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Abstract

This thesis examines the cooling performance and the flow on a gas turbine blade.
Numerical and experimental methods are described and implemented to assess the
influence of film cooling effectiveness. A modern gas turbine blade geometry has been
used. The blade is considered as a solid body with the blade cross section from hub to
shroud varying with a degree of skewness. Computational Fluid Dynamics (CFD) is
employed to assess blade film cooling effectiveness via simulation of the effect of
varying blowing ratios (BR=1, 1.5 and 2), varying coolant fluid temperature (Tc=153 K
and Tc=287.5 K), various angles of injection (35°,45" and 60°), increasing the number
of cooling holes (32 and 42) and increasing the cooling holes diameter (D= 0.5 mm and
Imm). A full three-dimensional finite-volume method has been utilized in this study via
the FLUENT 6.3 code with a k-g (RNG) turbulence model.

Results of the CFD models were carefully validated by studying aerodynamic flow and
heat transfer in turbine blade film cooling performance. A two-dimensional channel
and NACA 0012 airfoil were selected to investigate turbulence effects. The solution
accuracy is assessed by carrying out a sensitivity analysis of mesh type and quality
effects with enhancement wall treatment and standard wall function effects also
addressed for turbulent boundary layers. In this study, four different turbulence models
were utilized (S-A, k—e, (RNG), and (SST) k—w). The computations were compared
with available Direct Numerical Simulation (DNS) and experimental data. Good
correlation was observed when using the RNG turbulence model in comparison with
other turbulence models.

Film cooling effectiveness and heat transfer along a flat plate has been analyzed for four
different plate materials, namely steel, carbon steel, copper and aluminum, with 30°
angle of injection. The cooling holes arrangement was simulated for a hole diameter of
D=] mm and different sections of the blade showing cooling effectiveness and heat
transfer characteristic variation with increasing (BR = 0.5, 1). Furthermore a
symmetrical single hole at 35° angle of injection was studied both the solid and shell
plate cases. Cooling effectiveness numerical results were compared with available
experimental data and the effect of material thermal properties for the solid plate on
cooling performance evaluated. Numerical modeling has clearly identified that there is
no benefit in reducing the number of holes as this decreases film cooling effectiveness.
The experimental investigation showed the effect of increasing volumetric flow rate
V°=1000, 800 and 600 cm’/min, as a term of the blowing ratio (BR) and angle of
injection (35°%45° and 60°) for a modern gas turbine blade specimen using Thermal
Paint Technology (TPT) and a Thermal Wind Tunnel (TWT). Both methods confirmed
that the blade specimen with angle of injection of 45°, blowing ratio of BR=2 (which
corresponds to 1000cm’/min), cooling holes diameter D=1mm and 42 holes developed a
better film cooling effectiveness compared with the 35° and 60° cases. In addition TPT
is a sufficient and relatively easy method for evaluating temperature distributions in
experimental studies.
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Projected area of the cell

Blowing ratio, BR = p_ *V,./p_ *V,

Static pressure coefficient distribution, equation (4-7)
Specific heat the for the fluid flow, solid body

the blade axial chord (mm)

the blade width (mm)

the blade spanwise (mm)

Film hole diameter (mm)

Hydraulic diameter (mm) in equation (6-2)

general turbulence kinetic energy due to buoyancy
general turbulence kinetic energy due to the mean velocity gradients
channel width (m)

turbulence kinetic energy (m%/s?)

thermal conductivity for fluid flow, solid body (W/m-K)
dimensionless turbulent kinetic energy based on u, ,equation (4-2)
local kinetic energy, Kiocai= }% fapt

length of the film hole or length of channel flow (mm)
mixing length is presumed known in turbulent viscosity
length scale (m)

mixing length for EWT based on turbulent rate of dissipation (m)
mixing length for EWT based on laminar viscosity (m)
Mass flow rate (kg/sec)

Nusselt number

Pressure (N/m?)

inlet total pressure. (N/m?)

static pressure on the surface (N/m?)

outlet static pressure (N/m?)

laminar and turbulent Prandtl number

heat flux (W/m?)

free stream Reynolds number

friction Reynolds numbers based on «, , Re.= (p*u.*H)/pn
Boussinesq relationship equation (3-10)

stress tensor.(1/sec)

temperature (K)

temperature difference

injection film cooling temperature (K)

local wall temperature (K)
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Finite-Volume Method
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Laser Doppler Anemometer

Laser Doppler Velocimetry

Large-eddy Simulation
Micro-Riblet Film

Germany's leading aircraft engine manufacturer
Monotone Upwind Scheme for Conservation Laws
Partial Differential Equations
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Pressure side

Pressure Sensitive Paint

Reynolds Averaged Navier-Stokes
Re-Normalization Group RNG Model
Rapid prototyping

Reynolds Stress turbulence Model

Spalart- Allmars Turbulence Models
Specific Fuel Consumption

Semi-Implicit Method for Pressure Linked Equation
Suction side

Shear Stress Transport

Specific Thrust

Standard Wall Function

Turbine Entry Temperature

Two Layer Velocity Scale Model
Anisotropic Two Layer turbulence model and DNS Based Model
Anisotropic two layer turbulence model and DNS based Model of P; in
the boundary layer

Thermal Paint Temperature Technology
Thermal Wind Tunnel
Von Karman Institute, Belgium
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increased number of explosion chamber [Oberg and Jones (1917)]. The objective has
been to enhance the overall efficiency, reduce the consumption of fuel and increase
thrust in the aircraft engine. So, a brief historical review will be made of gas turbine

innovations and designs

1.2 International historical perspective of patents

1.2.1 British efforts

In England, gas turbines were constructed and tested to power airplanes by two research
groups. The first group, led by Frank Whittle, concentrated on the turbojet using the
centrifugal flow compressor. The second group, led by Griffith at Liverpool, worked on
testing and constructing the axial flow compressor. Whittle's group achieved the first
patent in 1930; however this project was not accepted by the Air Force Ministry and
private companies since it was deemed to be a long term research project and adequate
funding was not available. However, in summer 1939 the Air Force Ministry signed a
contract for the power jet. In 1936, the Griffith group in England began work with the
Royal Aircraft Establishment on constructing and testing axial flow compressors.
Through a series of research efforts, the UK completed the first airplane flight powered
by the gas turbine in 1941, [Bathie (1995)]. Figure (2-1) illustrates the first turbo jet

engine.

Figure (1-2) Rolls Royce turbojet engine [Norman and Zimmerman
(1948)].
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1.2.4 USA efforts

Historically, the National Advisory Committee for Aeronautics (NACA) used the work
of S. Campini from 1930 onwards. They designed a ducted axial fan motorized by the
reciprocating engine. The efficiency of turbines and the compressor was not well
developed at this time. However, in 1939 Brown Boveri built the first commercial gas
turbine power plant for generating power (4000 kW). In the United States in 1940, the
2500- hp turboprop engine was developed for the US Army and US Navy. Since this
time, the USA has led developments in the design and building of many gas turbines,
many of which are reported in the ASME Journal of Gas Turbines and Power Journal
[Bathie (1995)].

However, these efforts are aims to increase the thrust, overall efficiency and reduce the
fuel consumption, as much as possible, by increasing the turbine inlet temperature.

(Combustor exit temperature) as illustrated in Figure (1-4).

SIMPLE CYCLE

12 PRESSURE
RATIO X,

El
THERMAL EFFICIENCY
BB
i

70 200
GENERATOR (g (200 (1222“7') 200 "
o 029 g3t =0
COMPRESSOR TURBINE 19 (0) um)
| I 1 ! 1
0140 0.150 0.160 0170 0180
(964) (068) (673) (om) (082)

SPECIFIC OUTPUT MW /b sec (MW /g 5)
HIGHER TEMPERATURE MEANS MORE POWER

COMBINED CYCLE
S3p=
>
Q
i s
Q
E
™
[™]
S
= g
M
F s
GENERATOR o il
0.16 0.18 020 022 024
COMPRESSOR TURBINE (035)  (0A40)  (044)  (045)  (053)

SPECIFIC OUTPUT MW/ Ib / sec (MW / kg / §)
HIGHER TEMPERATURE SAVES FUEL

Figure (1-4) Gas turbine thermodynamics [Brooks (2008)].

Most of the previous research published documented that with an increase in the inlet
temperature of the turbine, the thermal efficiency is also enhanced. Figure (1-5) which

is based on the thermodynamics of the gas turbine cycle, illustrates the variation of
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Specific Fuel Consumption (SFC) and furthermore Specific Thrust (ST) with Turbine
Entry Temperature (TET) and compressor pressure ratio. The increase in the TET at a
constant pressure ratio through a change in fuel/air ratio causes an increase in the
specific work output, or specific thrust. However, this variation does not change the
overall efficiency of the engine. Additionally, increasing the compressor pressure ratio
" (which has the effect of increasing TET at constant fuel/air ratio), causes an increase in
efficiency or reduction in SFC, as result of which in any real gas turbine cycle, there is
an optimum pressure ratio for SFC and specific thrust, at a particular TET [Sargison
(2001)].

