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INTRODUCTION

The turbine extracts kinetic energy from the expanding gases, which flow
from the combustion chamber. The Kkinetic energy is converted to shaft
horsepower to drive the compressor and the accessories. The axial-flow turbine
consists of a set of stationary vanes (stator) and a turbine wheel (rotor). The set of
stationary vanes of the turbine is a plane of vanes (concentric with the axis of the
turbine) that are set at an angle to form a series of small nozzles which discharge
the gases onto the rotor to allow the kinetic energy of the gases to be transformed

to mechanical shaft energy, these are described by Jack, [].

The turbine rotor increases in length from the first to the last stage. The
stage consists of a set of stator blades followed by a set of rotor blades. The
function of a turbine rotor is to extract energy from the fluid and convert it to
mechanical through the rotation of blades and the purpose of a nozzle is to

accelerate the flow and guide it smoothly into the rotor.

The high-pressure, high-temperature gas flows from the combustion
chamber is expanded through stationary vanes (nozzles). Static pressure and
enthalpy drop occurs through these nozzles, which guide the flow smoothly into a
turbine rotor. The flow then passes through the rotor where all the stagnation and
static properties change. The absolute velocity increases across the nozzle, and

decreases across the rotor, these are defined by Budugur, [Y].

The cycle of gas turbine power plant is shown in Fig. (1-Y). The axial gas

turbine plants consist of compressor, combustion chamber, and gas turbine.
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Fig.(1-') shows that the cooling air to cool the turbine is bled from the

compressor, Ref. [7].

Gas Turbine

Fig. (*-1) Axial Gas Turbine, Ref. [¥]

v.v Effect of Turbine Entry Temperature on Engine’s

Efficiency and Blade Materials: -

In order to increase the thermodynamic efficiency of a gas turbine engine,
a high turbine inlet temperature is required. This also means higher-pressure
ratios because optimum pressure increases with increasing turbine inlet
temperatures for both efficiency and power. High-pressure ratio units have higher
capital costs than lower pressure ones, but the decrease in fuel consumption is

rapidly payback for this capital cost differential.

The components that suffer most from a combination of high temperatures,
high stresses, and chemical attack are those of the turbine first-stage fixed blades
(nozzles) and moving blades. They must weldable and castable and must resist

corrosion, oxidation and thermal fatigue, [¢].
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The gas turbine working at high gas temperature between 1¢-°C and 4¢-°C,
nickel and chromium based alloys are used. Cobalt alloys have high strength and
resistance to oxidation up to temperature of 1)2.°C, other alloys for gas turbine
blades at high temperatures have manganese, molybdenum, copper, columbium,

silicon, tungsten vanadium and zirconium, these are described by Turner, [¢].

Therefore, the high temperature passing on the turbine blades causes
thermal stress to the turbine blades materials. To reduce the effect of thermal

stress upon the materials of blade, cooling of blades is required.

1. Turbine Cooling: -

The turbine components in modern gas turbine engines are subjected to
much higher temperatures than the components in turbine bulit ¢+ years ago.
These components can resist high temperature due mainly to improvements in

metallurgy and cooling of turbine components.

A schematic diagram of a typical turbine cooling system is shown in
figure (1-Y). The stator blades and the outer wall of the turbine flow passage use
cooling air that travels from the compressor between the combustor and outer
engine case. The turbine rotor blades, disks and inner wall of the turbine flow
passage use cooling air that is routed through inner passage ways. The first-
stage, stator blades (nozzles) are exposed to the highest turbine temperatures. The
first stage, rotor blades are exposed to a some what lower temperature because of
circumferential averaging, dilution of turbine gases with first stage stator cooling
air and relative velocity effects. The second-stage, stator blades are exposed to an
even lower temperature because of additional cooling air dilution and power
extraction from the turbine stage. The turbine temperature decreases in a like

manner through each blade row, ['].

(%) Film cooling

(Y) Convection cooling
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v.v.y Methods of Blade Cooling: -

The cooling technology mainly uses air as a coolant fluid and in
some cases the water is used to perform this function. Figure (1-¥) illustrates the

methods of blade cooling that have received serious attention and research effort,

these are reported by Cohen, [1].

Blade Cooling

L

AIR cooling LIQUID coaling
|

[
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A part from the use of spray cooling for thrust boosting in turbojet engines,
the liquid systems have not proved to be practicable. There are difficulties
associated with channeling the liquid to and from the blades, whether as primary
coolant for forced convection or free convection open thermosyphon systems. It
Is impossible to eliminate corrosion or the formation of deposits in open systems,
and it is very difficult to provide adequate secondary surface cooling area at the
base of the blades for closed systems. So, the most common methods used in

production of engines are air-cooling, [1].

