest film cooling effectiveness at blowing ratios of 1.13 and 1.7. The
higher film cooling effectiveness with the tabs was due to the generation
of secondary eddies counter-rotating with respect to the kidney pair; these
eddies reduced the jet penetration and thus increased film cooling
effectiveness.

Barigozzi et al. (2007) [28] investigated experimentally the
effect of using an upstream ramp on discrete hole film cooling. The
analysis was carried out on a flat plate model, using both a cylindrical and
fan-shaped hole configuration. To compare different cooling schemes, a
combined aero-thermal analysis was performed. Tests have been carried
out at low speed and low inlet turbulence intensity level, with blowing
ratios varied in the range 0.3-1.0, the upstream ramp provided a moderate
improvement in the case of cylindrical holes, as it allows the coolant to
diffuse someway, before interacting with the mainstream, but it produced
also a significant increase of aerodynamic losses. The fan shaped hole

geometry without the ramp resulted to be the best solution, as it provides a
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coolant injection with a good lateral spreading and a low turbulence level
(low blowing ratio).

Mohamad and Mansoor (2011) [29] investigated
experimentally the film cooling performance of cylindrical holes,
cylindrical holes embedded in transverse trench and semi-cylindrical
holes. The adiabatic film cooling effectiveness was determined on a flat
plate downstream of a row of inclined geometries; the hot wire
anemometer has been used for velocity measurements and thermocouple
for temperature measurements. It was observed that at low turbulence
intensity (low blowing ratio), the trench shape showed better results but
for higher values, the angled trench shape is much better. Also, up to
X/D=8, the performance is highly favorable.

Shuping et al. (2011) [30] presented an experimental study on a
concept for enhancing the film cooling performance by placing an
upstream ramp in front of a row of cylindrical film cooling holes.
Parameters studied include upstream ramp angle (8.5°, 15°, and 24°) and
blowing ratio of (0.3, 0.4, 0.6, 0.9, and 1.4). The results indicated that the
film cooling characteristics in the region downstream of the film cooling
holes are sensitive to the combination of ramp angle (height) and blowing
ratio. In general, a large ramp angle with a high blowing ratio leads to
more effective film protection.

Yousif et al. (2013) [31] investigated experimentally the film
cooling performance for two rows of staggered holes with opposite
orientation angles on a flat plate by using a single test transient IR
thermograph technique at different blowing ratios. The attitude of the
downstream row holes was fixed at inclination angle of 30° and
orientation angle of zero, while the upstream row holes was fixed with
opposite orientation angle of 180° and the inclination angles were

changed three times as (20°, 30°, and 40°). Three different blowing ratios
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(0.5, 1.0, and 1.5) were used in experimental program at each case.
Enhancements were observed, in which as the blowing ratio increased and
the inclination angle of upstream row decreased, the film cooling

effectiveness and heat transfer coefficient were increased.

2.2 Numerical and Experimental Work
Hyams et al. (1996) [32] studied the effects of slot jet shaping

on the heat transfer downstream of a slot jet. They found that shaping of
the slot inlet and exit provided significant gains in the film cooling
performance due to the suppression of separation at the slot inlet, and a
spreading of the region over which the leeward side of the jet must
accelerate at the hole exit, reducing the turbulence and shear stress in this
region. These designs are not applicable to blade and vane film cooling,
because of the lack of structural strength.

Hyung et al. (2001) [33] conducted a study to investigate
experimentally and numerically film cooling performance around a
conical-shaped film cooling hole with compound angle orientations. The
result showed that the shaped holes reduced the penetration of jet, and
more uniform cooling performance was obtained even at relatively high
blowing ratios, because the conically expanded hole exit reduced the
momentum of the lateral spreading. The better cooling performance is
obtained with shaped holes expands 4° in all directions from the hole
middle to the exit.

Bunker (2002) [34] investigated the film cooling effectiveness
for geometries wherein the coolant from discrete holes enters a slot before
mixing with the main stream. Basically, the angled holes were entrenched
in a shallow trench. The holes embedded in the trench provided higher

film cooling effectiveness distributions than the ones on the plane surface.
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However, Bunker provided only film effectiveness distributions, and also
the hole had a compound angle (radial injection) in the lateral direction.

Sargison et al. (2002) [35] studied a converging slot-hole
geometry (console), in which the hole transitions from circular to slot
convergence in the axial direction and divergence laterally. The attempt
was to make the three-dimensional nature of the jet into a two-
dimensional slot film. The results were aimed at improving the film
cooling effectiveness.

Lu et al. (2005) [36] studied the effect of trench exit area and
edge shape on the film cooling performance using an IR thermography
method. Their results showed that the film cooling holes provided higher
film cooling effectiveness when embedded in a trench. However, in some
geometry, when the trench began at the upstream edge of the hole, the
film cooling effectiveness diminished. The heat transfer coefficient
enhancement due to the embedding was not significantly higher compared
to the typical unembedded cylindrical hole. The overall heat flux ratio
comparing the film cooling with the embedded holes to unembedded
holes showed that the full trench and downstream trench spacing after the
hole exit produced the highest heat flux reduction.

Lu et al. (2007) [37] presented an experimental and numerical
investigation of film cooling performance for a row of cylindrical holes
embedded in transverse trenches. The heat transfer coefficients and film
cooling effectiveness were obtained simultaneously using a single test
transient IR thermography technique at four blowing ratios of 0.5, 1.0, 1.5
and 2.0. Six trench cases with different widths and depths were tested.
The results showed that the trench of holes in a slot reduced the jet
momentum at exit and also provided significantly higher film cooling

effectiveness with some increase in heat transfer coefficients. They also
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presented the CFD simulation using FLUENT to better understand the

film cooling performance.

2.3 Numerical Work
Walters and Leylek (2000) [38] performed a computational

analysis of film cooling from a single row of cylindrical holes in a flat
plate. Solutions were obtained using the standard (k-¢) turbulence model.
Two types of near-wall treatments (wall functions and a two-layer
approach) were used, and the results were compared. It was found that the
coolant jet was moved away from the wall by the counter-rotating vortex
structure (due to induction lift), and that these vortices strengthened as the
blowing ratio was increased. The significance of the hole geometry in
vortex generation was also noted, since the geometry affected the distance
between vortex centres. It was further noted that the turbulence in the near
field had a significant effect on the film cooling performance, and that
whether the turbulence generated in the hole or in the interaction between
the coolant and the main flow was the dominant source depended on the
blowing ratio. In addition to causing the coolant to lift off of the wall, the
counter-rotating vortex structure also had the effect of “pinching” the
coolant flow near the wall, that is, preventing the lateral diffusion of
coolant in that region. The use of a two-layer model allowed the
resolution of a small reverse flow zone immediately downstream of the
hole exit trailing edge, whereas the use of wall functions did not. The
temperature contours predicted with the wall functions differed
significantly from those predicted with the two-layer model in the near-
field region within a few hole diameters downstream of the hole but not in
the far-field region.

Hyams and Leylek (2000) [39] examined the film cooling

process for a shaped, streamwise injected, inclined jet for a blowing ratio
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of 1.25 and 1.88. Detailed field results as well as surface phenomena
involving adiabatic film cooling effectiveness and heat transfer coefficient
were presented. They found that the laterally diffused, simple angle holes
provided the best coverage and highest surface film cooling effectiveness
magnitudes.

Heidmann and Hunter (2001) [40] performed detailed
computations of film cooling effectiveness on a three-dimensional grid
with a single row of cylindrical holes at various combinations of blowing
ratio and density ratio. The results were used to compute the source terms
to be used in two-dimensional calculations of the film cooling
effectiveness that would give the same result as the three-dimensional
calculation. The correct source terms did indeed produce the desired
result, but this method is still impractical, since it can only be done by
first performing the detailed calculation. A near-wall correction model
over predicted the film cooling effectiveness due to under prediction of
vertical flow and hot mainstream gas entrainment. A model that
distributed the source terms over a thicker layer (on the order of the hole
diameter) provided a better prediction of film cooling effectiveness
downstream of the film hole. This model performed best for lower
blowing ratios at which the jet did not detach since the detachment of the
jet was not explicitly modelled.

Abbe" s Azzi and Bassam (2007) [41] presented a numerical
prediction for console geometry by using anisotropic eddy-
viscosity/diffusivity model to predict the film cooling performance from
consoles. The result showed that this model can correctly predict the
spanwise spreading of the temperature field and reduce the strength of the
secondary vortices. Also the result indicated that the new console hole
suggested by Sargison et al. [35] is definitely superior to the other

geometries as shown by the uniform spanwise spreading of the film
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cooling effectiveness with a slight enhancement downstream of the
intersection of the two consoles.

Sangkwon and Shih (2007) [42] presented, by using
commercial CFD software FLUENT, a new design concept to increase the
adiabatic film cooling effectiveness from a row of film cooling holes.
They proposed a geometry modification upstream of the holes to modify
the approaching boundary layer flow and its interaction with the film
cooling jets, this was done by making the surface just upstream of a row
of holes into a ramp with a backward-facing step. The results obtained
showed that an upstream ramp with a backward-facing step can greatly
increase the adiabatic film cooling effectiveness. The spanwise averaged
adiabatic film cooling effectiveness with a ramp can be two or more times
higher than that without the ramp.

Kanani et al. (2008) [43] investigated numerically the film
cooling effectiveness at a flat plate. Three-dimensional geometry was
generated and the effects of blowing ratio and geometrical shape were
studied. A cylindrical round, simple angle (CYSA) and laterally diffused,
simple angle (LDSA) hole with a streamwise angle of 30° and spanwise
angle of 0° were used. Hole length to diameter ratio (L/D=4) is constant
for all geometries. Also the diameter of film cooling hole for different
cooling holes at the entrance surface (D=10 mm) is constant. The blowing
ratio ranges from 0.5 to 1.67, and the mainstream Reynolds number based
on the mainstream velocity and hole diameter was 8563. Results have a
good correspondence with experimental data obtained by Yuen and
Botas [26]. The simulation results showed that cooling hole shape affects
film cooling effectiveness significantly. The vortex in the region near the
hole of (LDSA) was very weak compared with this vortex for the
(CYSA). The (LDSA) hole decreases the momentum of jet flow at the exit
area of the hole and avoids lift-off phenomenon, and secondary flow is not

22



Chapter Two Literature Survey

powerful enough to disturb the jet flow structure next to the wall. Also the
results showed that the (LDSA) hole has a better lateral coverage due to
the diffused shape of the hole and has a higher effectiveness value in a
wider region on the wall.

Baheri et al. (2008) [44] presented a comparative-numerical
investigation on film cooling from a row of simple and compound angle
holes injected at 35° on a flat plat with four film cooling configurations:
(@) cylindrical hole; (b) 15° forward diffused hole; (c) trenched cylindrical
hole; (d) trenched 15° forward diffused hole. All simulations were at fixed
blowing ratio of 1.25 and pitch to diameter ratio of 3. The mathematical
film cooling model consists of the RANS, the energy equation and the
standard (k-¢) model using a finite volume method. They found that the
trenched compound angle injection shaped hole produced much higher
film cooling protection than the other configurations.

Silieti et al. (2009) [45] studied numerically the ability of three
turbulence models to predict the film cooling effectiveness from a fan-
shaped cooling hole: the (k-€) model, the SST (k-w) model, and the (v*-f)
turbulence model. The flow and temperature fields were discussed in
addition to local, two-dimensional distribution of film cooling
effectiveness for the adiabatic and conjugate cases. The results were
compared to experimental data in terms of centreline film cooling
effectiveness downstream fan-shaped cooling hole. They showed that the
(k-¢) model performed better than the other models in predicting the
surface temperature distribution and hence the film cooling effectiveness.

Fayyaz  and Muhammad (2010) [46] compared
computationally, using commercial CFD software FLUENT, the film
cooling effectiveness of cylindrical, square and two types of equilateral
triangular holes with an inclination of 30° with streamwise direction at
Reynolds number of 10364, (L/D=4), density ratio of 0.92. The
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theoretical results compared with the experimental ones of Yuen and
Botas [26] showed well agreement even for a high blowing ratio. It was
observed that the triangular hole having a lateral straight edge on leeward
side showed much higher film cooling effectiveness values than the
cylindrical film cooling hole case in the near hole region and almost
similar coolant jet height as that in case of cylindrical film cooling. Also,
it was observed that the triangular hole having lateral straight edge on
windward side and converging corner on leeward side revealed lesser
coolant jet height and higher film cooling effectiveness in the region
X/D>10, especially at blowing ratios greater than 1.0.

Dia and Lin (2011) [47] investigated numerically three film
cooling configurations, (cylindrical hole, shaped hole, and crescent hole).
All holes were inclined at 35° on a flat plate. All simulations were
conducted at blowing ratio of 0.6 and 1.25, length to diameter ratio of 4
and pitch-to-diameter ratio of 3. They used (RANS) equations, the energy
equation, and two-layer (k-¢) turbulence models. For the numerical
investigation, the commercial CFD software FLUENT with standard (k-¢)
turbulent models was applied. They found that the crescent hole exhibited
the highest film cooling effectiveness among the three configurations both
in spanwise and streamwise, especially downstream of the interaction of
the two holes.

Lee and Kim (2011) [48] evaluated the effect of geometric
variables of a laidback fan-shaped hole on the film cooling effectiveness
using a Reynolds-averaged Navier-stokes analysis. The shape of the
laidback fan-shaped hole is defined by four geometric design variables:
the injection angle of the hole, the lateral expansion angle of the diffuser,
the forward expansion angle of the hole, and the ratio of the length to
diameter of the hole. They concluded that the increase of the forward

expansion angle made a reduction of film cooling effectiveness, and the
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lateral expansion angle had the biggest impact among the four geometric

variables on the spatially averaged film cooling effectiveness.

2.4 Summary of Previous Works

Most of the above literature were considered with different hole
configurations such as standard cylindrical holes, shaped hole, holes
embedded in the trench, tabs placed at hole exit, and ramped holes have
been investigated, focused either on reducing the upward momentum of
the jets or on the deformation of the flow filed at the interaction zone. The
effect of different types of turbulence promoters upstream of the film
cooling holes has also been a focus of recent film cooling research. Some
authors have performed experimental investigations of the film cooling
effectiveness of holes embedded in a slot or trench, while others have
presented a computational analysis of trench film cooling effectiveness as
well. These studies concluded that the film cooling effectiveness around
the holes is significantly improved when the holes are set in a trench due
to a lateral spreading of the coolant and reduced coolant jet separation.
The disadvantage of all slot or trench film cooling designs is that they are
not suitable for application to blades and vanes except at the trailing edge,
because of the lack of mechanical strength. The effect of using ramped
holes though is not well defined but has potential to greatly increase the
film cooling effectiveness in the same way by creating a vortex at the
point where the coolant enters. The scope of the present work is to modify
the approaching boundary-layer flow and its interaction with the film
cooling jets by using ramped holes and to investigate the thermal
performance of film cooling for two types of ramped holes rows
(cylindrical and conical). The ramps can be applied and constructed in the
thermal-barrier coating (TBC) system by using the ceramic top coat,

which has very low thermal conductivity [42]. The applications of ramps
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were found to be useful and suitable in combustors as shown in Figure (2-

1), after burner, trailing edge and many other applications.

Casing Combustor liner

Fuel line

= = ->

\ Injector Combustion gases
Film cooling
slot and holes

~ = P

Diffuser

Figure (2-1) Film cooling schematics of a gas turbine combustor
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Chapter Three
Numerical Simulation

3.1 Introduction

This chapter presents a description of the mathematical basis for
a comprehensive general purpose model of fluid flow and heat transfer
from the basic principles of conservation of mass, momentum, and
energy. The computational fluid dynamics (CFD) becomes one of the
most useful tools for complex phenomena without resorting to expensive
prototype and difficult experimental measurement. Numerical prediction
using FLUENT can be performed to determine the jet mainstream
interactions and for better understanding the interaction of the injected
coolant and the hot mainstream flow before choosing cases for
experimental work.
The assumptions are:
1) Three dimensional steady flow.
2) Turbulent flow due to jet in a cross flow has a high turbulence
intensity.
3) Incompressible fluids as velocities tend to be low (Mach number
less than 0.3).
4) Newtonian fluid, like many common fluids such as water and air,
displaying a linear relationship between shear and strain.
There are three main steps in any CFD analysis:
1) Pre-Processing
2) Solver Execution
3) Post-Processing
Pre-Processing is the step where the modelling goals are

determined and computational grid is created. In the second step,
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numerical models and boundary conditions are set to start up the solver.
Solver runs until the convergence is reached.

When solver is terminated, the results are examined, and this is
the post processing part. In present work, the pre-processing program used
was Gambit 2.4.6 to create and grid the system geometry and then
simulate the film cooling for different cases, and the solver and post-
processing used were FLUENT version (12.1) by (ANSYS) [49].

3.2 Pre-Processing (The Geometry)

Pre-Processing is the step where the modelling goals are
determined and computational grid is created. A schematic of the (side
view) of the computational domain for a cylindrical-hole case is shown in
figure (3-1). The Cartesian coordinate system with its origin is placed at
the downstream edge of the film hole on the top surface of the test plate,
and its x, y and z axes are aligned with the streamwise, vertical and lateral
direction, as seen in figure (3-1).

The solid model of the whole assembly and hole intersection
grid close-up are shown in figure (3-2). The computational domain
included the coolant supply channel (plenum), the cooling hole, and the
main channel (cross hot flow).

The cross flow test section was 16 mm in width, 50 mm in
height, and 230 mm in long and the plenum cross section was 16 mm in
width, 50 mm in height, and 50 mm in long. Two types of holes are
considered; standard cylindrical shape hole and conical shape hole as seen
in figure (3-3). For cylindrical shape, the hole diameter is 4 mm, the hole
length is 3.5D, and for conical shape, the hole diameter is 4 mm at inlet

and diverged by 6°to the exit. Injection angle (0) is 35° for all cases, and
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the exit plane located at X/D=40 downstream of cooling hole.
The ramps configurations used in the present investigation are
shown schematically in figure (3-4), they have different dimension for

each cases, as given in Table (3-1).

Table (3-1): lllustrated geometry for all models.