2,20

1700
200+

- 1500
180 Specific fuel

.60}~ consumption

—0.03
1.40 -

F 120
e 00f-
kN-s 0.80 — 1(,06 1500

—oo02 F

>
"
N
x
Zlg

0.60

i -10.01
0.40 1~ Specific thrust

0.20r-
0.00 1 1 B J - | | I 1 {11!
3 4 6 8 10 20 N 40 60 80 100

Compresxor pressure ratio

Figure (1-5) Theoretical variation of specific fuel consumption and specific
thrust for a real engine with compressor pressure ratio and 7ET [Sargison
(2001)]

Unfortunately, higher temperatures have negative effects on the integrity of high
pressure turbine components and materials comprising the turbine blades [Kassim et al.
" (2007)]. Designers of gas turbines have resolved the problem of blade surface
degradation and rapid failure from high inlet temperatures by using blade cooling
technology. In this dissertation, numerical and experimental methods are used to
examine the flow in a high-pressure gas turbine chamber in order to investigate blade
film cooling.

There are four methods utilizing air as the coolant fluid for gas turbine blade cooling,

which are discussed in turn, below:
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Figure (1-7) General impingement cooling technique
[Boyce (2002)].

1.3.3 Film Cooling Method
As illustrated in Figure (1-8), the film cooling method is as an external cooling
technique. It involves injection of a secondary fluid from the inside of the blade into the

boundary layer of the primary hot gas through a number of holes [Peng (2007)].

Internal air system

PIN-FIN SYSTEM

IMPINGEMENT TUBES

/
PLATFORM FILM COOLING HOLES

] .
Cooling air

Figure (1-8) Blade film-cooling [Bredberg (2002)].

Cool air provides an effective method of protecting the gas turbine blade surface
(pressure side and suction side) from the hot gases and maintains a lower blade material
temperature to minimize degradation and melting effects [Bathie (1995)]. The injection
of coolant air into the boundary layer reduces some of the advantages of using higher

turbine inlet temperatures. If the velocity of injected air is too high, the coolant air will
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The phenomenon of jet-in crossflow (coolant fluid) which is a characteristics of film
cooling, results in mixing in shear layer which reduces the surface temperature of the
blade i.e. enhance the film cooling effectiveness [Bogard and Thole (2006)]. Hence,
characterization of the gas flow and heat transfer through a modern turbine are
important engineering considerations, as they which represent very complex flow fields
and high turbulence levels. In the first stage of turbine blade design, it is crucial to
reduce the over-heating effect on the blade surface. A disadvantage of this technique is
a source of loss in the overall power output since coolant fluid has to be extracted from
the compressor. Approximately 20-25% of compressed air bleeds to the cooling system
[Ekkad ef al. (2006)]. Despite this, the benefits in reduced SFC and increased specific
power output which follow from an increase in permissible TET (combined with an
increase in compressor pressure ratio) are still substantial when the additional losses
introduced by the cooling system are taken into account [Sargison (2001)]. Therefore,
optimum cooling technology can be influenced by the following parameters:
A). Selection of a method to protect gas turbine elements from thermal overheating by
using an air efficient cooling system which may be either internal cooling (convection
cooling system or impingement cooling system) or external cooling (film cooling
system or transpiration cooling system)[EL-Sayed (2008)].
B). Selection of a suitable coolant fluid (water or air).
C). The degree of cooling air (characterized by masé flux ratio which is simulated by a
Blowing Ratio (BR).

BR=pc *Vclp, *V,
Where
pcis a coolant fluid density, (kg/m®)

V.. is a coolant velocity (m/sec)
p..1s a mainstream density, (kg/m®)
¥, is a mainstream velocity (m/sec)

D). The injection angle (lateral injection, stream-wise inclined and span-wise).

E). The discharge geometry (number of holes, diameter of the holes and row of holes).

As mentioned in previous paragraph, many of cooling methods were employed in gas
turbine. Therefore, this research have been used film cooling method as a way of
protection from incoming hot gas in addition to select the air as a coolant fluid to

increase blade life time by reducing blade surface degradation. Hence, the aim of this
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research will be concerned with performance of gas turbine through study aerodynamic
and heat transfer numerically and experimentally. Different parameters i.e. effects
blowing ratio, cooling temperature, angle of injection, number of holes and holes

diameter are mainly interest with the optimum performance of gas turbine blade.

1.5 Aim of the research

This research is mainly concerned with the performance of gas turbines. Numerical and
experimental methods are used to examine the flow in a gas turbine chamber in order to
investigate blade film cooling. Aerodynamic flow and heat transfer rates are computed
using numerical and experimental methods. The optimization process examines film
cooling blade design (blowing ratio, angle of injection). Moreover, channel flow,
NACA 0012 airfoil and flat plate were used to investigate the performance of FLUENT
code solver through explain the restrictions in fundamental turbulent flow simulations
and mesh generation. The research will calculate pressure drop, Nusselt number and
cooling effectiveness at three key locations and show effect of cross section area
variation in gas turbine blade on film cooling performance, namely the hub, mid and

shroud.

1.6 Objectives of the research

To aim of this research is to investigate the film cooling performance in a realistic 3-D
skewed gas turbine blade model using the Fluent 6.3 CFD software. This begins with
understanding flow structures and the validating the commercial code by selecting two
different benchmarks, namely fully-developed channel flow as a simple geometry and
the NACA 0012 airfoil as a more complex case, involving a curved boundary. Next, the
research examines the performance of jet cross-flow on a simple flat plate geometry via
studying different parameter effects (blowing ratio, angle of injection, material
properties etc) in order to further establish confidence in the CFD code, which is
fundamental for subsequent numerical simulation of a real 3-D gas turbine blade.

Fluent simulations of a 3-D skewed blade are then conducted and verified

11



experimentally with a Thermal Wind Tunnel (TWT). Therefore, the main objectives of
the present thesis are:

1. Validation of numerical calculations inside channel flow and above a NACA
0012 airfoil using FLUENT code with available numerical and experimental
published data.

2. Verification of the amount of heat transfer and film cooling for a flat plate
surface simulated as a solid and shell. The simultaneous calculation of
conduction and convection is called Conjugate Heat Transfer (CHT). The
conjugate approach involves time-consuming computation as the number of grid
points increase as both fluid and solid domain have to be taken into
consideration [Kane and Yavuzkurt (2009)]

3. Identification of useful parameters to satisfy high film cooling effectiveness on
gas turbine blades with FLUENT simulation. This involves:

A) Generation of a Cartesian-coordinate based geometric model of a gas turbine

blade geometry at the three main areas (hub, mid and shroud), using the pre-

processor (generating the meshing using GAMBIT tool). A size function tool will be
used to control the model meshes by creating a regular size of mesh intervals for
edges, elements, faces and volumes [FLUENT (2006A)].

B) Application of the FLUENT Computational Fluid Dynamics (CFD) software to

simulate fluid flow and heat transfer in the turbine geometry.

4. Validation of numerical results using published data and previous related work

5. Conducting experiments on fabricated blade test sections and analyzing

experimental results to validate numerical results.

1.7 Motivation of the research

Turbulent flows are fundamental to aerospace and mechanical engineering. Wall-
bounded turbulent flows are in particular important in gas turbine applications.
Therefore, numerical investigations of wall-bounded turbulence have been examined
robustly in this thesis, using the Fluent 6.3 CFD software. To establish confidence in the
software, and prior to simulating actual gas turbine flows, we perform an extensive
validation. First a simple two-dimensional fully-developed channel flow has been
examined which is a popular benchmark employed in validating computational codes.

Next we build on this validation by considering a more complex case involving a
12



curved boundary, namely the NACA 0012 airfoil, in order to explore aspects relevant to
gas turbine geometries which can then be validated with experimental data. Having
established confidence in the computational code, we next examine the first case of gas
turbine simulation, namely flat plate film cooling with different hole arrangements and
consider blowing ratio and other effects, validating the new computations with
experimental results from the literature. The next stage is then to simulate the film
cooling performance in a realistic 3-D skewed gas turbine blade model, and to conduct

experiments for this configuration. Consequently, the motivations of this research are:

Firstly, to assess restrictions of the FLUENT code solver in fundamental (and therefore
more advanced) turbulent flow simulations. The aim is to investigate the relative
accuracy of three different turbulence models (k-g, RNG, SST k-o) in the numerical
analysis. Furthermore, this thesis will explore the strong influence of mesh refinement
and mesh type near the wall and outer layer turbulence structures on the flow
characteristics for the two test cases of turbulent channel flow and turbulent NACA
0012 airfoil flow.

Secondly, numerical predictions of film cooling effectiveness, heat transfer,

temperature distribution for a flat transpiring plate, will be investigated, by focusing on:

e The mainstream (hot gas) and coolant system (cooled fluid) with differences in
temperature, pressure and chemical composition for the hot gas and cooled air.

e Solid plate thermal properties which will be simulated by choosing the type of
manufacturing blade material for example, steel, carbon steel (SAE4140),
aluminum, copper, and carbon steel shell plate into the FLUENT software property

specification pre-processor.