The air cooling methods used in the turbine are illustrated in figure
("-¢) and can be divided into the following categories, these are reported by
Ref.[)]:
Convection cooling.
Impingement cooling.
Film cooling.
Full-coverage film cooling.

o, Transpiration cooling.

= S ﬂ ‘
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= Chapter One

Application of these five methods of cooling to turbine blades are shown in

figure ()-°)

-~ .
A Convection-cooled
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v.v The Scope of the Present Work: -

The scope of this research can be summarized in the following stages:
1) To find the temperature distribution in air-cooled turbine blades using
transformed finite difference equations by establishing a special technique in the
use of the finite difference method with complicated geometries. This technique
iIs known as body-fitted coordinate system. The results of the present work are
compared with that using finite element method. This has been dealt within

chapter three.

i) Inchapter four deals with the boundary conditions used in this work for
six cases and deals with the computer program which is constructed to

perform the calculation of temperatures based on the analysis.

iii)  The main conclusions drawn from this work and suggestions for further

works are given in chapter six.



LITERATURE REVIEW

v.v Introduction: -

Temperature distribution in air-cooled gas turbine blades is very important
in the design of modern gas turbines. To determine the temperature distribution in
the turbine blades there are numbers of experimental work and theoretical
researches in this field to get the best means for improving the increase of its

operating conditions.

In the following sections, brief reviews of grid generation techniques,
analytical, numerical and experimental solutions for turbine blade cooling are

discussed.

v.v Numerical Work: -

Several numerical methods are available to solve differential equations of
heat transfer conduction. Among these methods are the finite difference, finite
element and control volume approaches. In many applications the turbine blades
have complex geometries, complex boundary conditions and hence they cannot

be solved analytically.

Thompson J.F., [Y], Y4A¢, presents a grid generation technique and worked
extensively on using elliptic PDE’s to generate grids. The grid generation
technique transforms the physical plane into computational plane where the

mapping is controlled by a Poisson equation.
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Anderson D.A, [A], Y4A¢, classified grid generation techniques into three
categories, they are: complex variable methods, algebraic methods and
differential equation techniques. Algebraic and differential equation techniques
were used on complicated three-dimensional problems in conjunction with finite
difference methods. The application of these techniques and a number of

examples showing generated grids had been studied.

Gilding B.H., [%], YaAA, describes a technique for the generation of
boundary-fitted curvilinear coordinate systems for the numerical solution of
PDE’s in two space dimensions. The technique is algebraic which has a
transfinite character, and it is based on the blending of shearing transformations.
Applications to numerical grid generation for problems in the field of

computational fluid dynamics are presented.

Walker, M.J.B., ['+], Y944, introduced a master thesis that involves the
determination of temperature distribution within a turbine blade for three
configurations of cooled blades (circular, elliptical cooling holes, and cooling
with impingement and trailing edge ejection). The determination was by the use
of finite element method and for each type, the analysis was demonstrated with
different specific boundary conditions and heat transfer correlations. The results
are acceptable in terms of their accuracy. This was determined by applying the

procedure to a test case and comparing the results with the reference results.

Dawes W.N., [''], Y24¢, described the application of a solution-adaptive,
three-dimensional Navier-Stokes solver for the flow in turbine internal coolant
passages. This solver had been applied to the complex geometry of a serpentine
passage in a cooled radial inflow turbine rotor blade. The work has two
objectives: first to predict the complex aerodynamics of the coolant passage and
second attempting to predict the variation of heat transfer coefficient within the

coolant passage.
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Tekriwal P., [VY], Y44¢, used standard and extended K.€ turbulence
models to predict three-dimensional heat transfer calculations for radially
outward flow in rectangular and square ducts rotating in orthogonal mode. The
finite-difference method is used to obtain the results in the present modeling
effort. The numerical model predictions for heat transfer have been compared
with the limited experimental data. The relative performance of the two K.€
models is also evaluted. Results show that the heat transfer is enhanced at the
trailing wall and impaired at the leading wall due to rotational effects, and
improvement in heat transfer predictions by the extended K.€ model is observed

at high as well as low Reynolds number flows.