Ramp
specification

Y §

Model 1 - -
Baseline case
Model 2

Single ramped-cylindrical 11.3° 0
hole

Model 3

Single ramped-cylindrical 16.7° 0
hole

Model 4

Double ramped-cylindrical | 16.7° 0

hole

Model 5 - -

conical hole without ramp

Model 6 11.3° 0

Single ramped-conical hole

Model 7 16.7° 0

Single ramped-conical hole

Model 8 16.7° | 0.5D

Single ramped-conical hole

Model 9 16.7° | D

Single ramped-conical hole

Model 10 16.7° | 0

Double ramped-conical hole

Model Number
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Figure (3-1) Schematic of the film-cooling configuration studied
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(b)

Figure (3-2): Computational grid for a case of conical hole with ramp (a)

whole assembly (b) hole intersection close-up

Cylindrical hole Conical hole

. . 6°
sl Mainstream s Mainstream P

\( 35D
Coolant

Figure (3-3) Film cooling hole configurations
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Figure (3-4): Schematic ramps studied (a) single ramp (b) double ramp

3.3 Governing Equations and Turbulence Model

The governing equations to be solved are the incompressible continuity,
momentum, and energy equations and the transport equations for the
turbulent kinetic energy, and dissipation is added through the turbulence
models. The steady state governing equations for conservation of mass,

momentum, and energy are given as [50],[51]:

ou; )
7}_] = —;a—xi-l'a—xi(ﬁ‘[ij —ulu]) (3-2)
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o;Ty o8 (9 oT
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Where, (z;;) is the symmetric stress tensor defined as:

iy = e (o4 52— 25, 5 (3-4)

ax] 6xi U 6xk

The terms of ( Tu’,) and (cpﬁ) represent the specific Reynolds
stresses and specific turbulent heat fluxes, which should be modelled
properly for a turbulent flow.

Two additional transport equations for the turbulence kinetic
energy (k) and the turbulence dissipation rate (¢) are solved. The standard
(k-e) model [52] is a semi-empirical model based on model transport
equations for the turbulent kinetic energy (k) and its dissipation rate (¢).
Assumed that the flow is fully turbulent and the effects of molecular
viscosity are negligible, the turbulence kinetic energy (k) and its

dissipation rate (¢) are obtained from the following equations [53]:

] ] ok
—pkui=a—[(u+ﬁ)a—x]]+Gk+Gb—p£+YM+Sk (3-5)

axi Xj (7]

d d d 2
2 peu; = o | (H+ ) 2] + e 2 (G + CoeG) — Coep S+ (30

axi

Turbulent viscosity («) is computed as a function of (k) and (¢) [53]:

2

k
He = pr e (3'7)
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The generation of turbulence kinetic energy due to the mean velocity

gradients (Gy) is computed by:

6uj

ox;

G = —pll; (3-8)
The generation of turbulence kinetic energy due to the buoyancy
(Gp) can be neglected. (Yy) represents the contribution of the fluctuating
dilatation in compressible turbulence to the overall dissipation rate, Cy,,
C,. and C, are taken as the default values (C;, =1.44, C,=1.92, and
C,=0.09), oy and o, are the turbulent Prandtl numbers for (k) and (¢) are
taken as 1 & 1.3, respectively. These constants are recommended by
Launder [53]. The above set of constants has been applied successfully for
many three-dimensional flows [54]. Sy and S, are user-defined source
terms [49].
3.3.1 Gambit Code
To solve any problem by using FLUENT code, a secondary

program is used to create the geometry and grid. It is called GAMBIT.
The grids have many kinds, such as hexahedron and T-Grid used to
generate a tetrahedron, which are existing boundary mesh.

3.3.1.1 Choosing the Appropriate Grid Type

FLUENT can wuse grids comprising of tetrahedron or
hexahedron cells in 3D, as shown in figure (3-5). The choice of which
mesh type to use will depend on the application. For the problems which
involve complex geometries, the creation of structured or block-structured
grids (consisting of hexahedron cells) can be extremely time-consuming;
If not impossible, the setup time is therefore the major motivation for
using unstructured grids employing tetrahedron cells. The range of length

scales of the flow is large, and a tetrahedron mesh can often be created
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with far fewer cells than the equivalent mesh consisting of hexahedron
cells [49]. This is because a tetrahedron mesh allows cells to be clustered
in selected regions of the flow domain. Whereas, structured hexahedron
meshes will generally force cells to be placed in regions where they are
not needed. This is the reason behind this case in the current study of
unstructured tetrahedron meshes chosen, as shown in figure (3-5), the

Gambit grid generator with approximately 1.3 million computational cells

<V

Tetrahedron Hexahedron

for each case.

Figure (3-5): Tetrahedron and hexahedron cells

3.3.2 Fluent Code
FLUENT wversion (12.1) solves the governing integral

equations for the conservation of mass, momentum, energy, and other
scalars, such as turbulence. FLUENT is an ultimate useful computer
program for modelling fluid flow and heat transfer in complex geometries.
It provides complete mesh flexibility to solve flow problems with
unstructured meshes that can be generated about complex geometries with
relative ease.

There are two processors used to solve the flow and heat transfer
equations. The first pre-processor is the program structure which creates
the geometry and grid by using GAMBIT.

The second post processor is solving Navier-Stokes equations
which include continuity, momentum and energy equations, while (k-g)
model drop the viscosity term by using finite volume technique, and by

using the initialization described with some details about the
35



Chapter Three Numerical Simulation

implementation of the boundary condition. Two methods are used in the
solver, explicitly or implicitly. Explicit methods are generally easy to
code but require very small time steps to satisfy stability restrictions.
Therefore, many iterations and large computer times require reaching a
steady-state solution. The implicit scheme simultaneously solves several
equations. The maximum time step is much larger than that allowed for
the explicit, so that fewer iterations and lower computer times are required
[49].

3.3.3 Boundary Conditions

99 ¢¢

At all boundaries except those denoted as “main inlet,” “coolant
inlet,” and “exit” in figure (3-1), are considered as an adiabatic wall
boundary condition was used. At the “main inlet,” a velocity-inlet
boundary condition was specified with x-velocity equal to 20 m/s, and all
other components equal to zero. The temperature was given as 323 K
(50°C). The turbulence intensity and calculated hydraulic diameter (which
is used to determine turbulence length scales) were specified as 2% and
0.024 m, respectively. At the “coolant inlet,” a velocity-inlet boundary
condition was specified with y-velocity equal to the values calculated
from the blowing ratio definition, then fed to the FLUENT, and all other
components equal to zero. The coolant temperature was given as 293 K
(20°C) to give a temperature ratio of 0.4, as recommended by Chi Zhang
[55]. The turbulence intensity and hydraulic diameter were specified as
3% and 0.023 m, respectively.

The Reynolds number based on mainstream velocity and hole
hydraulic diameters is 5100.

The adiabatic film cooling effectiveness given in equation (1-1)
and the downstream dimensionless distance (X/D) were introduced to the
FLUENT as custom field function.
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3.3.3.1 Initial Condition

The flow filed is unknown unless iteration is started; therefore,

an initial guess is needed to start the solution. The initialization of the
model is important for convergence. If the initial conditions are poor, then
they take longer to converge or they may even result divergence. For the
present work, all variables are initiated from the inlet boundary

conditions.

3.3.4 Solvers

3D segregated, steady state solver is used for linearization of

governing equations, and implicit method is used. For turbulence
modelling (k-¢) model with standard wall functions is used [52, 53]. It has
been shown in figure (3-6) that the averaged value of parameter scaled
with viscous length or time scale (y") for the surface is less than 10 which
Is within the range of Ref.[56] to avoid the use of enhanced wall treatment
mesh. Discretization scheme used is second order upwind for momentum,
turbulence kinetic energy, turbulence dissipation rate and energy [57],
whereas for pressure, standard discretization scheme is used [58]. For
pressure-velocity coupling, simple algorithm is used [59]. Converged
results are obtained after the specified residual sate met, as shown in
figures (3-7) and (3-8); a converged result renders a mass residual of 10,
an energy residual of 107, and momentum and turbulence kinetic energy
residuals of 10°. These residuals are the summation of the imbalance for

each cell, scaled by a representative of the flow rate.
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Typically, more than 1500 iterations are needed to obtain a converged
result which takes about 15 hours on a computer cluster consisting of
eight nodes of 2.4 GHz Pentium COREI3 personal computers.
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Figure (3-7): Convergence history for continuity, momentum, energy,

and turbulence equation
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Figure (3-8): Average static temperature on test surface history for

film cooling system

3.4 Film Cooling Configurations

Ten models are considered in the present study, each of different
hole arrangements is shown in Table (3-1). Each model is provided with
one hole to solve by FLUENT. Seven of these models are arranged with

ramp. All models are solved for three blowing ratios of 0.5, 1, and 1.5,
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Chapter Four
Experimental work

A description of the experimental facility used for thermal
analysis is presented in this chapter. The low speed test rig and the
instrumentations facilities are described. The six models geometry to be
tested is also presented, and finally the general arrangement of the

experimental set-up and computing procedure are discussed.

4.1 Experimental Apparatus
4.1.1 Test Rig

All experiments were carried out in a low-speed hot air supplier

system with attached cold jet in the test section. The test rig is modified
and rebuilt at University Of Technology-Equipment and machines
Engineering Department. Figure (4-1) shows the sketch and photography
of the test rig which has been designed by Assim et al. [60] and
constructed by Muwafaq [61].

The mainstream air supply is the ambient air drawn by a blower, the
blower is of 2.5 kW motor running with 2800 rpm. Air speed in the test
section is controlled by using a manual open gate. The blower exit area
having a rectangular shape with dimensions of (6.3x13.1) cm. The blower
is supplied with a bend having the same dimensions of the blower exist
and then connected to a diffuser having rectangular cross-sectional area of
inlet and outlet dimensions as (6.3x13.1) cm and (35x50) cm, respectively
and length of 82 cm. Air flow diffuses over a splitter plates into a constant
area rectangular settling chamber of cross-sectional area (35x50) cm and
length of 70 cm. The settling chamber contains a series of three electrical
heaters, each of 4 kW power are used, honeycomb, and four grid screens.
The test rig is modified by Humam [62] by adding grid screens and the

40



Chapter Four Experimental Work

honeycomb which fitted the settling chamber cross-sectional area. The
honeycomb and screens ensure adequate mixing of hot air and uniform
temperature distribution throughout the test section. Figure (4-2) shows
the honeycomb which has a depth of 20 cm; it’s made from galvanized
steel. After the settling chamber, hot air routed through a convergent-
divergent contraction, to reduce the discharge losses, having a rectangular
cross-sectional area at inlet and outlet as (35x50 c¢cm) and (5x10 cm),
respectively, and a length of 70 cm. In order to allow the air to reach the
desired temperature, the air is initially routed out away from the test
section by using a by-bass gate passage. The temperature of the air is
continuously monitored at the exit of the gate, and when the desired
temperature is reached by achieving temperature ratio of 0.4, the gate
manually is fully opened. To minimize the heat losses to the surrounding,
the settling chamber and the test section duct are insulated completely by
glass wool insulator. The operating velocity of the hot air kept constant at
20 m/s through the experimental program, while the blowing ratios are
controlled by changing the coolant velocity. More details about the design
and construction of the low speed hot air supplier rig are given by Assim
et al. and Muwafaq [60 and 61]

At the present experimental program, the mainstream hot air
temperature (T,) adjusted with a laboratory temperature (coolant air
drawn by a blower) (T.) (to give the highest limit of T,/ T,, = 0.4).
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Figure (4-1): Schematic and photography of the experimental test rig

42



Chapter Four Experimental Work

honeycomb 'f o - grid screen

500

All dimensions in mm

Figure (4-2): The honeycomb and grid screen

4.1.2 Coolant Supply

A centrifugal air blower of blowing capacity of 22.17m*min is
used to supply the coolant air to the plenum. The coolant air passes
through a pipe of 5 cm diameter, and then to ball valve controlling the
volumetric flow rate injected throughout the coolant jet holes. The
coolant air flow rate is measured by using orifice meter. The coolant air
enters a plenum, and then injects through the film cooling holes into the
test section to mix with hot mainstream forming film cooling layer.

4.1.3 Test Section and Observation Window

The coolant air injected from the holes is mixed with the hot
mainstream in the test section. The test section has 5 cm width, 12.3 cm
height and 23.4 cm length, as shown in figure (4-3).
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The bottom wall of the test section works as a test model, six
models are prepared, each model made of (12.3x23.4cm) Perspex plate of
0.8 cm thickness. The bottom model plate can be removed easily to be
replaced by another model at each test.

A special design for the observation window is made and fixed
in front the test section to enable the IR camera to view the test surface
without interrupting the condition of flow and to keep the flowing air
stagnation condition unaffected. The observation window shape is a
rectangular diffuser, as shown in figure (4-4), with two opened ends, at
the camera side (6x12 cm), and at the test section side (12.3x23.4 cm), the

diffuser length is of 70 cm.

Upstream ramp Downstream ramp Plenum
yd
Mainstream 3 /
) : == Coolan
[<¢]
_
Test plate
234mm ‘

Cooling holes | |

Figure (4-3): 3-D Schematic diagram of test section
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Figure (4-4): Observation window

4.2 Instrumentations

4.2.1 Thermocouples

The hot mainstream and injected coolant air temperatures were
measured by using a digital electronic thermometer type (TM-914c) with
the aid of thermocouples type-K. The coolant temperature is measured
inside one chosen hole, since pre-testing showed that all film holes had
the same flow rate and temperature conditions. The measuring system is
calibrated by C.0.S.Q.C., and its certificate in Appendix (A).

4.2.2 Orifice Meter
Coolant air flow rate is measured by using 1.4 cm diameter

orifice plate meter. The orifice plate is made according to BS1042 [63],
and precise geometry is achieved to meet the maximum possible accuracy.
The orifice plate is with D and D/2 tapping of 1.1 mm inside diameter
which is less than 0.08D according to BS1042 Standard [63]. The
thickness of orifice is 0.7 mm, and the orifice shape angle is 45°, rinsing
angle from the downstream face of the orifice plate. The calculation of the

flow rate is presented in details in Appendix (B).
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4.2.3 Pitot-Static Tube

The main stream velocity is measured by using standard

ellipsoidal nosed Pitot- static tube with curved junction (N.P.L Standard).
It has an external diameter (d) of 7.98 mm, a stem of 45.8 cm long, a
nosed total pressure inner diameter of 1.32 mm, and seven static holes of
0.97 mm diameter. The stem-static holes distance equals (8.02 d). The
correction to the reading of the Pitot-static tube is determined according to
BS1042 Standard [64], it was given in Appendix (C).

4.3 Thermography Measurement Technigue

Thermograph is the use of an infrared imaging and
measurement, camera to see and measure the thermal energy emitted from
an object.

Thermal, or infrared radiation, is electromagnetic radiation that
Is not visible, because its wavelength is longer than that of visible light.
Unlike visible light, in the infrared world, everything with a temperature
above zero emits heat. It is observed that the higher the object's
temperature, the greater the IR radiation emitted. Infrared allows us to see
what our eyes cannot. Infrared thermography cameras produce images of
invisible infrared or heat radiation and provide precise non-contact
temperature measurement capabilities.

Thermograph technique is presented in details in Appendix (D).
It is necessary to compensate for the effect of a number of different
radiation sources to obtain the temperature accurately. This is done on-
line automatically by the camera. However, the following object
parameters must be supplied to the camera:

e The emissivity.
e The transmissivity of the atmosphere, (If the atmosphere is air like
the present case, it is equal to 1).
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e The temperature of the atmosphere.
e Object distance.

The test surface was coated with mat black paint to increase the
emissivity of the test surface. When the paint dried, the test plate was
heated up for one and a half hours so that the Perspex reaches the steady
state temperature. During heating, the surface temperature was checked
every fifteen minutes. Then, a reference point was selected, and its
temperature was measured using a thermocouple. Until the temperature of
the camera agrees with the thermocouple reading, then this is the
emissivity value of the reference object.

4.3.1 IR Camera

The test flat plate surface temperature is measured by using

infrared thermography technique. The infrared system used in this study is
a Fluke Ti32 shown as photograph in figure (4-5). The calibrated
temperature measurement range starts at -10 °C to +80 °C, which is the
range of this work. The thermal image can be displayed using standard

color palettes or Ultra Contrast ™

color palettes. Fluke Ti32 utilizes
uncooled micro bolometer long wave detectors to sense IR radiation [65].
The IR camera is designed for general thermal measurement
application. It has the following specifications [65]:
1. The field of view and minimum focus distance (with standard
lens) are 23°x17° and 15 cm, respectively.
2. The infrared spectral band range is 8.0 to 14 um (long wave)
and accuracy £2 °C or 2%.
3. The pixel detector is 320x240.
Thermal and visual images are displayed on the imager Liquid
Crystal Display (LCD) and can be saved to a removable SD memory card

with capacity of 2GB. Transferring images to a PC is accomplished by
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removing the SD memory card and connecting it to a PC through the
included multi-format USB card reader. Smart View software is used for
Image analysis and report generation from these saved images [65]. For
more centrally, the system is calibrated by measuring the temperature of
the test surface using a thermocouple type (K) fixed in test surface, at
same time the temperature is measured by the IR camera, the test surface
Is heated by hot mainstream, the temperatures obtained by both measuring
method is recorded during the heating process until achieving a steady-
state condition. Due to the emissivity of the test surface, the temperature
recorded by the IR camera is differed from the temperature obtained by
the thermocouple, and then IR camera is adjusted until both reading

temperatures are matched.

LCD display Visual
2GB SD camera lens
memory card

Thermal
imager lens

\ l
| Menu | X
Focus ring
Image capture
trigger
Replaceable
battery

Figure (4-5): Photograph of the IR camera
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4.4 The Models to be Tested Experimentally

The preliminary numerical results of ramped-holes are
encouraging for using this technique for film cooling. To validate the idea
of using ramped-holes and according to the results conducted from the
CFD prediction, the following categories will be introduced:-

A. Model 1 consists of one row of film cooling standard cylindrical
holes acting as the baseline case, and this model will be considered
as a reference model for comparison with other models taken into
account in the present investigation program, figure (4-6, a).

B. Model 2 consists of one row of single ramped- cylindrical holes
(upstream ramp with a backward-facing step), figure (4-6, b).

C. Model 3 consists of one row of double ramped- cylindrical holes
(upstream and downstream ramped-holes both with a backward-
facing step), figure (4-6, c).

D. Model 4 consists of one row of film cooling conical holes acting as
the baseline case for ramped- conical holes cases, figure (4-6, d).

E. Model 5 consists of one row of single ramped- conical holes
(upstream ramp with a backward-facing step), figure (4-6, e).

F. Model 6 consists of one row of double ramped- conical holes
(upstream and downstream ramped-holes both with a backward-
facing step), figure (4-6, f).