Finally, this study is utilizing a complex geometry for a 3-D skewed solid blade to
numerically investigate film cooling effectiveness, heat transfer, temperature
distribution and the effect of coolant fluid property in the hub, mid and shroud area. In
addition, experimental wind tunnel blade cooling tests are conducted. Therefore, this

study will present the following aspects:

e Using different cross section blade geometry (from hub to shroud) with angle of

twist.
13



Addressing solid body thermal properties which will be simulated by utilizing the
type of blade material for example. carbon steel (SAE4140) in the FLUENT
software property specification pre-processor.

Including aerodynamic flow and heat transfer computations. Modern gas turbine
constitutes a very complex flow field with high turbulence levels. Therefore film
cooling is applied in this work near the leading edge of the blade. This is
additionally complicated due to the resulting interference between the main flow

and injected coolant.
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2.1Introduction

As mentioned in chapter one, the historical efforts in design and development have been
aimed to increase thrust and thermal efficiency by increasing inlet temperature of gas
turbines and employing efficient methods (e.g. cooling method) to protect gas turbine
component by reducing blade surface degradation.

In order to accomplish the numerical and experimental study of flow in a gas turbine
successfully this chapter will review gas turbine innovations, designs and recent
research through a series of investigations. A discussion of the computations performed
with the FLUENT code for wall-bounded turbulent flows in a two-dimensional channel
and boundary layer flow along a NACA airfoil are presented which are popular
benchmarks in computational fluid dynamics (CFD). Simulations of the amount of heat
transfer along a flat plate using film cooling holes is a simplified model of relevance to
the more geometrically complex case of jet-crossflow in 3-D skewed gas turbine blade
model. Most of previous studies have concentrated on numerical and experimental
analysis, namely, film cooling holes configurations and heat transfer from flat and
curved plates. Fundamentally, heat transfer to turbine blades involves steady heat
transfer based on mean-flow conditions, as well as unsteady heat transfer due to
fluctuations in the mean flow [Nix (2003)]. For film cooling in gas turbine blades there
is the additional complexity of flow around the blade (jet-cross-flow). Again, the
objective of the cooling design is focused on computing the heat load to extend
component life, to minimize coolant air and optimize the performance of gas turbine

blades.

2.2 Fluid flow analysis

To provide fundamental foundation for the later work presented in this thesis, namely
flat plate film cooling simulation and 3-D skewed blade film cooling, detailed numerical
calculations of wall-bounded turbulent flows conducted with the FLUENT CFD code is
shown. The computational studies have a number of objectives. They ensure that the
mesh density near the wall region is cormrectly specified so that the best possible

refinement is attained. They also serve to compare the relative performance of different

16
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1
Kroca= W ;[ dj’+ (2- 1)

Moser et al. (1999) conducted a DNS turbulent channel flow study, with Re; (friction
Reynolds number varied from 180, 390 to 590). The results suggested that the Re;= 590
flow simulation was at sufficiently large Reynolds number to be free of the most
obvious low-Reynolds number effects. The authors obtained excellent correlation of
results for the mean velocity profile up to y* ~ 200 with the logarithmic law, for friction
Reynolds number values of 590 and 390; however they identified deviation for Re; =

180 due to low Reynolds number effect.

Kim et al. (1987) performed a fully spectral DNS study for 3D incompressible turbulent
channel flow at low Reynolds number (Re) at the channel center at 3300 and the friction
Reynolds number Re.=180, with grid 192*¥129*160 in the X, y, z directions. The first
grid point away from the wall is y* = 0.05. Turbulence statistics were computed and
compared with the experimental data. Special attention was given to the turbulence

behavior near-wall.

Daud et al. (2011A) investigated numerically the effects on turbulence for two
important flow regions-fully developed channel flow and flow past a NACA 0012 airfoil,
using commercial software - FLUENT 6.3. The solution accuracy was explored via a
sensitivity study of mesh type and quality effects, employing different element types for
example, quadrilateral and triangular. This work elucidated the effects of Enhancement
Wall Treatment (EWT) and Standard Wall Function (SWF) on the turbulent boundary
layer. Furthermore, four different turbulence models were utilized in this study, namely,
S-A, k-, RNG and SSTk-w. The numerical solutions were compared with available
DNS results by Moser et al. (1999) and experimental data by Sagrado (2007). Good
correlation was achieved. In addition, the statistical turbulence results related to the
RNG turbulence model were shown to yield much closer correlation with DNS and
experimental data. The effect of Reynolds number (Re; = 590 and Re, = 2320) were
studied for the channel flow region and the near wall resolution examined in detail by

controlling in the y* value.

Lee and Jang (2005) experimentally investigated the control of flow structures in the
wake behind a NACA 0012 aerofoil via a V shaped Micro-Riblet Film (MRF). The

18



measurements were performed for the Reynolds number ranged from 1.03*10* to
5.14*10%. However, the drag force on the MRF, which covered the airfoil, was about
6.6% lower than that on the smooth airfoil at Reynolds number Re=1.54*10%. At high
Reynolds number Re = 4.62*10* " the drag force increased by 9.8% for MRF. The
Particle Image Velocimetry (PIV) technique and ensemble averaged was utilized to
measure the distributions of turbulence intensity and turbulent kinetic energy including
the mean velocity through 500 instant velocity fields behind the airfoil, in addition to a
smoke wire flow visualization technique. The results for the case of drag reduction
(Re=1.54*10* had a shorter vortex formation region and higher vertical velocity
component, compared with smooth airfoil. Conversely, for the increased drag case (Re
= 4.62*10"), the presence of MRF grooves on the airfoil were observed to increase the
vertical velocity component and decrease the height of the large-scale streamwise
vortices which interacted strongly. Thus, indicating an increase in the Reynolds shear

stress and turbulent kinetic energy leading to higher drag force on airfoil.

Sagrado (2007) performed experiments in which pressure fluctuations and velocity field
were measured in the tripped and untripped turbulent boundary layer on a NACA 0012
airfoil surface. In this study, attention was focused on the trailing edge zone. Different
Reynolds numbers (Re) and angles of attack (o) were examined, specifically Re= (4,
2)*10° and a= 0°, 12.6°, 16° degrees respectively. In addition, the study included low
and moderate Reynolds number studies for untripped boundary layers and high
Reynolds numbers for the tripped boundary layer case, which can also play an

important role in validation of Large Eddy Simulation (LES) and DNS models.

2.2.2 Aerodynamics of gas turbines

This section briefly reviews previous aerodynamic flow studies of the gas turbine
blades. Actually, the flows in turbomachines have both sfeady and wunsteady
components. Since the first stage of the stator in high pressure turbine is possibly steady
flow, then the upstream blades effects down stream blades primarily due to the wakes
which they shed [Howell (1999), Howell et al.(2001)]. Other stages also exhibit
complex flow field phenomena. The unsteadiness of the flow field is a result of relative
motion of the rows of blades, wake passing and shock waves from blade row

interactions and freestream turbulence generated in the combustor [Nix (2003)]. Figure

19



B
!
#% 1 ] - ] °
# & - 0 1
% &-7-" " 7 "
" o/ €-661'P
2 &-661" 7 7 7
+ %9:; 5 6
) " I 7 # &)
7 "
&#T7 + ) < #70+ ) 8 #T + #7
+
) " &6 ,7 6'R 65 D & 67 . ) <
" + C
) "
! <&-665" U
" ) " + ) * 6 ,R 65+ R 65 -
@ + " " ?4
) * R 65
! # 7
v " " "
: "t #
A + 6 6-
+ 9



moderately with increasing Reynolds number. The exit measurements also elucidated
further the end-wall heat transfer distributions, the secondary flows in the passage and

the losses.

Mei and Guha (2005) developed numerical simulations for turbine cascade and
compressible transonic flow, using a self-adaptive, unstructured mesh. The Euler and
Navier-Stokes equations were applied in the numerical program. Turbulence was
simulated with an algebraic Baldwin-Lomax turbulence model, and the two-equation
turbulent model (k-@model) with high order accuracy through applied MUSCL
approach. The Gauss-Seidel algorithm was used to solve the linear equations for each
time iteration. Good correlation was obtained between the numerical and experimental

results.

Michelassi et al. (1998) investigated boundary layer and wake flow in a transonic
turbine rotor cascade, numerically and experimentally. Measurements included pressure
and total pressure profiles for the blade in addition to isentropic Mach number.
Computations were performed by FAST 3DC and FLOW3D solvers with different
turbulence models (k-0 and two layer model TLK) and three different transition
models. The results provided a realistic description of the flow field allowing the
calculation of pressure distribution and shock boundary layer interaction induced by
small flow separation on the suction side which is generated due to transitions models.

The experiments also indicated the presence of trailing edge vortices.

Chmotine et al. (1997) used the 2-dimensional Euler equations to model high pressure
turbine flow in an aircraft engine. This study was based on the large-particle method,
which is a numerical method for the stator and rotor blade; the unsteady effect was
represented for the rotor blades moving along the fixed grid and the pressure and
absolute total temperature were calculated on the rotor blade surface.