Dilzer M. et al, ['¥], 494, have optimized a three-layered hybrid ceramic
first stage nozzle vane for a stationary gas turbine in order to improve the
reliability. The optimization is performed by finite element analyses in
combination with failure probability calculations. The concept is based on a
three-layered construction (outer ceramic shell, heat insulating layer and metallic
core) and an optimization of the thickness of the single layers, in order to obtain a
homogenous temperature distribution in the ceramic structure. This method has
been applied to increase the reliability of a first stage Sintered Silicon Carbide
(SSiC) ceramic nozzle vane of a stationary gas turbine (v MW/ ¢..°¢). As a
result it was found that the mechanically and thermally induced loads have been
reduced considerably and do not exceed ()« Mpa) thus achieving adequate life

based upon failure probability calculations.

Natalini and Sciubba, [Y¢], Y424, presented the results of a numerical
configuration study on a two-dimensional model of an internally cooled gas
turbine vane. The vane is internally cooled by a radial flow of air through three
separate internal channels. The cooling air assumed to be discharged from the
vane tip. The analysis applied to a two-dimensional cascade at medium Reynolds

number, subsonic Mach number and steady state. The full Navier-Stokes
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equations of motion for turbulent viscous flow, together with the appropriate
energy equation, are solved by using a standard finite-element code with a K.€
closure, to obtain complete velocity and temperature fields. The procedure in
general, can be extended to different configuration and different operational
conditions, and provides the designer with a rotational and effective tool to assess

the actual losses in the fixed and rotating turbomachinery cascades.

Jaleel J.M., [)e], Y++), illustrated the finite difference method with
suitable approximation for curved boundary to determine the temperature
distribution within air-cooled turbine blade utilizing circular cooling holes and
verified the effectiveness of the irregular finite difference method on curved non-

uniform shapes such as turbine blade.

Kuder D.S., ['1], Y:'¥, submitted a master thesis that involves the
prediction of temperature distribution in gas turbine air-cooled blades from hub to
tip. It was achieved through the use of control volume technique. The control
volume mesh deals with irregular boundary. Unsteady state two dimensional heat
transfer was used to get the temperature distribution. The results of thermal
analyses obtained in two case studies in which cooling passages were taken as
(1) circular holes, with different diameters and as (¥) channel passages. Her
results show that the surface temperature distribution with channel cooling
passages is (Y+%) lower than the surface temperature distribution with circular

cooling passages.

Marie et al, [\Y], Y++¥, presented a paper to determine the flow and
temperature fields around an inlet guide vane numerically by CFD method. The
governing equations are solved by ¥D finite-volume Navier-Stockes method. In
particular the outer surface temperature, heat transfer coefficient distributions and
static pressure distributions are also presented. Three different thermal boundary
conditions on the vane blade are analysed:

uniform wall temperature on the outer van surface,
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non-uniform wall temperature distribution on the outer vane surface based
on experiments, and
conjugate heat transfer wall condition.
He concluded that the results showed the calculated values agree very well
when the computed results are compared with experimental data from tests in a

hot cascade rig at ABB Alstom Power AB in Sweden.

v.*r Analytical Work: -

Debruge and Han, ['A], Y4vY, analyzed a method of cooling turbine blades
internally by continuous injection through an interior baffle. The analytical model
consists of a channel formed by a solid wall (blade surface) and a porous plate
(injection source). Based on steady flow of an incompressible fluid with constant
physical properties and laminar-flow assumptions, the velocity and temperature
fields are determined for both the two-dimensional and axisymmetric cases. A
turbine blade considered in a high-temperature stream with a constant stagnation
temperature T, and an external heat transfer coefficient h, which may be variable.

The heat flux from the external stream to the blade surface is then

Qthe[Te_Tw] (YY)
where, T, is the blade surface temperature variation given by the following
equation,

Ty=To+ ZCm(X/L)m o (N.Y)

m=0

Where m: integer index
The Nusselt number for a power-low surface-temperature variation are obtained

and expressed in terms of the Prandtl and the Reynolds numbers.

Peter L.M., ['4], YavA, considered the potential benefits of combining full-
coverage film cooling with a thermal barrier coating. It was investigated

analytically for a turbine vane by calculation the metal and ceramic coating



temperatures as functions of coating thickness and coolant flow. Calculations
were performed for sections on the suction and pressure sides of a high
temperature, high-pressure turbine vane. With a thermal-barrier coating the
coolant flows required for the chosen sections were half those of uncoated design,
and the metal outer temperatures were simultaneously reduced by over Yv°K
(v¢-°F). For comparison, transpiration cooling was also investigated. Full-
coverage film cooling of a coated vane required more coolant flow than did

transpiration cooling.