Cylindrical hole models consist of one row of five holes of 4 mm
diameter each hole is made with a hole length of 3.5D and with a central
pitch distance between each two neighbouring holes of 3.5D. Conical hole
models also consist of one row of five holes of 4 mm diameter each at
inlet, diverged by 6° to the exit, and the forward injection angle (0) is 35°

for all cases.
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Figure (4-7) shows the top view schematic diagram of such test
plate. Models (1, 2, and 3) having conventional cylindrical cooling holes,
while models (4, 5, and 6) having conical cooling holes.

Figure (4-8) depicts a sample of solid model for the test plate
with double- ramped conical holes (upstream and downstream ramped-
holes both with a backward-facing step)

The ramps geometries considered in models (2, 3, 5, and 6) are
made with the length of 2.5D, located at (B) upstream the film cooling
hole and make an angle of y with the flat plate surface. According to the
numerical results, all ramps angle and locations are taken as y=16.7° and

=0 respectively.

(d) (€) (f)

Figure (4-6): Tested models configuration
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234mm

123mm } 4D

Figure (4-7): Test plate with film hole geometry

Cooling hole

Downstream ramp Upstream ramp

Figure (4-8): Solid model for double-ramped film hole configuration

4.5 Experimental Procedures

The experimental procedures were carried out according to
the following steps:
a) Connecting the sample model to the test section.
b) Connecting the flexible pipe to provide the coolant to the test
section.
¢) Adjusting the velocity of the hot air by using the manual gate

meter.

51



Chapter Four Experimental Work

d)

e)

9)

h)

)

K)

1)

Pitot-static tube and U tube water manometer were used to
measure the mainstream air velocity.

The mainstream air was routed out away from the tunnel by
using a by-pass gate.

When the temperature of the mainstream air is reached to the
desired temperature, the gate is fully opened to pass the air to
the test section.

Running the blower to drive the coolant, and by using the
manual gate, the orifice meter and U-tube water manometer
were used to adjust the velocity according to blowing ratio
(when BR=0.5, U,=9.41m/s).

Measuring the coolant temperature inside the plenum by using a
digital thermometer.

Preparing the IR camera for capturing the image in return for the
test section.

Running the blower of the coolant at the same time when
opening the gate of the mainstream.

Images were captured and stored in the SD of the IR camera
every 10 seconds, and capturing the images was kept until
reaching the case of steady state.

Recording the U-tube manometers reading.

m) Recording the mainstream, coolant, and ambient temperatures.

n)

0)

Transferring images from a removable SD memory card to a PC
by removing the SD memory card and connecting it to a PC
through the included multi-format USB card reader.

Repeating the above steps again but by changing the velocity of
the coolant two times (18.83 and 28.245 m/s).
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4.6 The Adiabatic Film Cooling Effectiveness Estimation

The IR images for models surface at each investigated test was
captured and stored by a thermal camera at steady-state condition. These
Images are transferred to PC. Smart View Software program supplied with
camera can be used to limit the selected area to avoid the effect of the test
section walls. The IR images converted to corresponding temperature
digital values and then saved as Excel sheet data. Finally, the values of the
adiabatic film cooling effectiveness (1) are computed, tabulated in the

Excel sheet by using the adiabatic film cooling effectiveness definition.

4.7 The Heat Transfer Coefficient Estimation

The test plate is modeled as an infinitely thick flat plate under a
transient heat transfer phenomenon.

Figure (4-9) shows a schematic diagram of flow over a flat plate.

Mamstream T(y,0) =T,
att T
—_—

> L R[T,, — T(0,1)]
> dyl,_, m ’
_ 0 o

Figure (4-9): Flow over a flat plate

The test plate is initially at a uniform temperature (T;), and the
convective boundary condition is suddenly applied on the plate at time,

(t >0), (the hot stream of air provides a heat flux to the surface of the plate
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and convective heat transfer phenomena occurs). The 2-D transient

conduction equation is given by:

9%T  0%T _ 10T

o "oz "o (4-1)
Neglecting the lateral conduction, equation (4-1) becomes:

0?T 10T

o~ aoc (4-2)

Solving equation (4-2) need two boundary conditions, and an initial

condition:

The initial conditionat t =0 T =T; (4-3)
At y=0andt >0 ,—KZ—;zh(TW—Tm) (4-4)
At y=o andt=>0, T=T; (4-5)

The main approximation often applied to analyze the transient
conduction, shown in figure (4-9), is the semi-infinite approximation.
Semi-infinite solids can be visualized as very thick walls with one side
exposed to some fluid, the other side remains unaffected by the fluid
temperature since the wall is very thick. Solving the partial equation (4-2)
with the prescribed initial condition and boundary conditions at y = 0
gives the transient response of the test plate wall due to the convective
heat load applied by the hot mainstream air. The solution is given by the

flowing equation Incropera and DeWitt [66]:
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Tw—T;
Tim—T;

h2at
2

orpe[] z

=1—exp[

The function (erf) is the Gaussian error function defined as Incropera and

DeWitt [66]:

2 W 2
erfw = ;fo e Vdv (4-7)

The complementary error function, erfcw is defined as:
erfcw =1 —erfw (4-8)

In the above equations, all the test plate properties are known. Thus,
recording (T,,) at different times (t), the value of heat transfer coefficient
(h) can be found out. This might not be the case when the plate is being
cooled by film injection.

The assumptions of semi-infinite solid are valid for this work
because the transient test duration is small, usually less than 60 seconds,
and also because of the test surface is made of Perspex which has low
thermal conductivity, low thermal diffusivity and low lateral conduction,
combinations of the above facts make sure that heat is conducted only in
the x-direction and it does not reach the bottom of the test surface.

Considerations are taken for the present case, where the coolant
air is being injected from the bottom of the plate surface, as shown in
figure (4-10).
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Figure (4-10): Film cooling over a flat plate

Now, in addition to the mainstream flow, secondary flow is also
presented. In this case, three different temperatures are to be considered,
such as the mainstream temperature (T,), the coolant temperature (T,),
and the wall temperature (T,). In film cooling situations, the mainstream

temperature in equation (4-6) has to be replaced by a film temperature (T;)

] erfc [hT (4-9)

Tw—T;i
Te=T;

h?at
=1—exp[K2

A non-dimensional temperature is defined as the film cooling

effectiveness (n):

T =T

N =gt (4-10)
The maximum value of this term could take unity, and that it is

when the film temperature is equal to the coolant temperature. If the film
temperature is equal to the hot mainstream temperature (without film
cooling), the value of (n) is zero. From equations (4-9) and (4-10), the

following equation can be obtained:
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T, —T; = [1 — exp (hlz{ft) erfc (h\l/{m)] T, — (1 —nT,, —T;] (4-11)

This equation has two unknowns, the film cooling effectiveness
() and the heat transfer coefficient (h) or if we refer to equation (4-10),
the two unknowns are (h) and (Ts). We need two sets of data points to
solve for the unknowns. Noting the temperature of the wall (T,) at two
different times, the value of unknowns can be determined. Thus, in the
transient test, if at time (t,), the surface is at temperature (T,,) and at time
(o), the surface is at temperature (T,,), then the two events are represented

by the equations (4-12) and (4-13):

Tyw1—T; hetat hevaty

ﬁ =1—exp [%] erfc [%] (4-12)
. 2

% =1-—exp [%] erfc [%a—tz] (4-13)

Basically, two events are measured at every point leading to the
solution of both (h) and (T; from the simultaneous solution of the
equations (4-12) and (4-13). Measuring these two events at every point
and solving above equations, the value of (h) and (T;) can be found out.
This method is presented by Vedula and Metzger [67] and Ekkad et al.
[68]. In the transient test, the mainstream will be heated, and the coolant
supply will be near room temperature. Two IR images at the same
location of the surface temperature distributions are captured at the
transient test, then (Ty) and (h) and hence (n) can be found out from a
single test.
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New parameter known as the net heat flux ratio, defined by Sen
et al. and Ekkad [16, 69], is used to study the combined effect of film
cooling effectiveness and heat transfer coefficient.

Net heat flux ratio is the ratio of heat flux to the surface with
film cooling to the heat flux without film cooling. Its definition is given

by the following equation:
a _ n
1-20-Y (@10

Where @ is the overall cooling effectiveness given by [16]:

0 = 77;’;—_:, (4-15)

This heat flux ratio indicates the reduction in heat flux on the test
surface from the film injection. If the value of this net heat flux ratio is
less than 1.0, then the introduction of film cooling has beneficial effect. If
the value is greater than 1.0, it can be said that the film cooling did not
serve its purpose of cooling.

MATLAB program Software is prepared using a semi-infinite
solid assumption presented to solve the above equations; program flow
chart is presented in Appendix (E).

The experiment data used to introduce the local heat transfer
coefficient ratio and the local net heat flux ratio for the selected area then

saved as Excel table.
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4.8 Uncertainty Analysis
In order to determine the accuracy of this study, an error analysis

Is performed using the methodology given by Kline and McClintock [70],
this method is the standard procedure to measure uncertainty of the result
from a single test. First, a conservative error estimate of the measured
guantities was done. Then, the relative uncertainties in measured
quantities were calculated. Finally, the average uncertainties of the results
were calculated by taking the square root of the summation of the square
of all the relative uncertainties.

Heat transfer coefficient for flow over flat surface was calculated using
the following equation:

M
Tn—Ti
Or
h=f(Tw, Ti, Tm, o K, t)

Error estimates of each variable are as follows:

h?at
k2

] (4-16)

— 1 exp [2] ere

AT,, = 0.5 °C (IR camera specification)

AT; = 0.5 °C (IR camera specification)

AT,, = —1.35 °C (from calibration certificate)

At =1s

(o) and (k) are tabulated values from Incropera and DeWitt [66]. As a
custom, 3% relative uncertainty is assumed for both variables. The

relative uncertainties of the rest variables are;

UT, =" (4-17)
AT;

UT; =1 (4-18)

UT,, =2 (4-19)

Ut =2 (4-20)
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Ua = Uk = 0.03
The root mean square uncertainty in calculating heat transfer coefficient

over flat plate (h) is:

Uh =/(UT,) %+ (UT)? + (UTy)? + (Ut)? + (Ua)? + (Uk)? (4-21)

In calculating heat transfer coefficient for film cooling case, the relative
uncertainty related to the coolant temperature will also be added.
AT, = 0.3 °C (from calibration certificate)

UT, = e (4-22)

So, the root mean square uncertainty in calculating heat transfer

coefficient for film cooling case is:

Uh =./(UT,) %+ (UT)? + (UT,,)? + (UT,)? + (U)2 + (Ua)? + (Uk)?2  (4-23)

The value of Uh was found out to be +8.7%.

The value of Uhg;;,, was found out to be +8.9%.
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Chapter Five
Results and Discussion

5.1 Introduction:

In this chapter, the numerical and experimental results are
presented and discussed. The film cooling effectiveness and the local heat
transfer coefficient for a single row of different jet holes arrangement, and
the effect of using single and double ramped hole arrangement, have been
investigated at different blowing ratios. The numerical simulations for ten
different models which described in chapter three have been introduced in
order to predict the flow behaviour, vortex type, and vortex generated at
holes and holes downstream area, and the interaction between hot
mainstream and coolant jet, then to select the best models, that give best
fluid flow and thermal performance, to be considered in the experimental
test program.

According to the numerical simulation results, six models are
selected to introduce in the test program. A single test transient IR
thermograph technique is made to evaluate the heat transfer coefficient,
heat flux ratio and steady-state test to estimate the adiabatic film cooling
effectiveness at three different coolant-to-mainstream blowing ratios 0.5,
1.0, and 1.5.

5-2 Numerical Results

5.2.1 Verification of Numerical Simulation

The numerical approach verification of the current CFD is made
by comparison with the experimental results.

The spanwise averaged film cooling effectiveness (1) is used as
the main verification parameter between the numerical and experimental

results of the baseline case (model 1) for blowing ratios of 0.5 and 1.
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Sample of numerical results of spanwise averaged film cooling
effectiveness (1) distribution along the normalized streamwise distance
(X/D) together with some preliminary tests results and results given by
Yuen et al. [26] are presented in figure (5-1). It is fair to say that the
present numerical results show approximately similar trend and behaviour
with slight difference in local film cooling effectiveness (n) levels for

both present and Yuen et al. [26] experimental results.
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Figure (5-1): Verification of numerical results of (i) with the

experimental results (a) BR=0.5 (b) BR=1
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5.2.2 Comparison of Computational Results for Conical Holes (model

5) with Cylindrical Holes Baseline (model 1)

In film cooling, the coolant is introduced to the hot stream
section as cross flow jets. Different injection angles were proposed by
many researchers, the optimum injection angles are found to be (30°-35°)
according to Goldstein et al. and Bunker [10 and 71]. The behaviour of
the flow structure is generated as a result of two flows interaction affected
the performance of film cooling; therefore details of flow structure
associated with this interaction should be highlighted and discussed in
details. The interaction of the coolant jets with hot mainstream in three
dimensional domains is a very complex flow regime, for simplicity and to
make the flow recognizable and readable, the flow will be presented in
two dimensions in a plane perpendicular and parallel to the cross flow at
different plane location. These planes are captured from the computation
approach using computer code Tec plot (360).

Figure (5-2) presents the main flow features of a single
cylindrical hole (model 1) and conical hole (model 5), both holes are at
injected angle 35° in the direction of hot mainstream, at three blowing
ratios of 0.5,1, and 1.5. The jet cross flow interaction generates a turbulent
flow, which is dominated by coherent motion. In general, multiple vortex
structures are produced where two large vortex structures have been
detected, counter rotating vortex pair (CVP), i.e., kidney vortices and
horseshoe vortices. The vortex main structures are originated from the
holes rims at (X/D=0), as shown in a figure (5-3). This is agree with most
literature as Friedrichs and Haven et al. [4 and 8], while some literature
claimed that these kidneys vortex may be generated within the hole core
according to the magnitude of the momentum ratio. Immediately
downstream the hole, the vortices generation has an effect on the

distribution of film coolant over the surface being protected. The
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aerodynamics of these vortices depends upon the shape of the film cooling
holes and blowing ratio. In both models, the (CVP) is the largest vortex
appeared in the flow structure, which occurs at the interaction of coolant
jet and hot mainstream, as shown in figure (5-3). This figure shows
clearly the differences between the counter rotating vortices that generated
in (model 1) and (model 5). The distance between the center of (CVP)
generated by conical hole is wider than that of cylindrical hole, this causes
wide coolant penetration in spanwise direction, so the spanwise (lateral)

averaged adiabatic film cooling effectiveness (i}) may be improved.

The jet lift-off phenomenon caused by kidney vortices typically
occurs at moderate and high blowing ratios, i.e., BR more than 0.5. For
low blowing ratio, the momentum ratio is also very low; the hot
mainstream flow departs the upward flow pushing the coolant jet towards
the surface. This occurs in the cylindrical and conical hole producing low
jet vortices levels, and the coolant stays attached to the surface providing
good film cooling effectiveness. But at high blowing ratio, the coolant jet
has high vortices levels in the cylindrical hole, and then the coolant lifted-
off from the surface providing poor film cooling effectiveness. But in the
conical hole case and due to the divergent passage, the coolant jet does
not have high vortices levels as shown in figure (5-4), so in this case it’s
providing a good film cooling effectiveness. These results agree well with
the results of Yuen et al. [26].

As the vortex propagates downstream the hole, the vortex grows
continually downstream, the cooling jet is mixed and entrained with the
hot mainstream and the coolant jet has been lifted off from the surface.
This may indicate rapid dissipation of the film cooling downstream,
especially at high blowing ratio, as shown in figures (5-5) and (5-6). And
this is confirmed by figures (5-2) and (5-7), in which figure (5-7) presents

a comparison of film cooling effectiveness contours between model 1 and
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model 5 downstream the test surface of the holes for all blowing ratios,

the overall area-averaged film cooling effectiveness (i) values are also

given and labeled in this figure. It is clear from this figure that the film
cooling effectiveness of model 5 is higher than that given by model 1,
particularly at moderate and high blowing ratios of 1and 1.5.

For comparison purposes, the streamwise (centerline) averaged

adiabatic film cooling effectiveness (1j.) , the spanwise (lateral) averaged
adiabatic film cooling effectiveness (1)), and the total area-averaged film
cooling effectiveness (1) are used as the main comparison parameters

between the numerical results of model 1 and model 5, at blowing ratios
of 0.5, 1, and 1.5. This comparison is given in figures (5-8 to 5-13), the
Immediate decreasing of streamwise film cooling effectiveness is due to
either hot stream penetration into coolant jet (at low blowing ratio) or due
to cooling jet lift-off from surface (at high blowing ratio). For model 1,
the effectiveness rapidly decreased at blowing ratio of 1.5 due to high
lifting-off, as shown in figures (5-12) and (5-13), this behaviour not
appears in model 5.

Figures (5-14) and (5-15) present the effect of blowing ratio on
the adiabatic film cooling effectiveness for model 1 and model 5
respectively, model 5 showed higher film cooling effectiveness than
model 1 in all blowing ratios; both models showed a droop behavior of
film cooling effectiveness with increasing the blowing ratio, as shown in
figure (5-16).