Numerous published works have studied the 2-D and 3-D turbulent channel flow and
often utilize DNS since this is the most accurate numerical method, although it is very
expensive computationally. Therefore Fluent 6.3 software is used to simulate turbulent
channel flow to demonstrate the effects of mesh refinement, mesh type and also to
examine different turbulent model accuracies. This establishes basic confidence in the
Fluent software. Furthermore the more geometrically complex case of flow over a

curved boundary (NACA 0012 airfoil) is then simulated, as this case is more relevant to
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results by Yuen and Martinez-Botas (2005) and good correlation has been achieved.
The effects of material thermal properties for the solid plate have been elucidated, in
addition to variation concepts between the shell plate and the solid plate, on the film

cooling effectiveness.

Nemdili et al. (2011) investigated the influence of film cooling holes imperfection on
flat plate numerically with a symmetrical single perpendicular hole exhibiting jet flow.
Numerical calculations were performed with the Reynolds Average Navier Stokes and
an energy equation using the finite volume method to predict hydrodynamic flow and
thermal effects. In addition, turbulence closure was achieved via the standard wall
function k —& model. The simulation process was executed with the CFX 10 software
package and the computational domain modeled as a structured mesh. Four
imperfection hole cases were studied with 0%, 23.44%, 43.75% and 60.94%
obstruction. Good agreement was obtained between numerical computations and the
experimental results of Jovanovic et al. (2006). However, cooling effectiveness value
was found to decrease quickly when the obstruction is higher than 50% and occurred
close to holes exit implying that thermal protection for the blade was profoundly

reduced.

Ghorab (2010) presented schemes of louver and hybrid film cooling performance over a
flat plate experimentally using the Thermochromic Liquid Crystal Technique (TLC).
The louver scheme (proposed in Canada) involves the film hole design allowing coolant
fluid to pass through a bend and to encroach plate material (impingement effects) and
then exit to the outer surface. This study aimed to evaluate the film cooling
effectiveness and heat transfer at blowing ratios of 0.5, 1 and 1.5. In addition, a hybrid
scheme was deployed to analyze the flow pattern at different blowing ratios. It was
shown that the hybrid film hole allows the coolant fluid to be directed to the secondary
flow in the horizontal direction and reduces the jet liftoff at different blowing ratios.
Both louver and hybrid scheme provides high local film cooling and reduction in net
heat flux compared with previous work. Moreover, enhancement in the film cooling of

holes is obtained further along the spanwise direction.

Takeishi et al. (2010) measured cooling effectiveness on a flat wall with the effects of
swirling coolant flow using circular and other shaped holes with the aid of a low speed

wind tunnel. Pressure Sensitive Paint (PSP) and Particle Image Velocimetry (PIV)
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techniques were also employed to obtain the measurements for two blowing ratios (1, 2)
with four swirling motions of the coolant. The results showed that the cooling
effectiveness is strongly enhanced due to swirling effects due to the interaction between
coolant film jets, mainstream and swirling motion (coolant fluid is deflected in the
pitch direction in the case of circular film holes). Shaped film cooling was also
improved. However, the optimum combination involved the shaped holes geometry and
swirl number (speed of rotation). Overall, it was demonstrated that the film cooling

effectiveness downstream was 50% higher than for the non- swirl case.

Tao et al. (2009) measured the coefficient of heat transfer for flat bléde film cooling in
stationary and rotating conditions. The rotational speed was varied from 0 or 800 rpm
and the blowing ratio varied from 0.4 to 2 with density ratio 1.02 and 1.53 utilized for
air and carbon dioxide (CO,). Film cooling was simulated by a single hole with angle of
injection of 35 degrees angle along the streamwise direction with 4 mm diameter holes.
The surface temperature of the flat blade was measured using the TLC technique. The
results indicated that the heat transfer coefficient trajectory on the pressure side
decreased compared with the stationary case and was enhanced only for x/D<1.0 for the
suction side. Actually, in the rotating case the film trajectory on the suction side was
deviated due to Coriolis and centrifugal force contrast with the pressure side. With
injected air as the coolant fluid the heat transfer coefficient was also reduced for both
surfaces. Finally, the density ratio was shown to have substantial effects on the heat

transfer distributions along the streamwise direction for the rotating condition case.

Hung et al. (2009) studied 3-D cooling effectiveness and heat transfer over concave and
convex plates using a TLC technique. The performance of film cooling was investigated
with one row of injection holes (angle of injection 35°) for various blowing ratios (BR =
0.5, 1, 1.5 and 2). The concave model results showed that with increasing blowing ratio,
the heat transfer coefficient and film cooling effectiveness increased. The convex model
surface results demonstrated that the compound angle (0°, 45° and 90°) increases both

heat transfer and film cooling effectiveness at moderate and high blowing ratios.

Liu et al. (2008) studied and improved the accuracy of spanwise cooling effectiveness
distributions for single film cooling holes. The study showed the effect of turbulent
Prandtl numbers on the flow field outside the near-wall regions. The realizable k-¢

model with one equation model was employed. The results showed that turbulent
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Prandtl number exerts a strong influence on the computation- a reduction in turbulent
Prandtl number increases film cooling effectiveness. Under high blowing ratios, the
cooling effectiveness of the entire spanwise region on the plate was enhanced due to a
reduced turbulent Prandtl number. However, the results also showed that with small
blowing ratio and low Prandtl number, the effectiveness falls in the center region
whereas there is an improved cooling effectiveness of the lateral region off the
centerline (some discrepancy still exists in the area relatively far from the centerline).
Good agreement was obtained between the computed and experimental results by Sinha
et al. (1999) with the two layer k£ —¢& turbulence model TLVA-P, (TLVA-P; is the
combination of anisotropic two layer turbulence model and DNS based model of Pr in
the boundary layer, [Lakehal (2002)]) turbulent model achieving the best results in the

computed cases.

Guangchao et al. (2008) measured experimentally the film cooling effectiveness, heat
transfer ratio and heat load for three holes designs - fanned, cylindrical and the 3- in-1
hole system. In this study, Carbon dioxide was employed as a coolant fluid with
momentum flux ratios of 1, 2 and 4. With increased momentum ratio in the cylindrical
holes, the cooling effectiveness was enhanced with an increase in heat transfer
coefficient; in addition for the 3-in-1 holes case, there were lower heat transfer and
cooling effectiveness values with an increase in momentum flux ratio. The best hole
design was shown to be the fanned hole system since it supplies high cooling
effectiveness with low heat transfer coefficients. In contrast to this, the cylindrical holes

generated inefficient cooling.

Renze et al. (2008) utilized Large Eddy Simulation (LES) to investigate numerically
the effects of the velocity and density ratio on gas turbine film cooling effectiveness.
The coolant fluid was effused through an inclined single pipe inclined at 30 degrees to
the turbulent boundary layer at a Reynolds number Re = 400, 000 along a flat plate (Co,
was injected into the air). LES simulation was shown to successfully capture the jet
cross flow physics of this system. LES was also shown in [Renze ef al. (2008)] to be an
efficient method for low subsonic flow based on an implicit dual time stepping scheme
at a low Mach number. Good agreement was achieved between the numerical results
and the experimental data retrieved from Particle Image Velocimetry (PIV)
measurements. Furthermore, the velocity ratio was also determined for the recirculation

region and inclination of the shear layers.
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Tao et al. (2008) used a liquid crystal technique to experimentally demonstrate the
cooling effects of a single film hole over a rotating flat blade. Carbon dioxide (CO;) and
air coolant fluid was injected at 30° angle (laid-back hole). Coolant fluid is injected in
the downstream region and five different rotating speeds (Q2= 0, 300, 500, 800 and 1000
r/min) were selected. Overall, the results showed that film cooling effects on the suction
side are less than the pressure side due to rotation effects. On the other hand, with an
increase in rotation speed when Q >500-600 r/min, the cooling effectiveness on the

pressure side improved initially and then subsequently fell.

Yuen and Martinz-Botas (2005), Yuen and Martinz-Botas (2003) studied
experimentally the cooling effectiveness on a flat steel plate. The film cooling was
simulated by 30, 60 and 90 degrees angles of injection with cylindrical hole geometries
possessing constant length (aspect ratio was taken as L / D = 4). The operating
Reynolds number was 8563 based on free stream velocity and hole diameter for all three
injection angles. The blowing ratio was varied between 0.33 and 2 for the experimental

studies and the results compared favorably with published studies.

Jia et al. (2005) investigated a slot jet into a crossflow numerically and experimentally
with Laser Doppler Velocimetry (LDV). Numerical simulations were conducted with
the time-averaged Navier-Stokes equations and with the SST k-w, V2F k-g and stress-o
turbulence models. Comparisons were made between computations using the Reynolds
stress turbulence model and LDV experiments for three jet angles 30, 60 and 90 degrees
with blowing ratios of 2 to 9. The results showed that the recirculation bubble vanished
when the angle of injection was lower than 30 degrees; in addition, the recirculation and

cooling effectiveness were shown to be greatly affected by the blowing ratio.