Eckert E.R.G., [Y+], Y3A¢, presented two calculation methods, “A” for film
cooling and “B” for full-coverage film cooling, for the prediction of heat transfer
in film cooling. Both are based on the principle of superposition of solutions of
the temperature fields for a constant property fluid. The method “A” is based on
film cooling effectiveness and heat transfer coefficients has been widely used for
the presentation of results obtained in film cooling with injection through slots
and a porous section as well as through one or two rows of holes. This method
has the advantage that laterally arranged heat transfer coefficients or Stanton
numbers defined in this way are independent of the imposed temperature
differences for a constant properly situation and are close to values for
convection film cooling for the region some distance downstream of injection.
For the region close to injection, they increase with decreasing distance to values,
which are up to Ye percent higher than those for convection cooling. Method “B”
is based on the parameters 6 and K. This method has the basic disadvantage that
the heat transfer coefficient or the Stanton number vary in an irregular way with

the temperature difference (TW —Tw) as defined in equation

dw =h'(Ty - Ts) o (VY)
and a dimensionless parameter, @, is used
0 =@ ...(Y.i)

TW - Too
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and
i'=1+ K@ o(1.9)
(0]
where,
k="M (1)
hs

This irregular way can be avoided when the film cooling process for the

perforated section is also calculated with method “A”.

v.¢« Experimental Work: -

Nicholson et al,[¥'], ‘avv,studied optimization for aerodynamic
performance in high-pressure turbine blades without any film cooling applied to
the surfaces of the blades. This research showed that modern boundary layer
prediction techniques are sufficiently accurate to allow the heat transfer to be
considered at the profile design stage. Two turbine rotor profiles were designed,
each with a heat transfer optimized pressure surface, and a detailed experimental
study using transient techniques in the Oxford cascade tunnel. A description of
the profile is given, together with transfer rate measurements, pressure
distribution and aerodynamic loss measurements and flow visualization
photographs. The results of this research show that significant reductions in
pressure surface heat transfer can be achieved by boundary layer optimization

without compromising the aerodynamic efficiency of the blades.

Frederick et al, [YY], Y4V¢, investigated the cooling effectiveness of three
film-cooled vanes, each with different internal cooling configurations. The
cooling effectiveness of two film-cooled vanes was compared to the cooling
effectiveness of two-non film - cooled vanes of similar internal cooling geometry.
The cooling effectiveness of the third vane was compared to non-film cooled

vane which had significantly different internal cooling geometry. The cooling
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effectiveness values used in the comparisons were obtained from experimental
correlations. The comparisons indicated that, for the vane configurations and test
conditions examined, film cooling had an adverse effect near the suction-surface
trailing edge of the vanes. Film cooling was found to be beneficial to the cooling

of the pressure surface of the vanes.

Hay et al., [Y], Y2A¥, measured the discharge coefficient of single rows of
holes in a specially constructed isothermal rig over a wide range of geometric and
flow conditions. Mainstream and coolant Mach numbers have been varied
independently over the range + to ..¢ for pressure ratios in the range : to Y.
Cooling hole length to diameter ratios were varied between Y and 1, and
inclinations of ¥-° 1.°and 4-° were used. The results show that the influence of
crossflow is strong and complex, particularly with regard to that on the coolant

side.

Nealy et al, [Y¢], Y4A¢, presented the results of an experimental study of
aerodynamic and heat transfer distributions over the surfaces of two different,
highly loaded, low-solidity contemporary turbine vane designs. The aerodynamic
configurations of the two vanes were carefully selected to emphasize
fundamental differences in the character of the suction surface pressure
distributions and the consequent effect on surface heat transfer distributions. The
experimental measurements were made in moderate temperature, three vane
cascades under steady state conditions. The principal independent parameters
(Mach number, Reynolds number, turbulent intensity, and wall-to-gas
temperature ratio) were varied over ranges consistent with actual engine
operation, and the test matrix was structured to provide an assessment of the

independent influence of each parameter.

York et al, [¥e], Y2A¢, introduced a paper to produce a data base of end
wall heat transfer in the first-stage stator in advanced turbine engines. A linear,

two-dimensional cascade was used to generate the data base. The test plan



provided data to examine the effects of exit Mach number, exit Reynolds number,
inlet boundary layer thickness, gas-to-wall temperature ratio, inlet pressure
gradients, and inlet temperature gradients. The data generated consist of inlet,
intrapassage, and exit aerodynamic data plus intrapassage endwall heat flux,

adiabatic wall temperature measurements and inlet turbulence data.