As a summery, model 1 provided a very weak cooling
effectiveness, particularly at high blowing ratio. At blowing ratio of 0.5,

model 1 provided a streamwise averaged film cooling effectiveness (i) of
0.3224 and a total area-averaged film cooling effectiveness (#]) of 0.0934,

while model 5 provided 0.5055 for the (1. ) and 0.1992 for the (1), here
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the enhancement for (7. ) is 56.8%, and 113.3 % for the (7). At blowing

ratio of 1, model 1 provided a streamwise averaged film cooling

effectiveness (i) of 0.228 and a total area-averaged film cooling
effectiveness (i) of 0.0632, while model 5 provided 0.4623 for (), and
0.1602 for (1)), the enhancement for () is 102.3% and 153.5.9% for the
(i1). At blowing ratio of 1.5, the enhancements in the film cooling

effectiveness when using a conical hole compared with a cylindrical hole
increased to 175.5% for (7)) and 227.1% for the (1). All details of the

above comparisons are tabulated in Table (5-1).
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Table (5-1): Summery of numerical results

N, |%enhancementin| 7 | % enhancementin
Model | BR e 1
0.5]0.3224 - 0.0934 -
Model 1 | 1 [0.2281 - 0.0632 -
1.5]0.1154 - 0.0366 -
0.5]0.2155 -33.2 0.1512 61.9
Model 2 | 1 |0.2633 15.4 0.1288 103.8
1.5]0.1741 50.8 0.0741 102.5
0.5]0.1347 -58.2 0.1361 45.7
Model 3 | 1 |0.2622 14.9 0.1785 182.5
1.5]0.2221 92.4 0.1212 231.1
0.5]0.1508 -53.2 0.1348 44.3
Model4 | 1 |0.2813 23.3 0.195 208.5
1.5]0.2794 142.1 0.1712 367.8
0.5]0.5055 56.8 0.1992 113.3
Model 5 | 1 |0.4623 102.7 0.1602 157.1
1.5 0.318 175.5 0.1197 227.1
0.5]0.3414 5.9 0.2374 154.2
Model 6 | 1 | 0.443 94.0 0.2246 255.4
1.5 ]0.3402 194.7 0.1692 362.3
0.5]0.2474 -23.3 0.227 143.0
Model 7 | 1 |0.3823 67.6 0.2626 3215
1.5 | 0.3446 198.6 0.2294 526.8
0.5]0.2492 -22.7 0.2313 147.6
Model 8 | 1 |0.3907 21.2 0.2473 291.3
1.5]0.3411 195.6 0.2006 448.1
0.5]0.3505 8.7 0.2257 141.7
Model 9 | 1 |0.3895 20.8 0.2299 263.8
1.5 1 0.3488 202.3 0.1879 413.4
0.5]0.2425 -24.8 0.2268 142.8
Model 10 | 1 |0.3719 63.0 0.2947 373.0
1.5 ] 0.3855 234.1 0.2809 667.5
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Temperature: 294 296 298 300 302 304 306 308 310 312 314 316 318 320 322
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Figure (5-2): Mainstream and coolant jet interaction contour distribution at

centre (X-Y) plane of a single hole injection at different BRs
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Figure (5-3): Comparison of flow vectors coloured by temperature at X/D=0
(Y-Z plane) for model 1 (baseline) and model 5 at different BRs.
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Figure (5-4): Flow vectors colored by temperature at different planes parallel to
test surface (X-Z plane) for single hole injection at BR=0.5 and BR=1.5
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Figure (5-5): Vortex propagation coloured by temperature downstream
the hole for model 1 at (Y-Z) planes (a) BR=0.5 (b) BR=1(c) BR=1.5
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Figure (5-6): Vortex propagation coloured by temperature downstream the
hole for model 5 at (Y-2Z) planes (a) BR=0.5 (b) BR=1(c) BR=1.5
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Figure (5-7): Comparison of film effectiveness distribution and (1)

between model 5 and model 1 at different BRs
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Figure (5-8): Comparison of (n.) versus (X/D) between model 1 and
model 5 at BR=0.5
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Figure (5-9): Comparison of (ij) versus (X/D) between model 1 and
model 5 at BR=0.5
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Figure (5-10): Comparison of (1) versus (X/D) between model 1 and
model 5 at BR=1
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Figure (5-11): Comparison of (1) versus (X/D) between model 1 and
model 5 at BR=1
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Figure (5-12): Comparison of (1) versus (X/D) between model 1 and

model 5 at BR=1.5
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Figure (5-13): Comparison of (1) versus (X/D) between model 1 and

model 5 at BR=1.5
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Figure (5-15): Effect of blowing ratio on the () for model 5
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Figure (5-16): Effect of blowing ratio on the (1) for model 1 and model 5

5.2.3 The Effect of Using Single and Double Ramps on the Film

Cooling Effectiveness

The effects of using ramps with cylindrical or conical holes were
studied and compared with the baseline case. In this section, the nature of
the flow induced by an upstream and downstream ramp is described first.
Afterwards, its effects on the film cooling effectiveness are presented.

5.2.3.1 Effect of Using Single Upstream Ramp with Cylindrical and

Conical Holes

Figure (5-17) shows the pressure distribution over the plate
surface for all models under consideration, it can be observed that when
there is no ramp, a significant pressure rise occurs just upstream the hole
leading edge at the mainstream-cooling jet interaction. While with

presence of ramps, the pressure around the hole is significantly reduced,
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particularly at the cylindrical hole leading edge, the reduction in pressure
Is due to that the mainstream flow being diverted upward by the ramp.
The interaction between the mainstream and the film-cooling jets occurred
at a distance far away from the downstream of the leading edge. Also, it
can be seen that the ramp increases the pressure upstream the ramp step,
and the pressure is decreased downstream at the backward-facing step.
The coolant therefore penetrated laterally around the hole and at the ramp
backward-facing area at the low pressure zone.

A sample of numerical results of the velocity vector on the (Y-Z)
plane is presented in figure (5-18) at BR=1. At X/D=0 plane, the velocity
vector shows clearly the difference between the counter rotating vortex
that generated between model 2 and model 6. The vortex generated at the
ramped hole moves up from the surface causing a wide coolant
penetration in spanwise direction as compared with baseline model,
especially for conical ramped-holes case (model 6).

Figure (5-19) shows the effect of the presence of ramp on the
velocity vectors created at the hole, it can be seen that there is a separated
region (i. e., low pressure zone) that extends from the backward-facing
step ramp. When the mainstream deflected upwards by ramp, the cooling
jet flows easily through the cooling hole, as shown in figure (5-19). The
large separated region at the film cooling hole for model 1 essentially
disappears with presence of ramp according to Sangkwon and Shih [42].
For model 1, the net pressure force on the cooling jet is high, which bends
the jet toward the plate surface, creating a large separated region in the
film cooling hole area and thereby reducing the effective flow cross-
sectional area. With presence of upstream ramp, the cooling jet does not
deflect by the mainstream flow until a further distance, so that the
effective cross-sectional area for flow is higher, which reduces the speed

of coolant flow and the effective blowing ratio. Thus, lateral spreading of
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each cooling jet increased as a longer length that covered by the film
cooling, as shown in figure (5-20).

Figure (5-21) shows the temperature contours at different
streamwise locations (Y-Z) planes (X/D=0, 2, 4, 6, 8, and 10), where the
majority of the variation occurs for (model 2 and model 6). It is clear that
with increasing the downstream distance, the vortices are such that they
lift the jets from the surface, and lesser coolant flows under the jet core
which results in higher temperature along the surface and leads to lower
film cooling effectiveness with increasing the distance downstream of the
hole injection specially, for model 1. This can be explained by the non-
dimensional temperature distributions (effectiveness) as shown in figure
(5-24).

Figure (5-22) depicts the comparison of (1)) versus (X/D) for
models 1, 2 and 6 at different blowing ratios, it can be seen that model 6
improved the adiabatic film cooling effectiveness better than other
models, and that much greater surface about the film-cooling hole is now
protected laterally by the cooling jet.

Figure (5-23) shows the effect of blowing ratio on the overall

area- averaged adiabatic film cooling effectiveness (1), it is seen clearly

from the plot that model 6 shows a higher overall area-averaged
effectiveness than other models, there is slight decreasing in film cooling
effectiveness at blowing ratio of 1, and slight decreasing occurred at
blowing ratios of 1.5 .At blowing ratio of 0.5 the ramped-holes give the
best overall area- averaged adiabatic film cooling effectiveness.

Figure (5-24) gives the comparison of film cooling effectiveness

contours and overall area-averaged film cooling effectiveness (i) of

models 1, 2, and 6 at different blowing ratios. The overall area-averaged

film cooling effectiveness (i) for model 2 enhanced by (61.9%, 103.8%,
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and 102.5%), and for model 6 enhanced by (154.2%, 255.4%, and

362.3%) over that of the baseline at (BR= 0.5, 1.0, and 1.5), respectively.

All details of the above results are given in Table (5-1).
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Figure (5-17): Pressure distribution on flat plate surface for different
models (X-Z plane)
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Figure (5-18): Flow vectors colored by temperature at X/D=0 (Y-Z plane) for
model 1 (baseline), model 2, and model 6
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Figure (5-19): Flow vectors colored by temperature at centre (X-Y) plane for

model 1 (baseline), model 2, and model 6 and at BR=1
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Figure (5-20): Mainstream and coolant jet interaction contour colored by
temperature distribution at center (X-Y) plane of model 2 and model 6

compared with baseline at BR=1
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Figure (5-21): Temperature contours at different (Y-Z) planes (X/D=0,
2,4, 6,8, and 10) for (a) model 1 (baseline) (b) model 2 (c) model 6
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Figure (5-22) Comparison of (1) versus (X/D) for model 1, model 2 and

model 6 at (a) BR=0.5 (b) BR=1 (c) BR=1.5
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Figure (5-23): Effect of blowing ratio on the overall area-averaged

film cooling effectiveness (1)) for model 1, model 2, and model 6
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Figure (5-24): Comparison of film effectiveness contours and () between

model 2 and model 6 with model 1 (baseline) at different BRs
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5.2.3.2 The Effect of Ramp Angle

Figure (5-25) shows the results obtained for the spanwise

averaged film-cooling effectiveness for two models at different ramp
angles compared with the baseline model. It can be seen that with an
upstream ramp, the adiabatic film cooling effectiveness is improved, and a
wide range about the film-cooling hole is now protected by the cooling
jet, including the region around the film-cooling hole area. This is
consistent with the nature of the fluid flow described earlier (e.g.,
entrainment of coolant downstream of the ramps of backward-facing step
by the recirculating flow in the separated region and the increased lateral
spreading of the coolant upon exiting the film cooling hole).

Figure (5-26) reveals the effect of blowing ratio on the overall
area- averaged film cooling effectiveness (1)), the overall area-averaged
film cooling effectiveness of models 1 and 2 is decrease as the blowing
ratio increased. At blowing ratios of 1 and 1.5, model 3 provides higher
overall area-averaged film cooling effectiveness than models 1 and 2,
there is slight increase in film cooling effectiveness at blowing ratio of (1)
and a slight decreasing occurred at blowing ratio of (1.5).

Figure (5-27) gives summary of the film cooling effectiveness
contours and the overall area-averaged effectiveness (i) for different
cases.

At blowing ratio of (0.5), model 2 (ramp angle of 11.3°) provides
the best effectiveness as compared with baseline and model 3 (ramp angle
of 16.7°), therefore the effectiveness enhanced by 61.9%.

At blowing ratios of 1 and 1.5, model 3 is better than others

models, also (1) enhanced by 182.4% and 231.1% at blowing ratios of 1
and 1.5, respectively. Except at BR=0.5, model 3 of large ramp angle

provided the best (1)) values than others cases, so large ramp angle gave
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high film cooling effectiveness, these results agree well with numerical

results of Shuping et al. and Sangkwon and Shih[30 and 42], they
observed that the higher spanwise averaged adiabatic film cooling

effectiveness occurred at high ramps backward-facing step.
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BR=0.5 - BR=1
05 —— Model 1 = —4— Model 1
7 —@— Model 2 LI @ Model 2

—4A&— Model 3 B —A— Model 3

i BR=1

— —4— Model 1
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Figure (5-25): Comparison of (1) versus (X/D) for model 1, model 2 and
model 3 at (a) BR=0.5 (b) BR=1 (c) BR=1.5
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Figure (5-26): Effect of blowing ratio on the overall area-averaged film

cooling effectiveness (1) for model 1, model 2, and model 3
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Figure (5-27): Comparison of film effectiveness contour and (1) between

model 2 and model 3 with model 1 (baseline) at different BRs
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5.2.3.3 Effect of Ramp Position on the Film Cooling Effectiveness

Figure (5-28) shows the effects of the conical ramped-holes

distance of backward-facing step (B) at BR=1 upon the (i}). The main

point rose from figure (5-28) is that for (model 8), upstream ramp at
=0.5D gives higher spanwise averaged adiabatic effectiveness than
(model 9) of B=1.0D. Also there is no significant effect in the spanwise
averaged adiabatic film effectiveness for all different ramp positions,
therefore placing ramp at the hole edge (B=0) (model 7) gives the best
averaged film cooling effectiveness.

Figure (5-29) illustrates the effect of blowing ratio on the overall

area-averaged film cooling effectiveness (1)), it seen clearly from this

figure that models 7 provides higher overall area-averaged film cooling
effectiveness than models 8 and 9 at blowing ratios of 1 and 1.5, for all
models, there is no significant difference in the overall area-averaged film
cooling effectiveness at blowing ratio of (0.5).

Figure (5-30) gives the comparison of film cooling effectiveness
contours and overall area-averaged film cooling effectiveness (1) of
models 7, 8 and 9 at different blowing ratios.

The overall area-averaged film cooling effectiveness (1) for
model 7 enhanced by (143%, 315.5%, and 526.8%), for model 8 enhanced
by (147.6%, 291.3%, and 448.1%), and for model 9 enhanced by
(141.7%, 263.8%, and 413.4%) over that of the baseline at (BR= 0.5, 1.0,
and 1.5), respectively. All details of the above results are given in Table
(5-1).
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Figure (5-28): Effect of ramp position (B) on (i) along (X/D) at BR=1
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Figure (5-29): Effect of blowing ratio on the overall area-averaged film

cooling effectiveness (1) for model 7, model 8, and model 9
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Figure (5-30): Comparison of film effectiveness contour and (1) for

model 7, model 8, and model 9 at BR=1

5.2.3.4 Effect of Using Upstream-Downstream Ramps (Double-

Ramps) with Cylindrical and Conical Holes

Figure (5-31) shows the predicted pressure distribution on plate
surface of double ramps models, it can be observed that the pressure
around the hole is reduced significantly, particularly for double-ramped
cylindrical hole model (model 4). The reduction in pressure is due to the
mainstream flow being diverted upward by the ramp and interacted with
the film-cooling jet. Also, it can be seen that the ramp increases the
pressure upstream step and decreases the pressure downstream in the
backward-facing step. The coolant penetrated laterally around the hole
since the low pressure zone counteracted behind the ramp backward-

facing.
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Figures (5-32 a & b) depict the vortex propagation at different
(Y-2Z) planes downstream model 4 and model 10 at different blowing
ratios. These figures show clearly counter rotating vortex pairs generate at
hole rim at X/D=0. At (X/D=2), this vortex dissipated, the jet entrained
with the mainstream and the coolant jet has been lifted off from the
surface. At X/D=4, behind the ramp backward-facing step, a (CVP) and a
pair of anti-kidney vortices are generated ,both vortices united to form a
horseshoe vortex, as shown at X/D=8. These vortices disappeared
gradually downstream, therefor the mixed stream following close toward
the plate surface and penetrated laterally in the presence of low pressure
zone, and this was confirmed by figure (5-33). Coolant from both double-
ramped cylindrical and conical holes cases enters a space between the
ramps before they issued into the mainstream, and provides more cooling
effects; as compared with the baseline case of two-dimensional film that
spreads laterally, thus the spanwise penetration of the coolant results in
higher spanwise averaged film cooling effectiveness.

Figure (5-34) shows the temperature contours at different (Y-2)
planes (X/D=0, 2, 4, 6, 8, and 10) for model 4 and model 10. It is clear
that in the way downstream distance, the vortices are lifted off from the
surface promote, lesser coolant to be following under the jet core which
results in increasing the temperature along the surface and leads to lower
film effectiveness.

Figure (5-35) manifests the variation of (i) with (X/D) for model

1, model 4 and model 10. It is clear that the double-ramped holes case
improved the adiabatic film cooling effectiveness, and a larger surface is
protected laterally in the hole area. Film cooling is found to be more
effective at blowing ratio of 1 than other blowing ratios.

Figure (5-36) shows the effect of blowing ratio on the overall

area-averaged film cooling effectiveness (1), it is seen clearly from the
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plot that model 10 (double-ramped conical hole) shows much higher (1)
than other models, there is an slight increase in film cooling effectiveness
as blowing ratio increased.

Figure (5-37) gives the summary of the film cooling
effectiveness contours for different models with the values of overall area-
averaged effectiveness (1)). At different blowing ratios, model (10) gives
better performance than the other models. The overall area-averaged film
cooling effectiveness () for model 4 enhanced by (44.3%, 213%, and
367.8%) over that of the baseline at (BR= 0.5, 1.0, and 1.5), respectively.
For model (10), the overall area-averaged film cooling effectiveness (1))
enhanced by (142.8%, 373%, and 667.5%) over that of the baseline at
(BR= 0.5, 1.0, and 1.5), respectively. All details of the above results are
given in Table (5-1).
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Figure (5-32): Vortex propagation colored by temperature for (a) model 4
(b) model 10 at different (Y-Z) planes
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Figure (5-33): Mainstream and coolant jet interaction contour colored by

temperature distribution at center (X-Y) plane for (a) model 4, (b) model 10

at BR=1
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Figure (5-34): Temperature contours at different (Y-Z) planes (X/D=0,
2,4, 6,8, and 10) for (a) model 4 (b) model 10 at BR=1
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Figure (5-35): Comparison of (17) versus (X/D) between model 1, model 4,
model 10 at (a) BR=0.5 (b) BR=1 (c) BR=1.5
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Figure (5-36): Effect of blowing ratio on the overall area-averaged film

cooling effectiveness (1)) for model 1, model 4, and model 10
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5.3 Experimental Results

Six models have been selected according to the computational
results, as given in Table (5-2), these models gives a highest adiabatic
film cooling effectiveness, so they considered in the experimental test
program.

The adiabatic film cooling effectiveness for all models was
obtained experimentally at three blowing ratios (BR= 0.5, 1.0, and 1.5),
the IR images for models surface at each investigated test was captured
and stored by thermal camera at the reached steady-state condition, as
shown in figure (5-38). These images were transferred to PC smart view
software program supplied with camera; this program can be used to limit
the selected area to avoid the effect of the test section walls. The IR
Images were converted to corresponding temperature digital values and
then saved as Excel sheet data. Finally, the values of the adiabatic film

cooling effectiveness (n) were computed and tabulated in the Excel sheet

data.

To calculate the local heat transfer coefficient ratios and the local
net heat flux ratios based on the transient experimental measuring data,
the IR images for plate surface of each model at each investigated test
were captured at successive time steps and stored by thermal camera. The
IR images were converted to corresponding temperature digital values by
Smart View Software Program supplied with camera, then exported as a
text document and saved as data in Excel sheet. MATLAB program
software are prepared by using a semi-infinite solid assumption presented
in chapter four in order to introduce the local heat transfer coefficient
ratios and local net heat flux ratios based on those temperature, then the
heat transfer coefficient ratio and heat flux ratio saved as data in Excel

sheet, the spanwise averaged heat transfer coefficient ratios (a/n,), the
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spanwise averaged heat flux ratios (g/q,), and the overall values were

calculated and tabulated in the Excel sheet data.

Table (5-2): Geometry models to be tested experimentally.