Sinha et al. (1999) studied experimentally film cooling effectiveness using a single row
of holes across a flat plate. The density of the coolant fluid across the freestream varied
from 1.2 to 2. Surface temperatures were measured using a surface thermocouple
arrangement with free conduction error along the jet centerline and across lateral
location. By independently varying density ratio, mass flux ratio velocity ratio and
momentum ratio, the cooling effectiveness was determined experimentally. The results
showed that at low blowing rates the cooling jets remaining attached to the wall;

conversely with high blowing rates the detachment and reattachment of coolant was
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found to become important. Increases in momentum flux ratio and decreases in density
ratio were found to reduce the spreading of the film cooling jet, leading to a reduction in

cooling effectiveness.

Kadja and Bergeles (1997) discussed numerical computations of blade turbine cooling
via injection of a fluid into the main stream flow. The numerical flow model involved a
two-dimensional single slot along the flat surface. Typically, the local film cooling
effectiveness was shown in this study to increase with increasing blowing ratio and the

Nusselt number was found to decrease near the slot.

Saumweber ef al. (2003) investigated experimentally the effects of free stream
turbulence on film cooling performance. Three types of holes geometry were tested;
cylindrical, fan shaped (expanded in lateral direction) and laidback hole (expanded in
lateral and streamwise direction). Three holes at 5 mm diameter separations were
arranged as one row with inclination angle of 30° and an operating condition of Mach
number (Ma = 0.3) varied in terms of freestream turbulence intensity. Furthermore,
blowing ratio ranged between 0.5 and 2.5 with a density ratio of 1.7. The experimental
results showed that with cylindrical holes, film cooling effectiveness reduced with
increased free turbulence flow at low blowing ratio. However, there was a small
increase at high blowing ratio. Negative effects were obtained for shaped holes at
increased free turbulence even with high blowing ratio. It was also found that the heat

transfer coefficient ratio increased with high turbulence flow.

2.3.2 Gas turbine film cooling
Considerable research has also been conducted in the area of gas turbine film cooling.

Some selected studies are reviewed as follows.

Carullo ef al. (2011) examined effect of freestream turbulence, turbulence length scale
and exit Reynolds number on aerodynamic and surface heat transfer distribution of a
turbine blade in a transonic cascade. Three turbulence levels (2%, 12% and 14%), in
addition to length scale (0.02, 0.26 and 0.41) normalized by blade pitches were
generated by passive turbulence grids at the inlet cascade. Thin film gauges were used
to predict the amount of heat transfer at the mid span for both side pressure and suction

surface by platinum sensor through recording a change in resistance with temperature
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(as one arm of a Wheatstone bridge). Actual tests were performed at exit Mach number
0.55, 0.78 and 1.03 which correspond with exit Reynolds number 6*10°, 8*10° and
11*10° respectively. However, experimental results showed that the amount of heat
transfer was enhanced on both pressure and suction sides at high freestream turbulence,
compared with the low turbulence case. Consistently, the greatest heat transfer occurred
at the leading edge and decreased as the flow proceeded down. An increase in exit
Reynolds number as well Mach number, raised the heat transfer level and induced
carlier boundary layer transition (at nominal conditions to exit Mach 0.78 the average

heat augmentations of 23% and 35%).

Gao et al. (2008) measured film cooling effectiveness experimentally using the Pressure
Sensitive Paint (PSP) technique. The inlet and outlet cascade Mach numbers were set as
0.27 and 0.44, respectively. The coolant fluid was injected either in two rows of holes
on the suction side or in four rows of holes on the pressure side with blowing ratios
varied from 0.4 to 1.5. The results showed that with blowing ratio of 0.6 and 0.9, the
cooling effectiveness attains the highest value directly downstream of holes and with
high blowing ratio covers the widest blade surface. Film cooling on the pressure side is

lower than the suction side except for the region affected by secondary vortices.

Burdet and Abhari (2007) and Burdet ef al. (2007) simulated computationally improved
hole arrangements for the film cooling in turbine blade using three-dimensional CFD
model. A Reynolds Averages Navier-Stokes equations (RANS) simulation was
compared with experimental data to predict transonic film flow, cooling effectiveness
and Nusselt number around the blade. This study highlighted the macro-flow structure
for the interacting coolant jet process, especially near the hole region, at different hole
rows on the pressure side of the blade. The drawback of this study was that

experimental Nusselt number data was not available for all the blade surfaces.

Lu ef al. (2007) used the transient infrared thermography technique to measure film
cooling effectiveness on a blunt body with semi-cylinder leading edge and flat after-
body, modeled as turbine blade test case. Three rows of holes were arranged as
showerhead holes; the first row of holes was located on the stagnation line and the other
two rows of holes were located at 15° on the either side of the stagnation line, in
addition to angles of 0° 30°, 45° in the transverse direction. The fanned holes shape

configuration was also investigated for injection angles of 30° and 45°. The fanned
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shaped holes geometry supplied the highest film cooling, greatly in excess of the
transverse and baseline holes. Heat transfer coefficient was slightly enhanced with the
spanwise angle. All measurements were obtained at mainstream Reynolds number of

19500 based on the cylindrical leading edge diameter.

Yuan et al. (2007) predicted numerical and experimental three dimensional flow fields
(velocity) and cooling effectiveness for stationary, rotor turbine cascade. Three discrete
holes of 2 mm diameter were located on suction and pressure sides. The FINE™/Turbo
CFD software was used using the k£ —¢& turbulence model and experimental analyses
were carried out using Laser Doppler Velocimetry (LDV). The pressure side was
influenced by cooling effectiveness more significantly than the suction side for rotor

blade compared with stationary blade.

Ahn et al. (2007) Measured showerhead film cooling effectiveness distribution on a gas
turbine by using Pressure Sensitive Paint (PSP) technique. The influence of the
rotational speed on the film cooling trace was investigated at three rotational speeds.
The Reynolds number was prescribed as 2*10° and the total to exit pressure ratio was
1.12. However, the results showed that the cooling effectiveness was depressed by the

rotational speed and conversely increased with increasing in blowing ratio.

Kassim et al. (2007) studied thermal effects in turbine blade film cooling on the flow
over a blade surface, using a three dimensional incompressible flow model of the film
cooling effectiveness, and simulating the interaction between the jet and the cross main
stream flow. The NACA 0021 airfoil was modeled and tested experimentally to study
the jet flow penetration and flow configuration (the effect of jet angle and velocity ratio
on the penetration area). Good agreement was obtained between the experimental and

computational results for the different angles of attack.

Gord (2007) calculated heat transfer coefficients over a rotor surface in a pre-swirl
rotating disc system, to simulate cooling of gas turbines by the impingement cooling
technique. A three dimensional steady, incompressible turbulent flow model was used
and the results were compared with published experimental results. The static, total
pressure coefficient and heat transfer coefficients were shown to be in good agreement.
However, for total heat transfer (h), the correlation between computation and

measurements was less accurate.
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Azzi and Jubran (2004) investigated film cooling of blade turbine system with the three
dimensional finite volume method and multi block technique. The numerical domain
included the plenum of film cooling and curved blade surface and was conducted using
a k-¢ turbulence model. However, Two Layer Velocity (TLV) scale model and TLVA
(DNS-based anisontropic extension) models were used. Nevertheless, the results did not
show any improvement in the prediction of the lateral average film cooling
effectiveness compared with the wall function strategy. The experimental results were
also obtained by varying the injection angles (25°, 30°, 35°and 60°). The case of 25°
angle of injection was found to provide the best film cooling effectiveness. The TLV
model is a trade off between wall function and low Re model by considering the
viscosity region near the wall by one equation model and outer flow solved with
standard wall function. In TLVA model Lakehal et al. (2001) and Azzi and Lakehal
(2002) have been proposed extended viscose sub-layer through multiplying eddy

viscosity by a factor based on fluctuation value (u—') correlates with sets of boundary

layer and channel flow DNS data [Lakehal (2002)].

Forest et al. (2004) applied the heat transfer design code (HTDC) with a series of
experimental measurements on a scale model gas turbine blade. A computational
method was used to simulate transonic gas turbine flow to obtain aerodynamic and
thermal performance, with a mix of hot gas and relatively cool air injected via holes in
the turbine blade. Transpiration cooling was achieved by adding holes to the optimum

shape.