Hussain A.K.[Y1], Y44+ studied an experimental study of radiation from
coated turbine blades. The work consists of both experimental and theoretical
prediction of turbine blade temperature distribution. He found that coating type,
coating thickness and temperature measurement technique has a big influence on

blade metal temperature and hence on turbine life.

Salcudean et al, [YVY], Y24¢, investigated experimentally the film cooling
effectiveness by using a flame ionization technique based on the heat and mass
transfer analogy. The measurements were made over the surface of the turbine
blade model composed of a semi-cylindrical leading edge bonded to a flat after-
body. The secondary flow was injected into the boundary layer through four rows
of holes located at +1¢° and + ¢¢° about the stagnation line of the leading edge.
Discharge coefficients and flow divisions between the Y° and ¢¢° rows of holes
have also been measured. The strong pressure gradient near the leading edge
produces a strongly non-uniform flow division between the first (£ 1¢°) and the
second (% ¢£¢°) row of holes at low overall mass flow ratios. This produced a total
cutoff of the coolant from the first row of holes at mass flow ratios lower than
approximately -.¢, leaving the leading edge unprotected near the stagnation line.
Stream wise and span wise plots of effectiveness show that the best effectiveness
values are obtained in a very narrow range of mass flux ratios near -.¢ where

there is also considerable sensitivity to changes in Reynolds number.

Mcmillin and Lau, [YA], Y44¢, studied the local heat transfer distribution
and pressure drop in a pin fin channel that models the cooling passages in modern

gas turbine blades. The detailed heat and mass transfer distribution is determine
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via the naphthalene sublimation technique for flow through a channel with a 13-
row, staggered vx Y array of short pin fins (with a height-to-diameter ratio of :.»,
and stream wise and span wise spacing-to-diameter ratios of Y.¢) and with a flow
ejected through holes in one of side walls and at the straight flow exit. The pin fin
and the channel wall heat and mass transfer are obtained for the straight-flow
only and the ejection flow cases. The results show that the regional pin heat and
mass transfer coefficients are generally higher than the corresponding regional

wall heat and mass transfer coefficients in both cases.

Ou and Han, [¥4], Ya4¢, investigated experimentally the effect of unsteady
wake and film injection on heat transfer coefficients and film effectiveness for a
gas turbine blade. Experiments were done with a five airfoil linear cascades in a
low-speed wind tunnel at a chord Reynolds number of vx\+°. A model turbine
blade injected air or CO; through one row of film holes each on the pressure and
suction surfaces. The results show that the large-density injecting CO. causes
higher heat transfer coefficients on the suction surface and lower heat transfer

coefficients on the pressure surface.

At the same year, Zhang and Han, [¥:], studied the influence of
mainstream turbulence on surface heat transfer coefficients of a gas turbine blade.
This test was done in the same low-speed wind tunnel. The mainstream Reynolds
numbers were Y+« ««+ Yoo oooand Yoo based on the cascade inlet velocity
and blade chord length. The results show that the mainstream turbulence
promotes earlier and broader boundary layer transition causes higher heat transfer
coefficients on the suction surface, and significantly enhance the heat transfer

coefficient on the pressure surface.

Abuaf and Kercher, [¥], Y24¢, investigated the aerothermal performance
of a typical turbine blade three-pass turbulated cooling circuit geometry ina Y+ X
Plexiglas test model. The model closely duplicated the blade’s leading edge, mid

chord, and trailing edge cooling passage geometries. Steady-state heat transfer
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coefficient distributions along the blade pressure side wall of the cooling circuit
passages were measured with a thin-foil heater and a liquid crystal temperature
sensor assembly. The near-atmospheric experimental data are compared with
results of a Computational Fluid Dynamics (CFD) analysis at the operating
internal environment for a X rotating model of the blade cooling circuit and

other turbulator channel geometry heat transfer data investigations.

Moss et al, [¥Y], Y494, compared the measurements of turbine blade surface
heat transfer in a transient rotor facility with predictions and equivalent cascade
data. The rotating measurements involved both forward and reverse rotation
(wake-free) experiments. The use of this film gases in the Oxford Rotor Facility
provides both time-mean heat transfer levels and the unsteady time history. The
time-mean level is not significantly affected by turbulence in the wake; this
contracts with the cascade response to free-stream turbulence and simulated wake
passing. Heat transfer predictions show the extent to which such phenomena are
successfully modeled by a time-steady code. The accurate prediction of transition

Is seen to be crucial if useful predictions are to be obtained.