Ramp
Model Number dimensions
Y B
Model 1 - -
Baseline case
Model 2 16.7° 0
Single ramped-cylindrical hole
Model 3 16.7° 0
Double ramped-cylindrical hole
Model 4 - -
conical hole without ramp
Model 5 16.7°| 0
Single ramped-conical hole
Model 6 16.7° 0
Double ramped-conical hole
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Figure (5-38): Overall area-averaged effectiveness (1)) history for film
cooling system

5.3.1 Adiabatic Film Cooling Effectiveness
The verification of the current experimental approach, the test
results of the baseline case (model 1), was made by comparison with the

experimental results of the similar case study of baseline case of Yuen et

al.[ [26]. Sample of results at blowing ratios of 0.5 and 1 of the spanwise
averaged film cooling effectiveness distribution along the X/D together
with that of Yuen et al.[26] experimental results are presented early in
figure (5-1). The results showed approximately similar levels of (n) with
slightly difference in local values. It is fair to say that the results obtained
from the present experiments are in a good agreement with experimental
results of Yuen et al.[ [26].

Experimental results of the present investigation are in the

thermal aspect in the form of distribution and contour plots of various
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variables, including the film cooling effectiveness, heat transfer

coefficient ratio, and heat flux ratio.

5.3.1.1 Cylindrical Hole Models (Models 1, 2, and 3)

Figure (5-39) presents a sample of image captured by IR camera

for model 1. Figure (5-40) show the comparison of the spanwise averaged

film cooling effectiveness (1) versus normalized streamwise distance

(X/D) of models 1, 2, and 3 at BR= 1 and 1.5. The spanwise averaged film
cooling effectiveness (i) was calculated as the averaged values taken from

the local reading of 20 pixels in spanwise direction for eighteen locations
downstream the hole exit (from X/D=0 to X/D=40), the spanwise
averaged film effectiveness was plotted against the normalized
streamwise distance downstream of the film hole (X/D). Both ramped
models (2 and 3) showed a rapid decaying in effectiveness downstream
distance. At blowing ratio of 1, there is no significant difference in film
cooling effectiveness between model 2 and model 3. At blowing ratio of
1.5, the ramped hole provided better cooling effectiveness than model 1.
Model 3 provided the highest and significant improvement in the
spanwise averaged film cooling effectiveness.

Figure (5-41) depicts the test results of film cooling
effectiveness contours for different cylindrical hole models at different
BRs. At low blowing ratio, film cooling in model 1 was extended for a
long distance downstream but with weak spanwise penetration. At
moderate and high blowing ratios, there is a poor film cooling
effectiveness. Ramped models provided a wide spanwise penetration of
film cooling giving good improvement in film cooling effectiveness,

significantly at BR=1.5.
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Figure (5-42) presents the effect of blowing ratio on the overall

area-averaged film effectiveness (1)) for the three cylindrical hole models.
Model 2 shows higher values of overall film cooling effectiveness than
model 1, while model 3 enhanced the (i) more than other models (1 and
2), particularly at high blowing ratio. The maximum film cooling
effectiveness for both ramped cases is achieved at blowing ratio of 1.

The overall averaged film cooling effectiveness (i) for model 2
enhanced by (40.2%, 175.8%, and 234.9%) and for model 3 enhanced by
(45.3%, 185.8%, and 368.9%) over that of the conventional single jet
holes row at (BR= 0.5, 1.0, and 1.5), respectively.
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Figure (5-39): Samples of experimental surface image captured by IR
camera at BR=1 (a) holes without ramp (b) upstream ramped-holes

(c) upstream-downstream ramped-holes
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Figure (5-40): Experimental comparison of (i) versus (X/D) for cylindrical
hole models at BRs of 1and 1.5
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Figure (5-41): Experimental comparison of film effectiveness contours

for different cylindrical hole models at different BRs.
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Figure (5-42): Effect of (BR) on (17) for model 1 (baseline), model 2,

and model 3

5.3.1.2 Conical Hole Models (Models 4,5, and 6)

Figure (5-43) compares the distribution of spanwise averaged

film cooling effectiveness along the normalized streamwise distance
(X/D) for models (4, 5, and 6). For moderate and high blowing ratios (1
and 1.5), model 6 provides better film cooling effectiveness than model 4,
in which model 4 regarded as the baseline case of the conical models
generation (models 4, 5, and 6). The effectiveness distribution for model 5
and model 6 are seemed to be very close to each other, and there is a

significant difference between them and model 4. The ramped-conical
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holes improved the film cooling effectiveness significantly at blowing of
1.5, as shown clearly in figure (5-43).

Figure (5-44) shows the film cooling effectiveness contours for
models (1, 4, 5, and 6). For single-ramped case (model 5), the film
cooling effectiveness contours showed good protection at all blowing
ratios especially at BR=1. The double ramped-hole model (model 6) the
best protection specially, at blowing ratios of 1 and 1.5. These remarkable
results are verified by the results presented in figure (5-45). Effect of
blowing ratios on the overall area-averaged film cooling effectiveness is
presented in this figure for models (1, 4, 5, and 6). The conical hole cases
(models 4, 5, and 6) gave higher values of the overall area-averaged film
cooling effectiveness than that of baseline case (model 1). The double-
ramped conical hole (model 6) seems to work better than other cases,
especially at blowing ratio greater than 0.5, and there is a slight difference
between model 5 and model 6 in film cooling effectiveness values at all
blowing ratios.

The overall area-averaged film cooling effectiveness (1) for
single ramped-holes (model 5) enhanced by (134%, 292.6%, and 554.6%)
and for double ramped-holes (model 6) enhanced by (130.3%, 343.7%,
and 679.4%) over that of the conventional single cylindrical holes row at
(BR=0.5, 1.0, and 1.5), respectively.
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Figure (5-43): Experimental comparison of (i}) versus

(X/D) for conical hole cases at (a) BR=1 (b) BR=1.5
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5.3.2 Heat Transfer Coefficient

The local heat transfer coefficient with film cooling (h) is
normalized by the heat transfer coefficient without film holes on a flat
surface (hy). The verification of the current calculation method of
spanwise averaged heat transfer coefficient ratio (h/h,) is made by
comparison with the experimental results of Lu et al. [36]. Sample of the
test results of the heat transfer coefficient ratio (k/h,) distribution along
the nondimensional distance (X/D) for model (1) at BR=1 together with
the experimental results of the similar model of Lu et al.[36] are presented
in figure (5-46). It is fair to say that the present experimental results are in
a good agreement with that of Lu et al. [36].

Figures (5-47) and (5-48) present the ramp geometry effect on
the detailed spanwise averaged heat transfer coefficient ratio (h/h,)

distributions for both cylindrical and conical holes cases at BR=1. The
heat transfer coefficient ratio for ramped-hole cases was increased
compared to the baseline case, such phenomena were due to the
interaction between the coolant jet and the mainstream flow, and this
interaction produced high turbulence region. This phenomenon was
explained by Nasir et al. [72], in which they showed that the jet injection
increased the turbulence level inside the boundary layers due to the shear
layer mixing, and this is the main reason that the heat transfer coefficient
increased in the hole downstream region. As shown in figures (5-47) and
(5-48) in the downstream region, especially at (X/D >10), the heat transfer
coefficients have higher values and remain in the same level up to the end
of the test surface. It is clear in the ramped-holes case, the heat transfer
coefficient increased over that of the baseline case.
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5.3.3 Heat Load

The heat load can be simulated by combining the film cooling

effectiveness (r7) and heat transfer coefficient ratio (h/h,), therefore the
ratio (g/g,) can be introduced to present the reduction in heat flux at the
test surface with the presence of coolant air. A net heat flux ratio is used
to measure the combined effect of film effectiveness and heat transfer
coefficient. The relation between () and (g/q.) given in equation (4-14)
may be used to explain the heat load transfer to the plate, the heat flux
ratio (g/q,) indicates the reduction in heat flux on the test surface from the
hot stream, if the value of the net heat flux ratio is less than 1.0, then the
introduction of film cooling has beneficial effect. If the value is greater
than 1.0, it can be said that the film cooling did not serve its purpose of
cooling. In the practical application, turbine designers are concerned with
the reduction of heat load to the film protected surface. The ratio (g/q,)
are calculated at every pixel point, averaged, and tabulated in Excel data
sheet.

Figures (5-49) and (5-50) present the effect of blowing ratio on
the overall area-averaged heat flux ratio (g/q,) for both cylindrical and
conical holes models. It is clear from the plot that the cylindrical holes
with or without ramps have a positive result except at high blowing ratio
when it’s provided a heat flux ratio more than unity. Also, the conical hole

cases provided positive result at all blowing ratios (i.e., (§/q,) <1).
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ratio (h/h,) of the present study with the experimental results of Lu et al. [36]
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heat transfer coefficient ratio (h/h,) distributions
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Figure (5-49): Effect of blowing ratio on the overall area-averaged

heat flux ratio (g/q, ) for cylindrical hole models
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Figure (5-50): Effect of blowing ratio on the overall area-

averaged heat flux ratio (g/q, ) for conical hole models
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Chapter Six
Conclusions and Recommendations

This chapter is providing the most important results obtained
throughout this study either experimentally or theoretically in order to
evaluate the film cooling performance when using ramped- holes injection

holes.

6.1 Conclusions

The present work has reached to the following conclusions:

1. Numerical prediction of the flow field structure for holes
arrangement showed that the vortices (counter pair kidney vortex
and horseshoe vortex) both have major effects on the cooling
performance, in which as the strength of the kidney vortex decreases
and the horseshow vortex is lifting up, leading to an improvement in
the coolant performance.

2. The conical hole shows much higher film cooling effectiveness than
cylindrical hole in all blowing ratios; both showed a decrease of the
film cooling effectiveness with increasing the blowing ratio.

3. A detailed study on two recent ramped-holes configurations
enhanced the film cooling effectiveness and kept the heat flux ratios
in rang of accepted values.

4. The film cooling effectiveness increased as the ramp height
backward-facing step increased (large ramp angle).

5. Placing ramp at the hole edge gives the best film cooling
effectiveness.
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6.2 Futuristic Recommendations

According to the fields covered by the present investigation, the

following lines of investigation are recommended for future works;

e Study the effect of using ramped-holes with curved surface.

e Study the effect of using ramps on the aerodynamic losses.

e Study the effect of using ramps with other holes shape.

e Study the effect of using ramps with more than one row of holes at
different orientation angles on the film cooling performance.

e Study the effect of using ramps with the staggered hole

arrangement.

e Study the performance of film cooling when using different ramp

shapes.
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Appendix A
The temperature measuring system calibration
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Figure (A-1): Thermometer reader

[Resoiutions 0.1°C |~ 20°C 10 400°C

ranges 01° | ~4°Fto 752°'F

Accuracy + 3 % of reading or + 3°C (5 °F), which

ever is groater,

* Accuracy test under the
measurement range within
— 10°Cto 350 °C.

ammop.mlngbmp.wﬂﬂl'ﬁ:ts’c
and the emissivity value of measurement
target set to 0.95.

* Spec. tested under the 20 cm dia. black
body, the measuring distance from the
probe sensing Head is 30 cm.

* Spec. tested environment :

AF Field Strength less than 3 V/M and

frequency less than the 30 MHZ.
Temp. Sensor | Thermocouple ple.
Emissivity * By push button.
Setting Setting range : 0.20 to 1.00.
* The default emissivity value is 0.95,
which will cover 90% of a typical

application,
Measurement 6 to 12 micro meter.
Wave length

Region
|roum. Factor |D/S : Approx. 7:1.
D - Distance, S — Spot. |

Figure (A-2): Thermometer reader specifications
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Appendix B
Flow Rate Calculation

The coolant air flow rate through the orifice meter was calculated and

corrected according to BS1042 [63]. The basic flow rate equation is given by:

= €7} [29purthy (22~ 1)
Where:
C=C,EE€

C, = Discharge coefficient = 0.6182

E = Velocity of approach factor = (1 - 34)‘% = 1.163, where
d, = Orifice diameter = 0.014 m

d, = Pipe diameter = 0.02m

€ = Expansibility (expansion) factor = 0.947

C = 0.67158

Pw

aiwr

T
m = 0.67158 * i (0.014)2 \/ngairAhW( - 1)

Ah,,: obtained from U tube manometer.
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Appendix C
The Pitot-tube correction

The reading of the tube is determined according to Ref. [64] as follows:

AP = (pH)water-g = P — P, = = Epu?,,

E=E,+w+Q,where

E = Correction Coefficient,

E,= Effect of static pressure holes distance equal to 0.9975. (For current
study)

w = Viscosity coefficients= 0.0 (Fully developed flow), and

Q = Distance effect from tube to wall which was found from figure below;

0.004 ~

0.003 ~

0.002 -

0.001 ~

Correction of Pitot- static tube distance [64]
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Appendix (D)
Principle of thermography measurement technique

All bodies at a temperature above the absolute zero emit thermal
radiation in all wavelengths in all possible directions into space. Thermal
radiation refers to radiation energy emitted by bodies because of their
temperature. According to Maxwell’s electromagnetic theory, radiation is
treated as electromagnetic waves. The electromagnetic spectrum is divided
arbitrarily into a number of wavelength regions, called bands. Figure (1)

shows such subdivisions of the electromagnetic wave spectrum.

Visible

’

Blue

Green
~— Yellow
\— Red

N

— Violet
e

I
|
< xmaE— > o>
| I
| ;6@ ]
Gamma rays| | I 1
,< Thermal radiation >
| |
|
|
|
i

!
!
' |
| [
[
I
|

t0.4 0.7

L | . I | I | { L |
1072 1074 1073 1072 107t 1 10 1072 108
Alum)

Figure (1) Electromagnetic spectrum of radiation [66]

There is no fundamental difference between radiations in the
different bands of the electromagnetic spectrum. They are all governed by
the same laws, and the only differences are those due to differences in

wavelength.
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Infrared Thermography makes use of the infrared spectral band. At the short-
wavelength end, the boundary lies at the limit of visual perception. Whereas,
at the long wavelength, it merges as microwave radio wavelengths. The
infrared band is often further subdivided into four smaller bands, the
boundaries of which are also arbitrarily chosen. They include: the near
infrared (0.75-3 um), the middle infrared (3-6 wm), the far infrared (6-15 wm)
and the extreme infrared (15-100 pm).

Thermography is the use of an infrared imaging and measurement
camera to "see" and "measure” thermal energy emitted from an object.
Thermal, or infrared radiation, is electromagnetic radiation that is not visible,
because its wavelength is longer than that of visible light. Unlike visible
light, in the infrared world, everything with a temperature above zero emits
heat. It is observed that the higher the object's temperature, the greater the IR
radiation emitted. Infrared allows us to see what our eyes cannot. Infrared
thermography cameras produce images of invisible infrared or "heat"
radiation and provide precise non-contact temperature measurement
capabilities. When viewing an object, the camera receives radiation not only
from the object itself, but also collects radiation from the surroundings
reflected via the object surface. Both these radiation contributions become
attenuated to some extent by the atmosphere in the measurement path. Also,

radiation contribution comes from the atmosphere itself.

IR CAMERA MEASUREMENT FORMULA
Figure (2) represents the description of the measurement situation

in real conditions.
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What has been neglected could for instance be sun light scattering in the
atmosphere or stray radiation from intense radiation sources outside the field
of view. Fortunately, in most cases, they are small enough to be neglected.
Assume that the received radiation power (W) from a blackbody at source
temperature (Ts) generates a camera output signal (Us ) which is proportional
to the power input (power linear camera). The following equation can be

written to represent the camera output signal as [73]:

U, =CxXW(Ty) or U, =CW, 1)

Where, (C) is constant. If the source be a gray body with emittance (¢), the

received radiation will be (e17s).

£ W - £ T Woy; -
T':'bj H—H:l erﬂ " “_H} L IIII."r’na'ﬂ
e " -
\ “ I]' watm
t Tatm
Wien
1: Surrounding
2: Object
Trefl 3: Atmosphere
- o 4: Camera
refl =
[1]

Figure (2) Schematic representation of the general thermography
measurement situation [73].
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From figure (2), the three collected radiation power terms can be written as:

1- Emission from the object = & 7 W, (2)
Where, () is the emittance of the object, and (t) is the transmittance of the
atmosphere. The object temperature is (Top;).

2-Reflected emission from the ambient source =(1 — €) 7 W¢ (3)
Where, (1-¢) is the reflectance of the object. The ambient sources have the
temperature (T,¢). It is assumed that the temperature (T,¢) is the same for all
emitting surfaces within the half sphere seen from a point on the object
surface. This is a necessary simplification in order to derive a workable
formula.
The emittance for the surroundings is equal to 1 according to Ref. [73], and
this 1s correct in accordance with Kirchhoff's law: “All radiation impinging
on the surrounding surfaces will be absorbed by the same surfaces”.

3-Emission from the atmosphere = (1 — ©)TW 3¢ 4)
Where, (1 — 1) is the emittance of the atmosphere. The temperature of the

atmosphere is (T4m). The total radiation power received can be written as:
Wiot = €1 Wobj +(1- S)TWref + (1 = D)tWaem (5)
Then, multiply each term by the constant (C) of equation (4-5) and replacing
the (CW) products by the corresponding (U) according to the same equation
to get the following equation:

Uot = €T Uobj +(1- E)TUref + (1= DtUgtm (6)
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Solving the above equation for (Uqy;)

1 1-¢ 1-7
Uobj = ;Utot _TUref _TUatm (7)

This is the general measurement formula used in the Infrared (IR)
camera used for the measurement, where:
Uqp; = Calculated camera output voltage for a blackbody of temperature, Ty ,
l.e., a voltage that can be directly converted into true requested object
temperature.
Uit = Measured camera output voltage for the actual case.
U, = Theoretical camera output voltage for a blackbody of temperature, T
according to the calibration.
Uam = Theoretical camera output voltage for a blackbody of temperature,
Tam according to the calibration.

It is necessary to compensate for the effect of a number of different
radiation sources to obtain temperature accurately. This is done on-line
automatically by the camera. However, the following object parameters must
be supplied to the camera:

e The emissivity.
e The transmissivity of the atmosphere, (If the atmosphere is air like in
our case, is equal to 1).
e The temperature of the atmosphere.
e Object distance.
The test surface was painted with mat black to increase the emissivity of the

test surface.
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Appendix E
Matlab program flow chart

Start

4

Input data
/ Ti(i1j)1TW1(iaj)vTW2(i1j) 1TW1Ti 1Tm1TC9 kaaa
t11t2

/ h,=1:0.1:500 /‘

Calculate erfc,

V
A= (Tw_Ti) / (Tm_Ti)

B=1- (exp (ho”2*alfa*t/k"2) *erfcw)

V
Errorl=abs (B-A)

If errorl No

< 0.001

Yes

/

/ h=1:0.1:500 /

Calculate erfcw;and erfcw,
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7

Bl=1-(exp(h"2*alfa*tl/k"2) *erfcwl)

Al(e)z(TWl(llj)_Tl(llj))/Bl

B2=1- (exp (h"2*alfa*t2/k"2) *erfcw?