Thorpe et al. (2004) studied heat transfer and static pressure distributions over the tip
casing wall for a high pressure transonic axial turbine flow. Time-mean heat transfer
and time-mean static pressures were recorded in a series of experiments. For a nozzle
guide vane with exit flow conditions of Mach number (0.93) and Reynolds number
(2.7*106), all variables such as, static pressure, heat transfer rate, adiabatic wall
temperature and Nusselt number, were quantified. The results showed that the heat flux
falls by a factor of 6 (from 120 to 20 kW/m?) and also the Nusselt number falls by 36%
between the rotor inlet plane and 80% rotor axial chord. The time mean pressure plots
revealed the same circumferential variations with a large pressure gradient in the axial

direction.
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Heidmann et al. (2003) used Boundary Element Method (BEM) to solve and predict the
conjugate heat transfer effects on a realistic film cooling for a variety of blade materials.
The NASA Glenn-HT multiblock heat transfer code was utilized to solve fluid
convection, while solid conduction model based on BEM. (No volumetric grid is
required inside the solid- only the surface grid is needed since a surface grid is readily
available from the fluid side of the problem). This method eliminates one of the most
time-consuming elements of the computation for complex geometry. Two conjugate
solutions were presented for high thermal conductivity Inconel nickel based alloy and
low thermal conductivity as a Silicon nitride ceramic vane case compared with an
adiabatic wall. Numerical results showed that the conjugate case had a lower outer wall
temperature due to thermal conduction from the outer wall to the plenum. Stagnation
point temperature was reduced as thermal conductivity increased. However, some
locations of increased temperature were seen in the higher thermal conductivity for
Inconel vane case on the pressure side. Furthermore, three-dimensional heat conduction
in the solid allows for conduction heat transfer from the outer to the inner wall along the

vane wall.

Martini et al. (2003) presented numerical and experimental results for film cooling
effectiveness through a cutback trailing edge surface. The numerical calculation was
performed on an MTU (Germany's leading aircraft engine manufacturer) aero engine
using FLUENT code 6.0 with mesh generation Gambit 2.0. Experimental work was
conducted at Karlsruhe University, Germany. The film cooling effectiveness was
studied for three blowing ratios (0.5, 0.8 and 1.1) and also a slot discharge coefficient
for the double-in-line rib. Numerical results show deviations in film cooling

effectiveness at trailing edge compared with experimental data.

Ou and Rivir (2001A), Ou and Rivir (2001B) performed experimental studies using a
liquid crystal technique to obtain film cooling and heat transfer coefficients on the blade
leading edge with three rows of holes. The 1%, 2" and 3™ film holes injected at 0%
+21.5° respectively and the holes diameter d = 76 mm with pitch to diameter ratio is
7.86. The blowing ratio was utilized BR = 1, 1.5, 2 and 2.5 with two free stream
turbulence level, Tu = 1% and 20% for Re = 30000 and 60000. However, the discharge
coefficient measurements of the film cooling holes at the stagnation row were varied

between 0.62-0.69 and 0.39-0.54 in addition to 0.54-0.59 and 0.47-0.52 for 21.5° rows.
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The results showed the effect of increased turbulence intensity for Re=30000 was to
reduce the cooling effectiveness between the rows about 61% to 20% for all BR. While,
at Re=60000 an increase in film cooling effectiveness was obtained for BR = 1, 2 and
2.5 with high free turbulence. The effect of increasing blowing ratio provides highest
film cooling also increased Frossling number and the best blowing ratio was obtained at
BR=2. Moreover, the cooling effectiveness improved for all blowing ratios as the
Reynolds number increased for 20% higher turbulence case and the major effects were

obtained at BR=1 with 55% when Re was increased from 30000 to 60000.

Lakehal et al. (2001) calculated three dimensional flow and heat transfer in film cooling
for a symmetrical turbine blade, using a three dimensional finite volume method. The
experimental work was carried out in an open subsonic wind tunnel by Haslinger and
Hennecke (1997) in Germany. Film cooling utilized a set of holes arranged at the
leading edge as one row on each side (pressure side and suction side). Computations of
the flow field, temperature and film cooling effectiveness were performed for various
blowing ratios (M=0.3, 0.5, and 0.9) and lateral injection angles of (0°, 45°) were used.
The standard wall function turbulence model (k-£) was used with a two layer model.
The calculation of film cooling effectiveness contours with the measurements showed

reasonably good agreement.

Theodoridis, et al. (2001) utilized the FAST 3D CFD code to develop incompressible
fully implicit three dimensional finite volume simulations to investigate the injection of
coolant air at the leading edge of a high pressure turbine blade. The computation results
for different blowing ratios (M= 0.0, 0.7, 1.1) were compared with experimental data
including isentropic Mach number, velocity and pressure field. The turbulence model
(k- &) with wall function identified major features of the flow field. Such as, secondary

flow vortices (injected air) especially on the suction side.

Ekkad and Han (2000) measured turbine blade convective heat transfer using transient
liquid crystal thermography technique. The process involved coating the blade test
surface with liquid crystals to quantify Nusselt number and the cooling effectiveness.
This technique was employed for a complex gas turbine geometry and the results
included heat transfer with jet impingement, internal cooling, channel flow with ribs,

flat plate film cooling, and gas turbine film cooling.
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Garg and Abhari (1997) computed the Nusselt number for film cooling on a rotating
blade using three dimensional Navier-Stokes equations simulations. The transonic rotor
blade contained 93 cooling films, with five rows along the span. The computation was
based on an explicit finite volume code with an algebraic turbulence model. More than
2.5 million grid points were employed to calculate the flow. The computed heat transfer
with the film cooling near the hub on the suction surface and the experimental
measurement of heat flux were compared. However, the results generated on the

pressure surface were poor.

Garg and Gaugler (1997) studied the effect of coolant temperature and mass flow on
turbine blade cooling effectiveness. A Von Karman Institute, Belgium (VKI) rotor blade
turbine was selected in this study with six rows of cooling holes, namely three of rows
indicated on shower head. The results show that with high coolant temperature that the
effectiveness was better than with lower coolant temperature for mass flow ratio 5%. In
addition, through increased coolant mass flow ratio, the cooling effectiveness was
enhanced on the suction side, while on the pressure side it decreased for constant
coolant temperature. Generally, the cooling effectiveness was lower for higher coolant

temperature due to the effects of air compressibility.

Heidmann (1995) calculated the effect of an upstream blade wake causing
unsteadiness on the performance of the film cooling on the downstream axial turbine
blade. Aerodynamics and heat transfer were studied using a showerhead film cooling
arrangement (typical of the modern gas turbine engine) with a steady three- dimensional
viscous turbulent numerical simulation, to determine upstream swirl and stagnation
pressure. The computations obtained good results for predicting the span-average film
effectiveness.

Numerical and experimental method studies of heat transfer for flat plate using film
cooling holes, have been reviewed. The prediction of convective and conduction heat
transfer will be achieved using Fluent 6.3 CFD code to examine film effectiveness
performance. Validation between computational results and available experimental data
will be considered by showing the differences between solid and shell plate case which
correspond to conjugate heat transfer (CHT) and non-conjugate (non-CHT),
respectively. Furthermore the effects of plate material property and blowing ratio (BR)
will be demonstrated. The literature review has highlighted that the vast majority of

existing studies use a simple blade geometry and shell surface case. To extend this, and
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also to build on these flat plate film cooling simulations, a complex gas turbine blade
geometry will then be used in this study, to assess optimum performance of film cooling
in CHT for a 3-D skewed blade by examining in detail the effects of variation in
sections area (Hub, mid and shroud) on film cooling performance. Both Fluent
numerical simulations and also experimental testing of the 3-D skewed model will be

conducted.

2.4 Methodology

After reviewing the previous published studies, the majority of studies communicated
thus far, have focused on 2-D or 3-D aerodynamic flow and heat transfer on a simple
blade geometry, flat or curved plate, NACA 0012 aerofoil, symmetrical turbine blade
and simple cross section blade from hub to tip. Consequently, the methodology and the
logical thread structure in this research are represented in Figure (2-4). The complexity
of the present Thesis gradually increases. It commences with basic channel flow, then
progresses to NACAO0012 simulation (2-D curved geometry) and thereafter to a flat
plate heat transfer case and finally to the most complex scenario, a 3-D skewed gas
turbine blade. For the first three cases purely numerical simulations are conducted. For
the last case (3-D skewed blade), since this is the most realistic and representative of
actual gas turbine blades, both computational and experimental methods are used to
study the performance of blade film cooling.

The first stage of the study focuses on the flow structure inside channels and flow over
NACA 0012 airfoil. This aspect of the work is included to explain the restrictions of
the FLUENT code 6.3 solver by examining the influence of mesh refinement and mesh
type on the wall, employing three different turbulence models (k-e, RNG, SST k-w) and
studying Reynolds number effects with detailed comparison with previous Direct
Numerical Simulation (DNS) data and experimental data.

The second stage of this study will concentrate on heat transfer and flow over a flat
plate surface by exploring the effects of blowing ratio and blade material property on
flow characteristics. Numerical results will be compared with available experimental
data.

The third stage of this dissertation will analyze film cooling effectiveness on a gas

turbine blade by studying the effects of blowing ratio, cooling temperature, angle of
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injection, number of holes and holes diameter. This step will evaluate thermal
performance of the film cooling parameters on a gas turbine blade in order to attain
optimum film cooling design. Boundary conditions will also be examined in detail.

The fourth and final stage of this dissertation is the experimental study. Three turbine
blades models have been fabricated with film cooling holes injected at angles of 35°,
45° and 60°. The specimens are then experimentally assessed in the wind tunnel test
section. Experimental results will be obtained from the thermal test section as a

temperature reading for each mode.
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3.1Introduction

Computational Fluid Dynamics (CFD) is a technique employed to simulate internal and
external aerodynamic flow, heat transfer, chemical reaction, mass transfer, mechanical
movement and phase change related with body structure change. This is achieved by
solving mathematical equations which govern the given process using a numerical
algorithm on a computer with appropriate boundary conditions.