Drost and Bolcs, [*v], Y444, studied the aerodynamic performance of a
turbine (NGV) airfoil, cooled from several shower head, pressure and suction
side stations. Film cooling heat transfer and effectiveness on this airfoil was
examined. Tests were conducted in a linear cascade at an exit Reynolds number
of v.¢ex." and an exit Mach number -.A. Density ratio effects were studied with
air and COx injection for the simulation of high-density ratios, the latter has been
matched using strongly cooled air and heated CO+. The thermodynamic losses did
not match at constant density ratio, but at constant coolant Mach number, when

compared at constant coolant mass flow rates.

Ken et al, [v¢], Y+, investigated experimental tests in a low-speed wind

tunnel cascade to determine the film-cooling effectiveness of the film-cooling

Y4
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hole geometry on turbine airfoils. This paper presented the results of a parameter
study, in which the film-cooling geometry on turbine blades and vanes was varied
between shaped film-cooling holes, full coverage film cooling and indicated that
shaped film-cooling is one of the most effective cooling methods if it is adopted
in the region where the mixing between the mainstream and the film-cooling jet
Is suppressed. The results of full coverage film-cooling and heat transfer
characteristics of rotating serpentine flow passage with and without angled

turbulence promoter had been presented in the full paper.

Stefan L.F., [¥°], Y-+, have done an experimental evaluation of both
standard and prototype blade designs under real base load conditions by using
optical pyrometry. Pyrometry is a valuable tool for the quality assurance, since
the temperature distribution of each individual blade is determined carefully. This
paper describes the application of a newly developed high-resolution pyrometer
to the latest prototype, the VA YAY 1.Hz YA+ Mw gas turbine. Thus, using new
pyrometer probes in conjunction with a continuous data acquisition mode allows
reliable, highly resolved blade surface temperature measurements, where errors

and potential risks for the gas turbine are minimized at the same time.

It has been shown from above researches reported here, that their mainly
study concentrate on the methods to determine temperature distribution within
the blade material. These methods are: analytical, experimental and numerical
methods such as control volume, finite element and finite difference method.
More progress is needed in present study by using finite difference method with
body fitted coordinate system is made to predict the temperature distribution in

turbine blade.



GHAPTER THREE

MATHEMATICAL MODEL

v Introduction: -

In order to employ high gas temperatures in gas turbine stages it is
necessary to cool the casing, nozzles, rotor blades and disks, []. Heat transfer
can be defined as energy in transit due to a temperature difference, [*1]. There are

three primary modes by which heat transfer process occurs. They are:
Conductive heat transfer.
Convective heat transfer.
Radiative heat transfer.

The heat conduction process can be quantified through Fourier’s law of

conduction, which for one-dimensional system is: -

dT
] —_— . 8k s0ee (r.\)
q=—KA dy

When cooled turbine blades are employed, heat is transferred through and
from blade metal. Heat is carried away by coolants leaving a cooler turbine blade.
The second mode of heat transfer that may occur around the turbine blade and in
cooling passages is the convective heat transfer, which takes place between the
blade surface and the gas flowing around turbine blade and inside the blade

cooling passages, it is given by the Newton’s law of cooling:

qzhAconv.(AT) ...... (r.v)

Y
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Third mode of heat transfer may be emitted from a surface is the radiation.

It is given by the following expression:

q:o-Ar(TS4 _Toj) ...... (r.v)

Where o is the Stefan-Boltzmann constant=5.67 x 10‘%N/m 2K 4)

Such a surface is called black body. The heat flux emitted by a real surface is less

than that of black body, the equation (v.v) becomes:

a=coAlé-14) e ()

Where 0 < ¢ <1and is called emissivity of the body.

This chapter is concerned mainly with the analysis of the model used to
describe the temperature distribution in an air-cooled turbine blade. Thus, the
emphasis will be on the assumptions and simplifications which were made in

order to set-up the relevant governing equations.

vy Assumptions: -

The following assumptions were considered in the present analysis:

V- Steady-state conduction, because the transient case is taken during turbine

operation only.

v-Two-dimensional heat flow on the turbine blade, by considering the

temperature is the same at any section along the turbine blade.
¥-There is no heat generation in the turbine blade.

¢- The turbine blade material is (CrNi Alloy), Y4% Cr and Y% Ni and the thermal
conductivity is constant, and equal ' A.YW/m.K, These described by Walker[" +].

o- Radiative heat transfer is neglected, because the value of radiation is very

small.