A2 (e)=(Ty(1,3)-Ti(i,3)) /B2

Error2=abs (Al (e)- A2 (e))

If error2

No

N

< 0.001

Yes

Calculate (h/h,);;

Calculate n;

V
Calculate @;

Calculate (q/9.);;

End
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Enhancement of adiabatic film cooling effectiveness by using
conical shape hole

Dr. Assim. H. Yoosif Dr. Kutaeba J. M. AL-Khishali Falah F. Hatem
assem_yousif20000@yahoo.com falahhatem59@yahoo.com
Mechanical Engineering Dep.

University of technology, Baghdad

ABSTRACT

Film cooling is one of the methods used to protect the surfaces exposed to high-
temperature flows, such as those exist in gas turbines. It involves the injection of coolant fluid (at
a lower temperature than that of the main flow) to cover the surface to be protected. This
injection is through holes that can have various shapes; simple shapes, such as those with straight
cylindrical or shaped holes (included many holes geometry, like conical holes). The
computational results show that immediately downstream of the hole exit, a horseshoe vortex
structure consisting of a pair of counter-rotating vortices is generated. This vortex generation
affected the distribution of film coolant over the surface being protected. The fluid dynamics of
these vortices are dependent upon the shape of the film cooling hole, and blowing ratio, therefore
the film coolant coverage which determines the film cooling effectiveness distribution and also
has an effect on the heat transfer coefficient distribution. Differences in horseshoe vortex
structures and in resultant effectiveness distributions are shown for cylindrical and conical hole
cases for blowing ratios of 0.5 and 1. The computational film cooling effectiveness values
obtained are compared with the existing experimental results. The conical hole provides greater
centerline film cooling effectiveness immediately at the hole exit, and better lateral film coolant
coverage away of the hole exit. The conical jet hole enhanced the average streamwise adiabatic
film cooling effectiveness by 11.11% and 123.2% at BR= 0.5 and 1.0, respectively, while in the
averaged lateral adiabatic in the spanwise direction, the film cooling effectiveness enhanced by
61.75% and 192.6% at BR=0.5 and 1.0, respectively .

Keywords: Film cooling, effectiveness, conical holes, Enhancement

1-INTRODUCTION

The thermal efficiency and specific power of gas turbine can be improved by increasing
the turbine inlet temperature, operation a high-temperature caused a thermal failure to prevent
that risk film cooling is commonly used. Film cooling involved injection of coolant from film
holes to form a thin thermal barrier layer to protect the blade surface from the hot gases flow.
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The objective of film cooling is to achieve low heat transfer from the surrounding hot
mainstream to the turbine blades, and large effectiveness on the blade surface. In the recent
years, several studies have focused on developing the holes shape to enhance film cooling
effectiveness. Film cooling research on flat surface is common, flat surface models can be used
to study the effects of individual parameters with relative ease and are less expensive. Studies
have proved that the results obtained on simple flat surface models can be applied to real engine
designs with slight corrections [1]° The definition of film cooling effectiveness is given in the
dimensionless form, this effectiveness represents the efficiency of a cooling film; the maximum
value of unity is achieved when the adiabatic wall temperature is the same as the coolant
temperature. Studies on film cooling effectiveness in the hole streamwise direction on a flat are
presented in Fig. (1), for several existing researchers, such as, Eriksen and Goldstein [2],
Goldstein and Yoshida [3], Goldstein et al. [4], Bergeles [5], Brown and Saluja [6], Sinha et al.
[7], and Schmidt et al. [8]. From the literature, one can conclude that the optimum injection angle
is found to be as (30°-35°) according to Bunker[9], in which the flow pattern of the 30° and 35°
jet(s) can take different forms, depending on the blowing ratio, the jet(s) can remain attached,
detach and reattach, or lift off completely. From the cited references above, it was suggested for
a single jet and a row of jets of a given streamwise inclination, the effectiveness near the holes
increased with increasing blowing ratio, until a certain value beyond which the jets started to lift
off, and the effectiveness decreased, and this ratio is often referred as the optimum blowing ratio.
The optimum blowing ratio for a single 30° to 35° jet is usually between a blowing ratio of 0.4
and 0.6, and slightly less for a single vertical jet around 0.5, and relatively less for a row of 60°
jets. It is well known that significant improvement can be achieved in cooling characteristics of
the film by using cooling holes with appropriately designed expanded exits. Goldstein et al. [10]
were among the first to pioneer the use of shaped film holes for improved film cooling
performance. The performance of inclined holes with 10° laterally flared exit was compared with
the performance of streamwise inclined cylindrical film holes. Effectiveness data showed that the
shaped film hole provides better lateral coverage and better centerline effectiveness. Hyung et al.
[11] investigated experimentally and numerically the film cooling performance around a conical-
shaped film cooling hole with compound angle orientations. The result shows that the shaped
holes reduced the penetration of jet, and more uniform cooling performance is obtained even at
relatively high blowing rates, because the conically expanded hole exit reduces the momentum of
the lateral spreading. The better cooling performance is obtained with shaped holes expands 4°in
all direction from the hole middle to the exit. Schmidt et al [8] and Sen et al. [12] presented two
companion papers in which the effect of adding a 15° forward diffusion exit to a streamwise
oriented hole was investigated. They found that the exit diffused film hole demonstrated better
spread of adiabatic effectiveness than the cylindrical counterpart. From the heat transfer
coefficient standpoint, the forward expanded hole performed poorly, presumably because of the
increased interaction between the jet and mainstream. Kohli and Bogard [13] examined the film
cooling effectiveness of the shaped holes on a flat plate using 35° and 55° injection angles, the
result shows shaped holes with large injection angle has better cooling performance than
cylindrical holes. They also report on the thermal and velocity fields in the region around the
injection holes. Sargison et al. [14] Studied a converging slot-hole geometry (console) in which
the hole transitions from circular to slot with convergence in the axial direction and divergence
laterally. The attempt was to make the three-dimensional nature of the jet into a two-dimensional
slot film. The results were aimed at improving effectiveness. Yuen and Martinez-Botas [15]
studied the film cooling effectiveness using a cylindrical hole at an angle of 30°, 60°, and 90°. A



hole length of L=4D was used, the free-stream Reynolds number based on the free-stream
velocity and hole diameter was 8563, and the blowing ratio was varied from 0.33-2. For a single
30° hole, in the region immediately downstream of the hole, the maximum effectiveness
occurred for a blowing ratio less than 0.5. Downstream of this immediate region, centerline
effectiveness and lateral spread increased up to a blowing ratio of 0.5, then decreased with
increasing blowing ratio due to jet penetration into the free stream. Also, the region with
effectiveness greater than 0.2 did not extend beyond X/D=13. Baheri et al. [16] presented a
comparative-numerical investigation on film cooling from a row of simple and compound angle
holes injected at 35° on a flat plate with four film cooling configurations: (a) cylindrical film
hole; (b) 15° forward diffused film hole; (c) trenched cylindrical film hole; and (d) trenched 15°
forward diffused film hole. All simulations are at fixed blowing ratio of 1.25 and pitch to
diameter ratio of 3. The mathematical film cooling model consists of the RANS, the energy
equation and the standard (k-¢) model using a finite volume method. They found that the
trenched compound angle injection shaped hole produces much higher film cooling protection
than the other configurations. Fayyaz and Muhammad [17] compared computationally using
CFD Fluent the film cooling effectiveness of cylindrical, square and two types of equilateral
triangular holes with an inclination of 30° with streamwise direction, theoretical results of the
cylindrical hole compared with experimental results by Yuen and Martinez-Botas [15] showing
well in agreement even for high blowing ratio. They also observed that triangular hole having
lateral straight edge on leeward side shows much higher effectiveness values than circular film
cooling hole case in the near hole region and almost similar coolant jet height as that in case of
circular film cooling. Also, it is observed that triangular hole having lateral straight edge on
windward side and converging corner on leeward side shows lesser coolant jet height and higher
film cooling effectiveness in the region X/D>10, especially at blowing ratios greater than 1.0.
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2- PROBLEM DESCRIPTION

The film cooling performance of conical hole geometry is compared with cylindrical hole
geometry numerically by using a commercial CFD package (FLUENT from ANSYS). The
computational results of cylindrical holes are compared with the existing experimental results
given by Durham [18], Kohli [13], and Sinha [7]. The problem is treated as steady state, three
dimensions, incompressible, and turbulent flow. Schematic diagram (with dimensions in
millimeters) of the side view of the computational domain and both holes of the film cooling
problem is shown in Fig.(2), the cooling jet emerged from a plenum through one row of
cylindrical or conical holes, each cylindrical hole has a diameter D of 5 mm, a length of 3.5D
and an inclination angle of 35° relative to the plane tangent to the flat plate. The spacing between
the centers of the film-cooling holes in the spanwise direction is 3D.The conical hole has a
diameter of 5 mm at plenum edge diverged by 4° to the flat plate exit and an inclination angle(o)
of 35° between hole centerline and plane tangent to the flat plate. The exact dimensions and
parameters have been chosen, so that the results can be compared to those discussed in
references.

Cylindrical hole Conical hole
45 185
Mainstream inlet
S Main flow duct Y 50 —  Exit
T ) X \
Hole lenath=3D // Inlet hole diameter = 4
Plenum Not to scale
All dimensions in

()

Coolant inlet

Figure (2) Schematic of the film-cooling configuration studied



3- GOVERNING EQUATIONS

The time-averaged, steady state Navier-Stokes equations as well as equations for mass and
energy are solved. The governing equations for conservation of mass, momentum, and energy
are given as:

2 (pu) =5, @
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Where 7, ; is the symmetric stress tensor defined as:

dx;
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(ue) Is the viscous dissipation, and 4 is the thermal conductivity. The terms of pi 1, and

pcptﬁ represent the Reynolds stresses and turbulent heat fluxes, respectively which should be

modeled properly for a turbulent flow.

Two additional transport equations for the turbulence kinetic energy (k) and the turbulence
dissipation rate (¢) are solved. The standard (k —) model [19] is a semi-empirical model based
on model transport equations for the turbulent kinetic energy (k) and its dissipation rate (g).
Assumed that the flow is fully turbulent, and the effects of molecular viscosity are negligible, the
turbulence kinetic energy (k) and its dissipation rate (¢) are obtained from the following
equations [20]:

apku ai[[g+ﬁ)§—ﬂ 4G, + G, —ps+Yy +5, )
a N de 5 5
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Turbulent viscosity () is computed as a function of (k) and (g).
p. = pC, E (7)

The generation of turbulence kinetic energy due to the mean velocity gradients (Gi) is computed
by:

.. DU
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The generation of turbulence kinetic energy due to the buoyancy (&,) can be neglected. Yy

represents the contribution of the fluctuating dilatation in compressible turbulence to the overall
dissipation rate, (C1), (C2:), and (C, ) are taken as the default values (Cy. =1.44, C=1.92, and

C,=0.09) in FLUENT [21]. (o) and (o) are the turbulent Prandtl numbers for (k) and (¢) taken

as 1 & 1.3, respectively. (Sy) and (S;) are user-defined source terms [21].
The term (4) in the energy equation (3) is the effective thermal conductivity which is given by:

A=k + ©)

The cooling effectiveness is defined as:

n= Tm— Ty (10)

Tm—Tp

4- BOUNDRY CODITIONS

At all boundaries except those denoted as "main inlet”, "coolant inlet”, "exit”, and
symmetry boundary conditions shown in Fig.2, an adiabatic wall boundary condition is used. At
the "main inlet," a velocity-inlet boundary condition is specified with x-velocity equal to 20 m/s,
and all other components equal to zero. The temperature is given as 323K at the main inlet. The
turbulence intensity and hydraulic diameter (which is used to determine the turbulence length
scales) are specified as 2% and 24 mm, respectively. The plenum inlet mass flow rate was
adjusted to produce the blowing ratio desired and the inlet temperature of the coolant is 298K to
match the coolant to freestream density ratio (DR) of 1.09 with experiments. The turbulence
intensity and hydraulic diameter are specified as 3% and 23mm, respectively. At the "exit", a
pressure-outlet boundary condition is specified with a gage pressure equal to zero (giving an
absolute pressure of 101.325 Pa).

5- SOLVER

A 3D segregated, steady state solver is used for linearization of governing equations,
implicit method is used. For turbulence modeling, (k-¢) model with standard wall functions is
used [19, 20].To avoid use of enhanced wall treatment the mesh was kept fine enough to have
wall Y+ in the range 0-10. Discretization scheme used is 2nd order upwind for momentum as
given by [22], turbulence Kinetic energy, turbulence dissipation rate and energy, whereas for
pressure standard, discretization scheme is used as given by [23]. For pressure-velocity coupling,
a simple algorithm is used as given by [24].

6- RESULTS AND DISCUSSION
For two geometries, two values of the blowing ratio which is defined as BR=pU; / pmUn
are considered, namely BR=0.5 and BR=1.0. For comparison purposes, the averaged centerline

(streamwise) adiabatic film cooling effectiveness and the averaged lateral (spanwise) adiabatic
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film cooling effectiveness are used as the main comparison parameters. In the first part of present
work, the experimental data given by [7, 18 &13] are used to confine the present CFD results for
the case of cylindrical hole shape. Results presented in Figs. (3, 4 and 5) are for averaged
centerline film cooling effectiveness and averaged lateral film cooling effectiveness. These
results reveal that the centerline effectiveness is in excellent agreement with the experimental
results, Fig. (3), in the entire region except in the near hole region when (X/D < 5). Immediate
decrease of centerline effectiveness is due to either the mainstream penetration in to coolant jet
or due to coolant jet lift-off from the adiabatic test surface, For low blowing ratios (0.5), as the
coolant velocities are smaller as compared to mainstream velocity, so jet lift-off is low as clear
from higher centerline effectiveness in the near hole region, the immediate decrease of
effectiveness for these low blowing ratios in near hole region is due to the penetration of
mainstream fluid into the coolant jet. For blowing ratios greater than 0.5, centerline effectiveness
decreases to very low values in the near hole region, this is due to the jet lifting-off from the
surface, as shown in Fig.(4). CFD results for averaged lateral film cooling effectiveness are in a
well agreement with the experimental results for low blowing ratios of 0.5, as shown in Fig.(5),
while Fig.(6) illustrates the main flow features of a single (cylindrical and conical) hole injected
air in the mainstream direction at two blowing ratios of 0.5 and 1. The amount of central
spreading of coolant far downstream of the hole is better for conical holes, especially at high
blowing ratio. Comparisons of cylindrical and conical holes cases of effectiveness on the
downstream test surface of the hole for blowing ratios of 0.5 and 1.0 are presented in Fig. (7).
Immediately downstream the holes exit, a so-called horseshoe vortex structure consisting of a
pair of counter-rotating vortices is generated. This vortex generation has an effect on the
distribution of film coolant over the surface being protected. The fluid dynamics of these vortices
is dependent upon the shape of the film cooling holes and blowing ratio, therefore so is the film
coolant coverage which determines the film cooling effectiveness distribution. In general,
multiple vortex structures are produced where two large vortex structures have been detected, the
pair of counter rotating vortices, and horseshoe vortices. The counter rotating vortex are the
largest vortex appeared in the flow structure, which occurs at the interaction of coolant jet and
hot mainstream, as shown in Fig. (8). The vortex main structures are originated from the holes
rims as shown in a front view direction, which agree with most literature [25, 26]. As the vortex
propagates downstream the hole, the vortex grows continually downstream, as shown in Fig. (8).
Kidney-vortices have sense of rotation that acts as the coolant lifter. The jet lift-off phenomenon
typically occurs at a high momentum ratio (i.e., BR= 0.5). For low blowing ratio (i.e., BR=0.5)

the momentum ratio is also very low, the mainstream flow departs upward flow pushing the
coolant jet towards the surface. This occurs in the cylindrical and conical hole producing low jet
vortices levels, and the coolant stays attached to the surface, providing good film coolant
effectiveness. But, at high blowing ratio (i.e., BR=1), the jet has high jet vortices levels in the
cylindrical hole then the coolant lifted-off from the surface providing bad film cooling
effectiveness, but in the conical hole and due to the divergent passage, the coolant jet has no high
vortices levels, so it’s providing a good film coolant effectiveness, as shown in Fig.(7). The
comparison was made between the numerical results of cylindrical and conical holes, at blowing
ratio of 0.5 and lare made in Figs. (9 tol2), the streamwise and spanwise film cooling
effectiveness provided by the conical hole is better than that of the cylindrical hole, particularly
at blowing ratio of 1.  The cylindrical hole provides an averaged centerline film cooling
effectiveness of 0.3653 and area-averaged film cooling effectiveness for whole surface of
0.1145, while the conical hole provides 0.4059 for the averaged centerline film cooling



effectiveness and 0.1852 for the area-averaged one. The enhancement for averaged centerline
cooling effectiveness is 11.11% and 61.75% for the area-averaged film cooling effectiveness. At
blowing ratio of 1, the cylindrical hole provides a centerline film cooling effectiveness of 0.2309
and area-averaged film cooling effectiveness for whole surface of 0.0787, while the conical hole
provides 0.5153 for the centerline film cooling effectiveness and 0.2303 for the area-averaged
one. The enhancement for centerline film cooling effectiveness is 123.32% and 192.63% for the
area-averaged film cooling effectiveness.

BR=0.5
) ——&——  Durham(13)
- ——=—— Kohli & Bogard(12)
| —@—— present CFD work

04 —

centerline cooling effectiveness
|

Figure (3) comparison of CFD centerline effectiveness
with experiment (BR=0.5)
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Figure (4) comparison of CFD centerline effectiveness
with experiment (BR=1)
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8- CONCLUSION

1- Bench mark cylindrical film cooling hole case is successfully modeled, the CFD results
of present work show a good agreement with the experimental work.

2- It was found that the conical hole gave a greater lateral separation of the kidney vortices
immediately downstream of the hole that resulted in increased film cooling effectiveness
immediately downstream of the hole and improved lateral distribution of coolant far
downstream of the hole.