CFD simulation is a powerful mechanism for predicting fluid dynamics phenomena
and, when used correctly, provides accurate results with detailed and informative
computer-generated output (visualization of flow fields). However, CFD must be used
judiciously since incorrect application can lead to quantitative errors which largely
result from insufficient information, improper boundary condition specification, and
inadequate resolution of meshes [Celik (1993)].

Therefore, knowledge of flow characteristic performances and the full capabilities of a
CFD code are instrumental in obtaining, such things as an optimum blade shape in gas
turbine flows, before any experimental work or design is undertaken.

In this chapter, a mathematical model of fluid flow has been described and the
numerical analysis equations which are employed to accomplish a complete simulation
of the gas turbine flow dynamics and heat transfer are introduced. In addition, this

chapter elucidates the Fluent CFD code structure methodology.

3.2 Mathematical model of the fluid flow

3.2.1 Navier—Stokes equations

The numerical simulation of the physical flow and heat transfer is considered in CFD,
based on fundamental governing equations which describe the behavior of a continuum
fluid. Therefore, the governing equations for fluid motion can be derived from the first
law of thermodynamics and Newton's second law. The Navier—Stokes equations (N-S)

for three- dimensional, unsteady, viscous flow (in general form), take the form:

Continuity

op O
—+—(pu,)=0 3-1
Py 5i(,Du,) G3-1)
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Momentum equation

0 0 oOP 0 _ bu, Ou; 2 . ou
—(pu)+—(puu,)=——+ ~+ -—0,— 3-2
o ) x, (puju;) o, o) L2 o, a 305, )] (3-2)

The energy equation can be presented as:

6_E+uj6_E 9 li(k_) (3-3)
ot ox, p pox

J

where u; are the instantaneous velocity components, p is the fluid density, P is the
pressure, u is the dynamic viscosity, J; is the Kronecker delta function (equal to one if
i=j, else zero), 0/0x; represents the variation of parameters in X, Y and Z

coordinates, T is the temperature, g° is the heat flux, K is thermal conductivity, C, is
the specific heat and £ = C,T [Bradshaw et al.(1981)]. (The derivations of continuity,

momentum and energy equation are presented in Appendix (A)). [Anderson (1995)],
Anderson et al. (1984)].

In this study, the energy equation for a 3-D solid plate has been used to identify
conjugate heat transfer in a Cartesian coordinate system with temperature 7 as the
dependent variable, in the following form:

(PC)s G+ (o) G = g (K 3o’ (3-4)

Some assumptions have been applied in this research and these include steady state
conditions, absence of volumetric heat sources, a stationary solid body and position-

independent thermal conductivity.

3.3 Solution procedure

Very few flows exist for which an analytical solution to the Navier-Stokes and energy

equations are possible. [Bredberg (2002)]. Consequently, numerical techniques for CFD
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codes have been developed in order to solve the governing equations as set of partial
differential equations. Numerical methods approximate the partial differential equations

by forming a set of algebraic equations for the variables involved at the discrete grid ;
points. This process of transforming variables is termed discretization. There are
number of numerical methods which can be used to produce the equation which must be

solved. Fluent solvers are based on Finite Volume Method (FVM).

3.3.1 Finite volume method

The Finite Volume Method (FVM) is one of the most versatile discretization techniques
used in CFD. This approach is popular owing to its ability for accommodating not only
structured meshes but also unstructured meshes for handling arbitrary geometrical
shapes. Based on the control volume formulation of analytical fluid dynamics, the first
step in the FVM is to divide the domain into a number of control volumes (cells) and at
the centroid of each of the control volumes, the variable values are calculated. Figure
(3-1) shows application of finite volume method based on cell center for structured and
unstructured meshes [Tu e al. (2008)]. This numerical method consists of a number of
steps:

e Formal integration of the governing equation of the liquid flow over all the
(finite) control volumes of the solution domain.

e Discretization, including the substitution of a variety of finite difference type
approximation for the term in the integrated equation representing flow
processes such as convection, diffusion and sources. This converts integral
equation into a system of algebraic equations.

e Solution of the algebraic equation by iterative method.[Palmer et al. (2008)]
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Figure (3-1) Cell center control volume for finite volume method
A) structured mesh B) unstructured mesh

3.3.2 Spatial discretization

With numerical methods, there is a difference between the exact solution and numerical
representation of the solution in space and time. This dissimilarity in the solution is
termed the discretization error which is associated with spatial and time discretization
(difference between exact solution and numerical solution). In the Fluent 6.3 CFD
software there are some different schemes which can be applied to reduce these errors.
For example, the second order upwind scheme, which has been used in this study,
demonstrates improved solution accuracy compared with the first order scheme.
EsSentially, the second order upwind scheme is applied with triangular/tetradhedral
meshes; the solution convergence may therefore be slower. [Peyret (2000), Papadakis
and Bergeles (1995), Tu et al. (2008)]. In this study, the second order upwind scheme is
selected to achieve improved accuracy via the following equation[FLUENT (2006B)]:
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b, =p+Vp-F (3-5)

where ¢, is the face value of the cell centered and V¢ is the gradient in the upstream

cell and, 7 is the displacement vector from the upstream to the cell centroid.
The gradient V¢ of a given variable ¢ is used to discretize the convection and

diffusion terms in the flow equations. All the gradients are computed in Fluent 6.3
according to Green-Gauss Cell-Based methods. Consequently, the discrete form to

compute the gradient of the scalar ¢ at the cell center via the following equation:
1 &E——

(Vo) =—2.94; 4; (3-6)
Q S

By default, the face value@ is calculated from the average values at the neighboring
cell centers using the following relationship:

e ¢ i + ¢ i+

¢, = % 3-7)

where ¢, and ¢,,, are the neighboring cell center values

3.4 Flow models

Turbulence is a natural phenomenon in fluids which occurs when velocity gradients are
high, resulting in significant disturbance in flow domain. Turbulent flows invariably
come in contact with boundaries and are always characterized by three dimensional,
random fluctuations. Turbulence requires a substantial modification of the laminar
Navier-Stokes equations resulting in even more complex non-linear Partial Differential
Equations (PDE). The successful solution of turbulent flow problems drastically
depends on how accurately these new terms can be modeled in terms of the other flow
variables. There are basically four approaches to handle these additional terms:

1. Direct Numerical Simulation (DNS)

2. Large Eddy Simulation (LES)

3. Detached Eddy Simulation (DES)

4. Reynolds Averaged Navier Stokes (RANS)
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The Reynolds Averaged Navier-Stokes (RANS) equations are the most popular
approach implemented in CFD calculations for realistic engineering problems which

can be applied to perform numerical approximations. [Lucas (2005), Chung (2002)].

3.4.1 Reynolds Averaged Navier Stokes (RANS) equation

The methodology is based on the decomposition of the flow variables into a mean and a
fluctuating part. Hence, the governing N-S equations (3-1 -3-3) can be solved for the
mean values, which is the most relevant for engineering applications. Time averaging of
mass and momentum equation for either incompressible or lower compressible flows

can then be performed [Blazek (2005)].

Since Reynolds decomposition is defined as; ¢ = (Z—l— ¢'\

Instantaneous Mean Fluctuation
Therefore:
op 0 —
—_— =0 3-8
o o, P 3-8)
oP o . du Ou, 2_0du. 8,64 ——
—(pu,;)+—(pu,u e — L+ -=8, —D)]+—(~pu'
2 (o ]<p D= o T UG 30 g I g )
(3-9)

where —a—xq—( puu )1s the Reynolds stress (closure).

J

Transition between the Navier-Stokes (laminar) and Reynolds equations (turbulent)
displays additional terms known as closure terms, which are due to turbulent fluctuating
motion (where the prime and above-bar indicates the turbulence fluctuation and
Reynolds averaging). It is necessary to produce a robust relation between the Reynolds
stresses and the quantities of the mean motion [Schlichting and Gersten (2003)]. Some
consideration is required to move from the eddy viscosity method to the Reynolds stress
closures. Two assumptions are necessary. .

First, the flow is assumed to be not far from equilibrium so that convection and
diffusion are small compared to production and dissipation. Secondly, Reynolds number

is high [Bradshaw et al. (1981)]. The following relationship is commonly employed:
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’ 4

Boussinesq relationship: R, =-u, u; = 2b g (3-10)
P

P%j i

h S-l(gu—"+a—u’—)' he stress t
whnere ij 2 ax‘ ax' 1S the stress tensor.

The level of closure models can be:
e Zero equation (mean motion is unaffected by turbulence intensity and length

scale, L is mixing length which is presumed known).

p, = pl2 28,8

e One equation model is assumed directly proportional to kinetic energy (%
model) or turbulence viscosity (Spalart — Allmaras model).

e The two-equation model is less restrictive, both kinetic energy (k) and
dissipation € or kinetic energy (4) and vorticity @ are represented by transport
equations (k¥ —&,k—® models). [Eghlimi et al. (1997)] supposed and applied
two models for ReNormalization Group (RNG) turbulence to predict turbulent
gas particles flow in Eulerian formulation.

e Full Reynolds stress closures.