YY
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r» Cooling Method: -

v.v.\ Blade Geometry Cooling Method

Consider a turbine blade cooled by convection —and impingement as
shown in Fig. (*-)

S.S Array

Initial Crossflow

Fig. (*-') Convection and Impingement Cooled Blade

To determine the temperature distribution on the turbine blade at various
convection boundary conditions, it is necessary to solve the differential equation
for a two dimensional steady state heat conduction with the assumptions that no
heat generation and constant thermal conductivity. The heat transfer equation for

interior nodes is given by,

2 2
Z_Z+Zy_!=o ------ (*.°)
X

And for the surface nodes is,

qcnduction :qconvection ------ ("’-")

Yy
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v.Y.r The Finite Deference Method

In contrast to an analytical solution, which allows for temperature
determination at any point on a plane, a numerical solution such as the finite
difference method allows the temperature to be determined at discrete points

only.

The initial step is to select the nodal points (or nodes) by subdividing the
area of interest into a number of small regions and assigning to each reference
point at its centre. In this manner a nodal network, grid or mesh is developed over

the region of interest as shown in Fig. (*-Y a)

Fig. (*-¥) (a) The Nodal Network
(b) Assumed temperature Distribution Along Line

(i-1,)) to (i+),))

Each nodal point is associated with a surrounding sub-region and the
temperature at the nodal point is considered to be representative of the

temperature of the sub-region, i.e., the average temperature.

The selection of the nodal point is not arbitrary, but depends upon the

geometry of the system to be analyzed and the desired accuracy of the required

Y¢
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solution. A fine nodal network with a large number of nodal points will be more

accurate, these are reported by Incropera [*V].

Equation (v.°) gives an “exact” description of energy conservation
requirements for any interior point in a two dimensional system. However, when
a system is characterized by a nodal network, it is necessary to develop an

approximate form of this equation, in this case a finite difference form.
Consider the second derivative aZT/a x2in relation to Fig. (v-Yb)
describing the temperature distribution.

The value of this derivative for the nodal point (x,y) may be approximated
by the expression:

5T) _5T)
o°T) XJisiizj sy e (*.v)
ox> i AX

The temperature gradient (6T /6x)may similarly be described in terms of

the nodal temperatures.

e,

a_T) T =T (*.A)
OX Ji+1/2,] AX

6_T) L B T (r.9)
6X i—1/2,j AX

Substituting equations (¥.A) and (*.%) into equation (¥.v) we get,

T _Terj*Tin=2hy (1)
ox> i | Ax?

Yo
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2

Following the same procedure for the derivative a—ZJ it results:
oy” )i .
j

o2 Ay®

aZT} _Tijer +Tij1 = 2T
i

Both of equations (v.)+) and (*.1Y) may be applied to any interior node that it is
equidistant from it’s four neighboring nodes and simply requires that the sum of
the temperature at the surrounding nodal points is four times the temperature of

the nodes of interest.

r.« Grid Generation: -

The basic concept behind this grid generation method is the assumption
from the outset that the grid to be generated or optimized consists of straight-line

segments joining the nodal grid points, these are described by Thompson [V].

The solution of a system of partial differential equations can be simplified
by a well-constructed grid. In some applications, improper choice of grid point

locations can lead to an apparent unstability or lack of convergence.

In general, transformations are used which lead to a uniformly spaced grid
in the computational plane while points in the physical space may be unequally

spaced.

The problem of grid generation is that of determining the mapping which
takes the grid points from the physical domain to the computational domain.
Several requirements must be placed on such mapping. Therefore a grid system

with the following features is desired by Ref.[A]:

(V) The mapping must be one to one correspondence ensuring grid lines of the

same family do not cross each other.

Al
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(Y) The grid lines should be smooth to provide continuous transformation
derivatives.

(*) Grid points should be closely spaced in physical domain where large
numerical errors are expected.

(¢) Excessive-grid skewness should be avoided.
Grid generation technique can be roughly classified into three categories:

Complex variables methods.
Algebraic methods.

Differential equation techniques.

Only the third category is suitable for the present case because of the

complex shape. In this technique, elliptic PDE’s has been used to generate grids.

This choice can be better understood by considering the solution of a
steady heat conduction problem in two dimensions. The solution of this problem

produces isotherms, which are smooth and non-intersecting.

The generation of a grid, with uniform spacing, is a simple exercise within
a rectangular physical domain. Grid points may be specified as coincident with
the boundaries of the physical domain, thus making specification of boundary

conditions considerably less complex.