3- The film cooling effectiveness of conical hole is better than that of the cylindrical hole
particularly at high blowing ratio.
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Nomenclature

BR Blowing ratio [BR=p.U¢ / pmUn] Subscripts

C, Specific heat c coolant

D  Film hole diameter m mainstream
DR Density ratios [DR= p¢/pm] w  wall

k  Turbulence kinetic energy

hs Hydraulic diameter

Re Free stream Reynolds number

T Temperature

U Velocity

X Streamwise distance along the test plate
y  Coordinate normal to surface

Greek Symbols

Film effectiveness,

Viscosity of air

Turbulent Kinetic energy dissipation rate
Density

Injection angle

QRO MTE S
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Film cooling experimental investigation for
ramped-conical holes geometry

Dr. Assim. H. Yousif, Dr. Kutaeba J. M. AL-Khishali, Falah F. Hatem

Abstract— The effect of introducing ramped-conical holes on film cooling performance has been investigated experimentally. Four models have been
considered; model 1 consists of one row of cylindrical film cooling holes acting as the baseline case, model 2 consists of one row of single conical film
cooling holes, model 3 consists of one row of single conical ramped-holes (upstream ramp with a backward-facing step), and model 4 consists of one
row of double conical ramped-holes (upstream and downstream ramped-holes both with a backward-facing step. Detailed heat transfer coefficient and
film effectiveness measurements are obtained simultaneously using a single test transient IR thermography technique. The study is performed at a
single mainstream Reynolds number based on free-stream velocity and film hole diameter of 13000 at three different coolant-to-mainstream blowing
ratios of 0.5, 1.0, and 1.5. The results show that film effectiveness is greatly enhanced when using ramp due to improved two dimensional natures of the

film and lateral spreading, the distribution of laterally average film cooling effectiveness along the x-axis show that the double ramped-holes model
provides promising film cooling performance particularly at moderate and high blowing ratios

Index Terms— Film cooling, effectiveness, conical, ramp, Enhancement

2
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1 Introduction

Film cooling is one of the methods used to
protect surfaces exposed to high-temperature such
as, that exist in gas turbines by injection of coolant
fluid (at a lower temperature than that of the main
flow) to flood the surfaces to be protected. Bathie
[1] stated that the advanced gas-turbine stages are
designed to operate at increasingly higher inlet
temperatures to increase thermal efficiency and
specific power. This increase is made possible by
advances in materials such as super alloys and
thermal-barrier coatings and by cooling technology
such as internal, impingement cooling. The inlet
temperatures can far exceed allowable material
temperatures by using cooling. Film cooling
involved injection of coolant from film holes to
forms a thin thermal barrier layer to protect the
blade surface from the hot gases flow. The
objective of film cooling is to achieve low heat
transfer from the surrounding hot mainstream to
the turbine blades, and large effectiveness on the
blade surface. In the recent years several studies
have been focused on developing the holes shape
to enhance film cooling effectiveness. Film cooling
research on flat surface is common, flat surface
models can be used to study the effects of
individual parameters with relative ease and are
less expensive. Studies have proved that the results
obtained on simple flat surface models can be
applied to real engine designs with slight
corrections Han et al. [2].

2 Film cooling operating parameters

Many investigators studied the effects of design
and operating parameters on film cooling at which
the cooling jets injected from one or two rows of
inclined cylindrical holes. The studied parameters
include film-cooling hole inclination, length-to-
diameter ratio, spacing between holes, turbulence
and embedded vortices in the hot-gas flow. The
vortex system generated when cold jet injected in
the hot main stream was described in details by
Haven et al. [3] and Hyams et al. [4]. They showed
the important role played by vortices in the
evolution of film-cooling jets. The effects of hole
geometry on the vortices dynamics of hot-
gas/film-cooling jet interactions were investigated
by Haven et al. [3], Hyams et al. [4], Kim and Kim
[5]. Bunker [6] provided a comprehensive review
of the research on hole shape. Haven and Kurosaka
[7] examined the effects of placing vanes inside
film-cooling holes that produce vortices in the
same sense as the anti-kidney vortices. Zaman and
Foss [8] and Zaman [9] steadied the effects of tabs

placed at the film-cooling-hole exit were steadies.
Ekkad et al. [10] showed that placing tabs on the
upstream side of the film-cooling-hole exit can
improve film-cooling effectiveness. Proposal was
made by Shih et al. [11] to place a strut or
obstruction within each film-cooling hole that do
not necessarily generate appreciable vortices but
can cause vortices inside film-cooling holes to be
stretched and tilted in a way that would change
the magnitude and direction of the vortices in the
CRVs and the anti-kidney pair. Bunker [12]
proposed creating a trench about a row of film
cooling holes to modify the boundary-
layer/cooling jet interactions. Holes embedded in
trench were found quite useful in improving film-
cooling effectiveness as investigated by Altorairi
[13].

3 PAST STUDIES OF RAMPED- HOLES

The vortex system generates when cold jet injected
in the hot main stream was described in details by
Haven et al. [3] and Kelso et al. [14]. They showed
the important role played by vortices in the
evolution of film-cooling jets. One pair, referred to
as the counter-rotating vortex pair (CRVs), was
found to lift the jet off the surface that it is
intended to protect and to entrain hot gas
underneath it. The other pair, referred to an anti-
kidney pair, was shown to have a sense of rotation
opposite to that of the CRVs, and so can counteract
the undesirable effects of the CRVs in entraining
hot gas. Thus, it is of interest to develop strategies
to control the formation and strength of these
vortices in a way that leads to more effective film
cooling. There are many ways to alter the structure
of these vortices. Since the vortices in the cooling
jet originates from the flow in the film-cooling
hole, the boundary layer upstream of the film
cooling hole, and the boundary-layer/cooling jet
interactions, most investigators have focused on
the geometry of the film-cooling hole. The
boundary layer upstream of the film cooling hole
can be altered by using ramped-holes concept to
increase the adiabatic effectiveness of film cooling
from row of film cooling holes. Sangkwon and
Shih [15] proposed a geometry modification
upstream of the holes to approach boundary layer
flow and its interaction with the film cooling jets;
this was done by making the surface just upstream
of the holes row into a ramp with a backward-
facing step. They showed numerically that an
upstream ramp with a backward-facing step can
greatly increase surface adiabatic effectiveness. The
laterally averaged adiabatic effectiveness with a
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ramp can be two or more times higher than
without the ramp by increasing upstream and
lateral spreading of the coolant. Shuping et al [16]
examined experimentally on a concept for
enhancing the film cooling performance by placing
an upstream ramp in front of a row of
cylindrical film cooling holes. They tested the
upstream ramp with different angles (y = 8.5°, 15°,
and 24°) and blowing ratios of (0.3, 0.4, 0.6, 0.9, and
1.4). In general, a relatively large ramp angle with
a high blowing ratio leads to more effective film
protection. Since extended surfaces such as a ramp
could increase surface heat transfer and this is
undesirable on the hot-gas side, it is noted that the
ramp can be constructed in the thermal-barrier
coating (TBC) system by using the ceramic top
coat, which has very low thermal conductivity.

4 EXPERIMENTAL SETUP AND PROCEDURE

The experimental facilities consist of a low speed
hot air supplier system with attached cold jet in the
test section, as shown in Figl. The settling
chamber of the test rig contains series rows of
electrical heaters, row of honeycomb, and screens
to ensure adequate hot air of uniform velocity and
temperature throughout the test rig. The hot air
routed through a convergent-divergent contraction
having a rectangular cross-section before flowing
through the test section. The bottom wall of the test
section considered as testing plat, four plate
models are considered, each model made of
(234x123mm) Perspex plate of 0.8cm thickness.
Fig.2 shows ramped-holes configurations with
double ramped-holes arrangement. In order to
allow the air to reach the desired temperature, the
air is initially routed out away from the test section
by using a by-bass gate passage. The temperature
of the air is continuously monitored at the exit of
the gate and when the desired temperature is
reached, the gate is gradually fully opened.

Centrifugal air blower was used to supply the
coolant air to the plenum. The plenum is located
below the test model as shown in Fig.3. The
coolant air enters a plenum then injected through
holes into the test section. The coolant air pressure
was measured at the inlet of the test section.
Digital calibrated thermometers are used to
measure the mainstream and coolant air
temperatures. Pre-testing shows that all holes
injected constant desired flow rate and
temperature. The mainstream hot air temperature
adjusted with a laboratory temperature (ambient
air drawn by a blower) to give highest limit of
(Tc/Tn=0.4). There are four models to be tested

each model having one row of five holes,
considered here; model 1 consists of one row of
cylindrical film cooling holes, model 2 consists of
one row of conical film cooling holes without
upstream ramp, model 3 consists of one row of
conical film cooling holes with upstream ramp of
backward-facing step, and model 4 consists of one
row of conical film cooling holes with upstream
and downstream ramps both of backward-facing
step. Fig.3 shows the frontal views of models 3 and
4 configurations.

5 SURFACE TEMPERATURES MEASUREMENTS

The infrared thermograph system (Fluke Ti32) is
used to measure surface temperatures. The thermal
image can be displayed using standard color
palettes or Ultra Contrast TM color palettes. The IR
system is greatly affected by both background
temperature and local emissivity. The test surface
was sprayed with mat black color to increase the
emissivity as a perfect black body. The
temperature measurement taken is not accurately
recorded unless the IR system is calibrated. The
system is calibrated by measuring the temperature
of the test surface using thermocouple type K and
the reading of IR camera. The test surface is heated
by mainstream hot air. The measured of
temperatures obtained by both ways and they are
recorded and stored during the heating process
until achieving a steady state condition. Due to the
emissivity of the test surface the temperature is
obtained by IR camera is different from the
temperature obtained by the thermocouple;
therefore IR camera reading is adjusted until both
temperatures reading are matched. The system
calibration of the temperature range in present
work is taken between -10°C and +80°C. The test
surface was modeled as a semi-infinite solid
medium imposed by a sudden transient heating.
The entire solid medium was initially at a uniform
temperature before the transient test. During the
transient heating test, each point on the surface
will respond with different temperature at
different time due to different heat transfer
coefficient. The test surface is modeled as
undergoing 1-D transient conduction with
convective boundary conditions at the wall. Fig. (4)
shows a schematic diagram of flow over a flat
plate.

The test plate is initially at a uniform temperature,
(T}), and the convective boundary condition is
suddenly applied on the plate at time, t >0, (the hot
stream of air provides a heat flux to the surface of
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the plate and convective heat transfer phenomena
occurs). The 2-D transient conduction equation is
given by:

82T | 9%T _ 10T

x2 ay? T aodt (1)

Neglecting the lateral conduction equation (1)

becomes:
a%T _ 10T

—1or 2
dx2 a dt ( )

Solving equation (1) need two boundary
conditions and an initial condition:

Initial conditionat t =0 ,T =T; 3)
At x=0andt>0 —K2 = h(T, — T) 4)
At x =00 andt=>0, T=T; )

The main approximation often applied to analyze
transient conduction shown in Fig. (4) is the semi-
infinite approximation. Semi-infinite solids can be
visualized as very thick walls with one side
exposed to some fluid, the other side remains
unaffected by the fluid temperature since the wall
is very thick. Solving the partial equation (1) with
the prescribed initial condition and boundary
conditions at x = 0 gives the transient response of
the test plate wall due to the convective heat load
applied by the hot mainstream air. The solution is
given by the flowing equation [17].

nt Jerse[=] ©

h2at
Tm—Ti 2

k

=1—exp[

Where & is the unknown quantity in the equation
with T, is the wall temperature at time t after the
initiation of the transient test. The material
properties, a (1.0752 x 107 m?/s) and k (0.1873
W/m.K) [17] dictate the applicability of the semi-
infinite solid solution.

The assumptions of semi-infinite solid are valid for
this work because the transient test duration is
small, usually less than 60 seconds and also
because of the test surface is made of Perspex
which has low thermal conductivity, low thermal
diffusivity = and low lateral = conduction,
combinations of the above facts make sure that
heat is conducted only in the x-direction and it
does not reach the bottom of the test surface.

In film cooling case, the film should be treated as a
mixture of air mainstream and the coolant air. The
mainstream temperature (T) in equation (6) has

to be replaced by the film temperature (T).
Equation (6) has two unknowns (h and T¢). To
solve this equation, two sets of data points are
required to obtain the unknowns. In this case, a
transient infrared thermograph technique will be
used to obtain both h and n from a single test as
described by Ekkad et al. [18]. Thus, two images
with surface temperature distributions are
captured at two different times during the
transient test.

The IR images for models test surface at each test
are captured and stored by the memory of the
thermal camera. These images are transferred to
PC. The IR images are converted to corresponding
temperature digital values and then saved as data
in Excel sheet. MATLAB programs Software are
prepared by using a semi-infinite solid assumption
to introduce the film cooling effectiveness and heat
transfer coefficient contours.

6 Film cooling effectiveness

A non-dimensional temperature term is
known as the film cooling effectiveness (1)), and is
defined as:

Tr=Tm
T Te—Tp,

n )

The term blowing ratio (BR) is used to study the
effect of the amount of coolant flow to mainstream
flow. It is defined as the ratio of the mass flux of
the coolant to the mass flux of the mainstream
(BR=p.Uc/pmUnm).

The verification of the current experimental
approach, the test results of the baseline case
(model 1) is made by comparison with the
experimental results of the similar case study of
baseline case of Yuen [19]. Sample of results at BR=
1 of adiabatic spanwise averaged film cooling
effectiveness distribution along the X/D together
with that of Yuen [19] experimental results are
presented in Fig.(6). The results show
approximately similar levels of () with slightly
different in local values. It is fair to say that the
results obtained from the present experiments are
in good agreement with experimental results of
Yuen [19].

Experimental results of the present investigation
are in the thermal aspect in the form of distribution
and contour plots of various variables including
the film cooling effectiveness and heat transfer
coefficient.
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The ramped-holes models geometry are design
from holes inclined at 6 = 35°, the hole spacing
between adjacent holes was 3.5D, in both ramped-
holes models, the configurations are taken as
ramps (length = 25D and y=16.7°) located at a
distance (B=0) from the hole edge.

Fig.7 shows the comparison of spanwise averaged
film cooling effectiveness distribution along the
normalized streamwise distance (X/D). The
present average value covers one pitch distance of
-1.75< Z/D <1.75. Both ramped-holes cases
(models 3 and 4) show rapid decaying particularly
with increasing downstream distance from the
hole. For blowing ratios of 0.5 & 1 the ramped-
hole case provided better cooling effectiveness
than (model 1 and2). At BR=1.5 double ramped-
holes provide highest and significant improvement
in the laterally averaged film cooling effectiveness.
In general better performance at moderate and
high blowing ratios (BR = 1.0 and 1.5) is
contributed by the existing of double ramps. The
double ramps contribute to lesser penetration of
coolant jet into mainstream allowing the coolant air
to remain close to the wall compared with the
three other cases. Also from this figure it can be
seen that for single ramp case (Model 3), the
adiabatic film cooling effectiveness is enhanced in
the lateral area at BR=1 and this is confirmed by
the film cooling effectiveness contours presented in
Fig.8.

The overall area averaged film cooling
effectiveness (1) for single ramped-holes (model 3)
is enhanced by (134%, 292.6%, and 554.6%) at (BR=
0.5, 1.0, and 1.5) respectively. All enhancements are
calculated with reference to the conventional single
cylindrical holes row (model 1). Results of double
ramped-holes case (model 4) show that the overall
area averaged film cooling effectiveness 1is
enhanced greatly by (130.3%, 343.7%, and 679.4%)
at (BR= 0.5, 1.0, and 1.5) respectively. In general,
the results clearly show the benefits of adding
double ramps to the conventional single conical
holes row, in which there is almost a 679.4%
increase in overall area averaged film cooling
effectiveness at BR =1.5.

7 Heat load

In the practical application, turbine designers are
concerned with the reduction of heat load to the
film protected surface. The heat load can be
simulated by combining the film cooling
effectiveness (n) and heat transfer coefficient ratio
(h/h,), therefore the ratio (q/q.) can be introduced
to present the reduction in heat flux at the test

surface with the presence of coolant air. A net heat
flux ratio is used to measure the combined effect of
film effectiveness and heat transfer coefficient. The
following relation between (1) and q/q.) as given
by Ekkad and Zapata [20] may be used to estimate

(a/9o0):
-y o

The verification of the current calculation method
of spanwise averaged heat transfer coefficient ratio
(h/h,) is made by comparison with the
experimental results of Lu [21] for the baseline case
(model 1). Sample of comparison results of (h/h,)
at BR=1 along the normalized streamwise distance
(X/D) are presented in Fig.9, both results are in
good agreement.

Fig.10 presents detailed spanwise averaged heat
transfer coefficient ratio (h/h,) at BR=1. The heat
transfer coefficient ratio for ramps cases is
increased compared to the baseline case. Such
increase are due to the interaction between the
coolant jet and the mainstream flow, this
interaction produced high turbulence region.
Several studies have shown that jet injection
produces increased turbulence level inside the
boundary layers due to the shear layer mixing and
this is the main reason that (1) downstream of hole
show higher values according to Nasir et al. [22] .
At present test at the downstream region
(X/D>10) the heat transfer coefficients have higher
values and remain in the same level up to the end
of the test surface. It is clear in the ramped-holes
case, the heat transfer coefficient increased over
that of (models 1 and 2).

Heat flux ratio indicates the reduction in heat flux
on the test surface from the film injection. As
indicated by Akkad and Zapata [20], if the value of
the net heat flux ratio is less than 1.0, then the
introduction of film cooling has beneficial effect. If
the value is greater than 1.0, it can be said that the
film cooling did not serve its purpose of cooling.
Fig.11 represents the effect of (BRs) on overall area-
averaged heat flux ratio(q/q, ). All models show
good results of (g/q, ) except for(model 1 and ) at
blowing ratio of 1.5 the values of (§/q, ) is exceed

unity.