Therefore, the RANS equation model includes all of the flow eddies. The objective in
RANS turbulence modeling is to represent the unknown Reynolds stress (closure) in

terms of the known (mean flow).

34.2 k-& Turbulent flow equation

Launder and Spalding proposed the two-equation turbulence model, which includes
kinetic energy (k) of the fluctuating motion and kinematic rate of
dissipation (&) [Patankar (1980)]. Clearly, CFD transport equations also allow additional
phenomena to be simulated, for example, non-reacting gas mixtures, which are
introduced as a jet in a crossflow at a different density as described by Renze et al.
(2008). Consequently, the k- £ equation is the command turbulence model and widely
employed in engineering simulations and this requires specification of the initial
boundary conditions. These involve algebraic approximations for turbulence kinetic

energy (k) and its rate of dissipation (¢) via a semi-empirical model. The (k-¢)
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turbulence model has been applied to incompressible flow and is widely used in
FLUENT, for which the initial boundary conditions need to be supplied. The turbulence

kinetic energy (k) and its rate of dissipation (&) are a semi-empirical model; hence

these equations can be written as:

—(pk)+—(pku)——[( +“')7]+G +G, - pe-Y, +S,  (3-11)

.I o J

2
—(pg)+—(pgu )—_[(/H‘ a )_]"'C (Gk +C3£Gb)_C2.¢:p€7+Sa

J 3 J
(3-12)
where

G, is the general turbulence kinetic energy due to the mean velocity gradients
G, is the general turbulence kinetic energy due to buoyancy
Y,, is the contribution of the fluctuating dilation in compressible turbulence to the

overall dissipation rate.
Turbulent kinetic energy (k) is used as form of velocity scale (€) and the dissipation

rate (&) as length scale (/).

3
('2-)

Noting that: @ =k and I = L2

£
k2
4, : is the turbulence (or eddy) viscosity, 4, =C, p0! = pC,—
£
C, =142
C,, =1.68
C, =0.085
o, =0.7194
o, =0.7194

In this thesis, computations were completed in FLUENT 6.3 via a series of steps,
including grid checking, model solver definition (segregate implicit CFD technique)
selection and turbulence simulation with the standard RNG(k—-¢) model. The
ReNormalization Group RNG model suggested by Yakhot ez al. (1992). RNG model is
employed in this study to renormalize the Navier—Stokes equations, to account for the

effects of smaller scales of motion. Basically, the RNG turbulence model is derived
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from instantaneous Navier—Stokes equations using the mathematical technique known
as RNG theory. The RNG model includes modification terms for the rate of dissipation
(¢) with scale expansion for Reynolds stress to improve the accuracy for rapidly strained
flow and provides an effective turbulent viscosity for low Reynolds number effects. The
RNG model is a powerful methodology in modern turbulence studies and has been used
by Zhang and Orszag (1998) to simulate high Reynolds number pipe flow. In addition
to, Lakehal (2002) has elucidated that there is little advantage to using different
viscosity data for Reynolds Stress turbulence Model (RSM) as compared with the eddy
viscosity model. Recently, wall bounded turbulence was investigated numerically by
Daud et al. (2011A) with different turbulence models (Spalart—Allmars, k—¢, Re-
Normalization Group (RNG), and Shear Stress Transport (SST) k—®) and compared
with DNS and experimental data. The RNG numerical results in particular, achieved

good correlation.

3.43 Wall Treatment

The amount of heat transfer is strongly linked to the flow structure near the solid wall
associated with the boundary layer and also to the turbulence model effects.
Consequently, the flow structure near the wall region can be divided principally into
three layers. Firstly, the interior layer (viscous layer) is almost laminar and the viscosity
plays a dominant role in momentum (and heat transfer). Secondly the intermediate
region (buffer layer) is affected by the viscosity layer and the turbulent layer. Finally
the outer layer (turbulent layer) is fully turbulent and here turbulence exerts a major
role. Figure (3-2) shows turbulent boundary layer universal velocity profile.

Since the viscous sub layers are not resolved in most practical calculations with the k—¢
model, numerical accuracy is sufficiently achieved through refining the boundary layer
mesh near the wall at the sub-layer region. In this work, two kinds of wall treatments
have been employed, namely Standard Wall Function (SWF) and Enhanced Wall
Treatment (EWT).
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(Re, > 200) [Wolfstein (1969), Chan and Patel (1988)]. Both turbulent viscosity and

dissipation rate are determined from modified formulas:

pe = pC, kI,
(3/2)
g=F (3-14)
L,
Where the two mixing lengths are defined by:
Re,
I, = Cpyll—exp(-—=)]
AE
Re,
I, =Cyl1-exp(- y ) (3-15)

[

With 4, =70, C, =ka"3’4), A4, =2C,

The enhancement wall function is employed in all flow domains near the wall. Namely,
at the Laminar sublayer, buffer layer and turbulent layer.

However, the fully turbulent law will be modified and is extended to account for other

effects such as pressure gradients or variable properties. The velocity profile in this case
is represented where 3 < y'< 10 (buffer layer). [Kader (1993)]

3.5 CFD simulation procedure in FLUENT

Three main CFD simulation procedure steps are summarized in Figure (3-3). Namely,
the pre-processor, solver and postprocessor, appear as coloured arrows on the flowchart
(left hand side) to assist in understanding the technique followed. The Pre-processor
step commences with an attempt to create CAD wire frame geometry for the fluid flow
physical domain. GAMBIT is used to build the model geometry. There is an additional
feature to import Initial Graphics Exchange Specification files (IGES). This feature
facilitates importing the geometry wire frame constructed using other CAD packages.
Once the physical domain geometry is represented in the GAMBIT editor as a wire
frame, a surface generation procedure is employed to construct the solid surface or skin
using the wire frame geometry or so called body skeleton. Subsequently, GAMBIT

performs stitching of the solid surface into integrated volume sub-blocks.
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The process of grid generation strongly depends on a number of factors including the
numerical calculation procedure, degree of geometry complexity, computational domain
and computer power. Consequently, unstructured meshes can be successfully used for
unstructured volumes (complex shapes) while structured meshes are utilized for
uniform volume shapes. Once the volumes have been meshed, the flexibility of
GAMBIT allows the checking of mesh quality (skewness degree). The best meshing is
achieved when the skewness degree is less than 0.85. If the mesh skewness is between
0.85 and 1, this corresponds to a high level of skewness within the geometry.

Appropriate physical boundary conditions can be defined and employed consecutively
in the GAMBIT and FLUENT software for the required surface, walls, fluid properties
and flow domain to perform numerical simulation. Therefore, after acquiring a
converged solution (the solution convergence strategy will be demonstrated in chapter
six), the FLUENT editor offers presenting numerical results as velocity vector plots,
counter plots and XY plots. Numerical solution and set up can be saved as case and

data files for further calculations or refinement.

3.6 FLUENT solver technologies

There are two approaches which may be used in any CFD code for simulating fluid flow
and heat transfer. Firstly, the pressure-based approach which traditionally has been
used for incompressible and mildly compressible flow as well as laminar and turbulent
flows [Djavareshkian and Reza-Zadeh( 2006)], provides a high resolution scheme in
calculating interference density values to enhance the shock capturing property. This
study utilized the Semi-Implicit Method for Pressure Linked Equation (SIMPLE)
algorithm to solve velocity-pressure coupling with a segregated implicit technique.
Secondly, the density-based approach has been designed for high speed compressible
flow with an existing two formulation methodology- implicit and explicit. In contrast to
this approach, the pressure-based approach uses only an implicit formulation.

Both formulations are alternate methodologies for linearizing the coupled equations.
The implicit technique is used for steady flow and provides faster runs but requires
much more memory and there is only one set of unknown variable in all the mesh cells

at any one time.
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3.6.1 FLUENT solution algorithms
There are two strategic steps used in the FLUENT software for solver algorithm
methods. These are the segregated solver and the coupled solver. In this thesis, the

segregated solver has been used.

Segregated solver
Segregated solution method is a very common solver. It is widely implemented in

numerous industrial flow applications. This type of solver is a non-linear solver.
Consequently, several iterations of the solution loop must be performed before a
converged solution is attained. The solution steps for the segregated-solver are

illustrated in Figure (3-5) and are as follows:

1. Fluid properties are updated based on the current solution. If the calculation has
just commenced, the fluid properties will be updated from the initialized
solution.

2. The u,vand w momentum equations are each solved using the current value for

pressure and face mass fluxes, in order to update the velocity field.

3. Solve the pressure correction equation using obtained velocity and mass flux.

4. Correct face mass flux such that continuity is satisfied and the pressure and the
velocity field using pressure correction are obtained from step 3.

5. Suitable equations for scalars such as turbulence and energy are solved using the
previous update for the other variations.

6. A check for convergence of the equation set is made [FLUENT(2006B)].
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