8 CONCLUSION

Double ramped- conical holes are recently
proposed to improve the two dimensional natures
and lateral spreading of the film cooling. Film
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cooling effectiveness, heat transfer coefficients, and Mainstream
heat flux ratio were evaluated by using semi-
infinite solid assumption with the aid of the -

measurements of model surface temperatures by
transient infrared thermography technique. The
film cooling performance was found to be
enhanced greatly by introducing single and double
ramped holes compared to baseline (conventional
single jet holes row). Accepted performance is

obtained at moderate and high blowing ratios for Mainstream
double ramped-holes. The ramped-holes increase B
film effectiveness over that of the baseline by ‘ ,

(554.6%) for single ramped-holes and by (679.4%)
for double ramped-holes at BR=1.5. The heat
transfer coefficient ratio increased as compared to
the baseline case, this is due to the interaction
between the jet and the main stream which

produces a region of high turbulence. Coolant
234mm
Splitter Settling chamber |
/ 123mm ® 3.5D

<— Blower

Settling chamber Test section

Diffuser

Figure (2) Schematic of ramped-holes configurations

Figure (1) Photography and schematic of the
experimental test rig
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Figure (3) Schematic of test section
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Figure (5) Film cooling over a flat plate
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the experimental results of Yuen [19]
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Figure (7) Comparison of spanwise averaged film different models
cooling effectiveness (1) distribution along the
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Figure (9) Verification of experimental results of

heat transfer coefficient ratio (h/h,) of the present

study with the experimental results of Lu [20]
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Figure (10) Effect of hole configuration on
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Figure (11) Effect of blowing ratio on overall area-
averaged heat flux ratio for conical hole cases
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F-3
“Effect of ramped-cylindrical holes on film cooling

effectiveness”
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Abstract:

Gas turbine parts require better cooling technique to face the increase in
the operating temperature with each new engine model. Film cooling is one of the most
efficient cooling methods used to protect the gas turbine parts from the hot gases. Holes
arrangement offers reliable technique to improve the film cooling performance. The
effect of using ramps with cylindrical holes on the film cooling performance has been
investigated experimentally. Three models have been considered; one of these models is
row of cylindrical holes works as a baseline model, model 2 consists of one row of
single ramped-holes (upstream ramp with a backward-facing step), and model 3
consists of one row of double ramped-holes (upstream and downstream ramps both with
a backward-facing step). Detailed heat transfer coefficient and film cooling
effectiveness measurements are obtained simultaneously using a single test transient IR
thermography technique. A test study is performed at a single mainstream of Reynolds
number 76600 at three different coolant-to-mainstream blowing ratios 0.5, 1.0, and 1.5.
Test results showed that the double ramped-holes model provides promising film
cooling performance particularly at moderate and high blowing ratios.

Keywords: adiabatic, effectiveness, film cooling, inclination, ramp, row.

Nomenclature

D Hole diameter (mm)

k  Thermal conductivity of test surface material(\W/(mK))

h  Heat transfer coefficient (W/m?K)

(h/h,) The local heat transfer coefficient with film cooling (h) is normalized by the heat
transfer  coefficient without film holes on a flat surface (ho)

Re Mainstream Reynolds’ number based on hole diameter

t  Time(s)
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T  Temperature (K)
q Heat flux to the surface with film cooling (W/m?)
q/q, Total area-averaged heat flux ratio
U  Velocity (m/s)
X, y and z Cartesian coordinate axes
X Streamwise distance along the test plate (mm)
Y Distance normal to the test plate surface (mm)
Z Pitch wise distance (mm)
Greek Symbols
Thermal diffusivity of the test surface material (m?/s)
Ramp inclination angle with respect to plate surface (degree)
Ramp upstream distance from hole (mm)
Local adiabatic film cooling effectiveness
Laterally averaged film cooling effectiveness
Overall area- averaged film cooling effectiveness
Streamwise injection angle from stagnation (degree)
Overall cooling effectiveness
Density (kg/m°)
ubscripts
Coolant
Initial
Film
m Mainstream
o Without film cooling
aw Adiabatic wall
Abbreviations
BR  Blowing Ratio
CFD Computational Fluid Dynamics
CPVs Counter rotating vortex pair
DR  Density Ratio
TBC Thermal Barrier Coatings

- = O NT & D333 ™= Q



1-Introduction
Film cooling is one of the methods used to protect surfaces exposed to high-

temperature such as that exist in gas turbines, by injection of coolant fluid (at a lower
temperature than that of the main flow) to flood the surfaces to be protected. Bathie ™
stated that the advanced gas-turbine stages are designed to operate at increasingly higher
inlet temperatures to increase thermal efficiency and specific power. This increase is
made possible by advances in materials such as super alloys and thermal-barrier coatings
and by cooling technology such as internal, impingement cooling. The inlet temperatures
can far exceed allowable material temperatures by using cooling. Film cooling involved
injection of coolant from film holes to forms a thin thermal barrier layer to protect the
blade surface from the hot gases flow. The objective of film cooling is to achieve low heat
transfer from the surrounding hot mainstream to the turbine blades, and large
effectiveness on the blade surface. In the recent years several studies have been focused
on developing the holes shape to enhance film cooling effectiveness. Film cooling
research on flat surface is common, flat surface models can be used to study the effects of
individual parameters with relative ease and are less expensive. Studies have proved that
the results obtained on simple flat surface models can be applied to real engine designs
with slight corrections (Han et al. ).

Many investigators studied the effects of design and operating parameters on film
cooling at which the cooling jets injected from one or two rows of inclined cylindrical
holes. The studied parameters include film-cooling hole inclination, length-to-diameter
ratio, spacing between holes, turbulence and embedded vortices in the hot-gas flow. The
vortex system generated when cold jet injected in the hot main stream was described in
details by Haven et al. ®! and Hyams et al. ™, they showed the important role played by
vortices in the evolution of film-cooling jets, and the effects of hole geometry on the
vortices dynamics of hot-gas/film-cooling jet interactions were investigated by Haven et
al. B! Bunker & provided a comprehensive review of the research on hole shape. Haven
and Kurosaka ® examined the effects of placing vanes inside film-cooling holes that
produce vortices in the same sense as the anti-kidney vortices. Zaman and Foss ! and
Zaman ! steadied the effects of tabs placed at the film-cooling-hole exit were steadies.
Ekkad et al. ©! showed that placing tabs on the upstream side of the film-cooling-hole exit
can improve film-cooling effectiveness. Proposal was made by Shih et al. ™ to place a
strut or obstruction within each film-cooling hole that do not necessarily generate
appreciable vortices but can cause vortices inside film-cooling holes to be stretched and
tilted in a way that would change the magnitude and direction of the vortices in the CRVs
and the anti-kidney pair. Bunker ™% proposed creating a trench about a row of film
cooling holes to modify the boundary-layer/cooling jet interactions. Holes embedded in
trench were found quite useful in improving film-cooling effectiveness as investigated by
Altorairi .



The vortex system generates when cold jet injected in the hot main stream was
described in details by Haven et al. * and Kelso et al. 3!, They showed the important role
played by vortices in the evolution of film-cooling jets. One pair, referred to as the
counter-rotating vortex pair (CRVs), was found to lift the jet off the surface that it is
intended to protect and to entrain hot gas underneath it. The other pair, referred to an anti-
kidney pair, was shown to have a sense of rotation opposite to that of the CRVs, and so
can counteract the undesirable effects of the CRVs in entraining hot gas. Thus, it is of
interest to develop strategies to control the formation and strength of these vortices in a
way that leads to more effective film cooling. There are many ways to alter the structure
of these vortices. Since the vortices in the cooling jet originates from the flow in the film-
cooling hole, the boundary layer upstream of the film cooling hole, and the boundary-
layer/cooling jet interactions, most investigators have focused on the geometry of the
film-cooling hole. The boundary layer upstream of the film cooling hole can be altered by
using ramped-holes concept to increase the adiabatic effectiveness of film cooling from
row of film cooling holes. Sangkwon and Shih ™4 proposed a geometry modification
upstream of the holes to approach boundary layer flow and its interaction with the film
cooling jets; this was done by making the surface just upstream of the holes row into a
ramp with a backward-facing step. They showed numerically that an upstream ramp with
a backward-facing step can greatly increase surface adiabatic effectiveness. The laterally
averaged adiabatic effectiveness with a ramp can be two or more times higher than
without the ramp by increasing upstream and lateral spreading of the coolant. Chen et al
(18] examined experimentally on a concept for enhancing the film cooling performance by
placing an upstream ramp in front of a row of cylindrical film cooling holes. They tested
the upstream ramp with different angles (y = 8.5°, 15°, and 24°) and blowing ratios of
(0.3, 0.4, 0.6, 0.9, and 1.4). In general, a relatively large ramp angle with a high blowing
ratio leads to more effective film protection. Since extended surfaces such as a ramp could
increase surface heat transfer and this is undesirable on the hot-gas side, it is noted that
the ramp can be constructed in the thermal-barrier coating (TBC) system by using the
ceramic top coat, which has very low thermal conductivity. The present work objectives
are to predict the film cooling performance for different novel ramped-cylindrical holes
combinations.

2- Experimental setup and procedure

The experimental facilities consist of a low speed hot air supplier system with
attached cold jet in the test section, as shown in Fig.1. The settling chamber of the test rig
contains series rows of electrical heaters, row of honeycomb, and screens to ensure
adequate hot air of uniform velocity and temperature throughout the test rig. The hot air
routed through a convergent-divergent contraction having a rectangular cross-section
before flowing through the test section. The bottom wall of the test section considered as
testing plat, three plate models are considered, each model made of (234x123mm)
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Perspex plate of 0.8cm thickness. Fig.2 shows ramped-holes configurations with double
ramped-holes arrangement (model 3). In order to allow the air to reach the desired
temperature, the air is initially routed out away from the test section by using a by-bass
gate passage. The temperature of the air is continuously monitored at the exit of the gate
and when the desired temperature is reached, the gate is gradually fully opened.
Centrifugal air blower was used to supply the coolant air to the plenum. The plenum is
located below the test model as shown in Fig.3. The coolant air enters a plenum then
injected through holes into the test section. Digital calibrated thermometers are used to
measure the mainstream and coolant air temperatures. Pre-testing shows that all holes
injected constant desired flow rate and temperature. The mainstream hot air temperature
adjusted with a laboratory temperature (ambient air drawn by a blower) to give highest
limit of (T/Tp=0.4). There are three models to be tested each model having one row of
five holes, considered here; model 1 consists of one row of cylindrical film cooling holes,
model 2consists of one row of cylindrical film cooling holes with upstream ramp of
backward-facing step, and model 3 consists of one row of cylindrical film cooling holes
with upstream and downstream ramps both of backward-facing step. The infrared
thermograph system (Fluke Ti32) ™ is used to measure surface temperatures. The thermal
image can be displayed using standard color palettes or Ultra Contrast color palettes. The
IR system is greatly affected by both background temperature and local emissivity. The
test surface was sprayed with mat black color to increase the emissivity as a perfect black
body. The temperature measurement taken is not accurately recorded unless the IR system
is calibrated. The system is calibrated by measuring the temperature of the test surface
using thermocouple type (K) and the reading of IR camera. The test surface is heated by
mainstream hot air. The measured of temperatures obtained by both ways and they are
recorded and stored during the heating process until achieving a steady state condition.
Due to the emissivity of the test surface the temperature is obtained by IR camera is
different from the temperature obtained by the thermocouple; therefore IR camera reading
is adjusted until both temperatures reading are matched. The system calibration of the
temperature range in present work is taken between -10°C and +80°C.

The test surface was modeled as a semi-infinite solid medium imposed by a sudden
transient heating. The entire solid medium was initially at a uniform temperature before
the transient test. During the transient heating test, each point on the surface will respond
with different temperature at different time due to different heat transfer coefficient. The
test surface is modeled as undergoing 1-D transient conduction with convective boundary
conditions at the wall. Fig. (4) shows a schematic diagram of flow over a flat plate.

3- Mathematical calculation
The test plate is initially at a uniform temperature, (T;), and the convective boundary
condition is suddenly applied on the plate at time, t >0, (the hot stream of air provides a



heat flux to the surface of the plate and convective heat transfer phenomena occurs). The
2-D transient conduction equation is given by:

9%T = 9%T 10T
T ai T e (1)
dx2  9dy? a dt

Neglecting the lateral conduction equation (1) becomes:

9°T _ 10T

axz  aot (2)
Solving equation (1) need two boundary conditions and an initial condition:

Initial conditionat t =0 , T =T;

oT
At x=0andt20,—k5=h(Tw—Tm)
At x=o00 andt=>0, T =T,

The main approximation often applied to analyze transient conduction shown in Fig. (4) is
the semi-infinite approximation. Semi-infinite solids can be visualized as very thick walls
with one side exposed to some fluid, the other side remains unaffected by the fluid
temperature since the wall is very thick. Solving the partial equation (1) with the
prescribed initial condition and boundary conditions at x = O gives the transient response
of the test plate wall due to the convective heat load applied by the hot mainstream air.
The solution is given by the flowing equation ¢,

;V:l—:;"i =1—exp [h;{t] erfc [hTm ®3)

Where h is the unknown quantity in the equation with T, is the wall temperature at time t
after the initiation of the transient test. The material properties, o (1.0752 x 107" m?/s) and
k (0.1873 W/m.K) ™ dictate the applicability of the semi-infinite solid solution.

The assumptions of semi-infinite solid are valid for this work because the transient test
duration is small, usually less than 60 seconds and also because of the test surface is made
of Perspex which has low thermal conductivity, low thermal diffusivity and low lateral
conduction, combinations of the above facts make sure that heat is conducted only in the
x-direction and it does not reach the bottom of the test surface.

In film cooling case, the film should be treated as a mixture of air mainstream and the
coolant air as shown in Fig. (5). The mainstream temperature (Ty,) in equation (3) has to



be replaced by the film temperature (Tr). Equation (3) has two unknowns (h and T;). To
solve this equation, two sets of data points are required to obtain the unknowns. In this
case, a transient infrared thermograph technique will be used to obtain both h and n from
a single test as described by Ekkad et al. *7). Thus, two images with surface temperature
distributions are captured at two different times during the transient test.

A non-dimensional temperature term is known as the film cooling effectiveness (),
and is defined as:

T¢—Tm

= T:_—Tm 4)

The term blowing ratio (BR) is used to study the effect of the amount of coolant
flow to mainstream flow. It is defined as the ratio of the mass flux of the coolant to the
mass flux of the mainstream:

BR = £ (5)

PmUm

In the practical application, turbine designers are concerned with the reduction of heat
load to the film protected surface. The heat load can be simulated by combining the film
cooling effectiveness () and local heat transfer coefficient ratio (h/h,), therefore the local
ratio (q/g,) can be introduced to present the reduction in heat flux at the test surface with
the presence of coolant air. A net heat flux ratio is used to measure the combined effect of
film effectiveness and heat transfer coefficient. The following relation between () and
(/90) as given by Ekkad and Zapata ! may be used to estimate (q/ds):

h
w=n1-3) ©)
The IR images for models test surface at each test are captured and stored by the memory
of the thermal camera. These images are transferred to PC. The IR images are converted
to corresponding temperature digital values and then saved as data in Excel sheet.
MATLAB programs Software are prepared by using a semi-infinite solid assumption to
introduce the film cooling effectiveness, heat transfer coefficient ratio, and heat flux ratio.

4- Results and discussion
The verification of the current experimental approach, the test results of the baseline

case (model 1) is made by comparison with the experimental results of the similar case
study of baseline case of Yuen and Botas . Sample of results at BR= 1 of adiabatic
spanwise averaged film cooling effectiveness distribution along the X/D together with
that of Yuen ™ experimental results are presented in Fig.(6). The results show
approximately similar levels of (1) with slightly different in local values. It is fair to say



that the results obtained from the present experiments are in good agreement with
experimental results of Yuen and Botas .

Experimental results of the present investigation are in the thermal aspect in the form of
distribution and contour plots of various variables including the film cooling
effectiveness, heat

transfer coefficient ratio, and heat flux ratio. The ramped-holes models geometry are
design from holes inclined at © = 35°, the hole spacing between adjacent holes was 3.5D,
in both ramped-holes models, the configurations are taken as ramps (length = 2.5D and
v=16.7°) located at a distance (f=0) from the hole edge.

Fig.7 shows the comparison of spanwise averaged film cooling effectiveness distribution
along the X/D. The present average value covers one pitch distance of -1.75< Z/D <1.75.
Both ramped-holes cases (models 2 and 3) show rapid decaying particularly with
increasing downstream distance from the hole. For blowing ratios of 0.5 & 1 the ramped-
hole case provided better cooling effectiveness than (model 1). At BR=1.5 double
ramped-holes provide highest and significant improvement in the spanwise averaged film
cooling effectiveness. In general better performance at moderate and high blowing ratios
(BR = 1.0 and 1.5) is contributed by the existing of double ramps. The double ramps
contribute to lesser penetration of coolant jet into mainstream allowing the coolant air to
remain close to the wall compared with the two other cases; this is confirmed by the film
cooling effectiveness contours presented in Fig.8.

The overall area averaged film cooling effectiveness (1) for single ramped-holes (model
2) is enhanced by (40.2%, 175.8%, and 234.9%) at (BR= 0.5, 1.0, and 1.5) respectively.
All enhancements are calculated with reference to the conventional single cylindrical
holes row (model 1). Results of double ramped-holes case (model 3) show that the overall
area averaged film cooling effectiveness is enhanced greatly by (45.3%, 185.8%, and
369%) at (BR= 0.5, 1.0, and 1.5) respectively. In general, the results clearly show the
benefits of adding double ramps to the conventional single cylindrical holes row, in which
there is almost a 369% increase in overall area averaged film cooling effectiveness at BR
=1.5.

The verification of the current calculation method of spanwise averaged heat transfer
coefficient ratio (h/h,) is made by comparison with the experimental results of Lu et al.
201 for the baseline case (model 1). Sample of comparison results of (7/h,) at BR=1 along
the X/D distance are presented in Fig.9, both results are in good agreement.

Fig.10 presents detailed spanwise averaged heat transfer coefficient ratio (h/h,) at BR=1.
The heat transfer coefficient ratio for ramps cases is increased compared to the baseline
case. Such increase are due to the interaction between the coolant jet and the mainstream
flow, this interaction produced high turbulence region. Several studies have shown that jet
injection produces increased turbulence level inside the boundary layers due to the shear
layer mixing and this is the main reason that (h) downstream of hole show higher values



according to Nasir et al. 1. At present test at the downstream region (X/D>10) the heat
transfer coefficients have higher values and remain in the same level up to the end of the
test surface. It is clear in the ramped-holes case, the heat transfer coefficient increased
over that of (models 1).

Heat flux ratio indicates the reduction in heat flux on the test surface from the film
injection. As indicated by Akkad and Zapata 18, if the value of the net heat flux ratio is
less than 1.0, then the introduction of film cooling has beneficial effect. If the value is
greater than 1.0, it can be said that the film cooling did not serve its purpose of cooling.
Fig.11 represents the effect of (BRs) on overall area-averaged heat flux ratio (q/q, ). All
models show good results of (g/q, ) except for model 3 at blowing ratio of 1.5 the values
of (q/q, ) is exceed unity.

5- Conclusion
1. A detailed study on two recent ramped-holes configurations enhanced the film

cooling effectiveness and kept the heat flux ratios in rang of accepted values.

2. The film cooling performance was found to be enhanced greatly by introducing
single and double ramped holes compared to baseline (conventional single jet holes
row).

3. The ramped-holes increase film effectiveness over that of the baseline by (234.9%)
for single ramped-holes and by (369%) for double ramped-holes at BR=1.5.

4. The heat transfer coefficient ratio increased as compared to the baseline case, this is
due to the interaction between the jet and the main stream which produces a region
of high turbulence.
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