Unfortunately, the majority of the physical domains of interest are
nonrectangular. Therefore, imposing a rectangular computational domain on such
a physical domain will require some sort of interpolation for the implementation
of the boundary conditions. Since the boundary conditions have a dominant
influence on the solution of the equation, such an interpolation causes

inaccuracies at the place of greatest sensitivity.

YV



To overcome these difficulties, a transformation from physical space to
computational space is introduced. This transformation is accomplished by
specifying a generalized coordinate system, which will map the nonrectangular
grid system, the physical space to a rectangular uniform grid spacing in the

computational space, where the mapping is controlled by a Poisson’s equation.

v.¢ ) Generalized Coordinate Transformation

Generally, the principle of transformation is based on demonstration of
how the governing equations can be transformed from a Cartesian coordinate

system to any general non-orthogonal (or orthogonal) coordinate system.

The process is done by clustering grid points in regions of large gradients
to transform non-rectangular region in the physical plane into a rectangular

region in the computational plane.

In other words, if the spacing in any direction in the physical plane is not
uniform, it is convenient to apply the transformation in this direction, so that the
governing equations can be solved on a uniformly spaced grid in the

computational plane as shown in Fig. (¥-).

Fig. (v-¥) Rectangularization of computational grid
physical plane (x,y)
computational plane (&n)

YA
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Consider a completely general transformation of the form, these are

described by Anderson, [*A].
&=¢&(x,y)

n=n(x,y)

Which can be used to transform the governing equations from the physical

domain (x,y) to the computational domain (¢1). Using the chain rule of partial

differentiation, the partial derivatives become:

6 _00f, 80n

OX 6§ OX 617 OX

6 _00¢ 8on

oy OF oy 6176y

Let,

o¢ _ o5 _ on _ on _
ax—gx , oy fy , ox x ’ oy Ny

Equations (*.V¢) and (*.Y¢) may be written in matrix forms as:

0 K
o _|:§x Ux:| o0&
91 |& ny| @
oy | 07 |

Now consider the inverse of transformation, given by:
x=x(&.n)
y=y(£.7)
Taking the exact differentials, we have
dx=Xd& + x,dn
dy=ygdS+y,dn

¥4
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Equations (*.V4) and (*.Y+) are expressed in a matrix form as:

[dx}z Xe  Xq {d‘f} ...... (r.)
dy| |Ye VYn|dn

Reversing the role of the independent variables, we may write
d¢=¢&dx+&dy .. (*.vY)
dp=nydx+ndy ... (¥.YY)

Or, in matrix form,

|:d§:|=|:§x fy:||:dx:| ,,,,,, (¥.Y¢)
dn Nx Ny | dy

L . . Xg  Xp -
Multiplying both sides of equation (*.Y') by Ve oy yields
¢ Jn

[ds‘}_ Xg g _1[0')(} ...... (r.v9)
dp| | Ye VYn| Ldy

Comparing equation (*.¥¢) and (*.Y®) yields

-1
S Syl_|Xe Kot (r.¥7)
T x ”y yf;‘ y7]

Let
A:|:§X §y:| ...... (V.YV)

Nx My

X X
Al o f o ¥.YA
[yf y,,} )
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Following the standard rules for creating the inverse of a matrix, Equation

(*.¥e) is written as:

-1 _Transpose of factor A

A=‘A_1‘ T (¥.Y9)
A7
- X
Transpose of factor A~} = I T e (v.7)
—Ye  Xg
“l_v.v —v vo=1 o dieees .9
Where J is the Jacobian of the transformation which can be defined by:
J= a(x.y)_[Xe Xq| (*.¥Y)
6(5’77) Ye Vg
-1
o(& )
3 21/()(6 Yn _Xny«f) """ AR
Substituting equations (*.Yv), (*.¥*) and (*.*Y) in equation (*.¥4) yields,
acg-t| Yoo THefoo L (Y.7¢)
—Ye X
The elements of matrix A may be obtained by:
£, =J_1yn ...... (*.¥e a)
&y =-J _1Xn ...... (v.v° b)
77x=—~3_1)’5 ...... (*.¥° C)
77y=‘]_1X§ ...... (v.ved)

Where J~Lis defined by equation (*.¥*)

)
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To compute the matrices numerically, equations (*.v¢) are used, the

matrices (xg Xp Ve y,,)are computed initially, from which the Jacobian may be

evaluated. These expressions are computed numerically using finite difference
approximations, in this case a second-order central difference approximation may
be used to compute the transformation derivative for the interior grid points, these

are reported by Hoffman, [*4].

«, Xi+1,j _Xi—l,j ...... (Y‘_Y'T)
¢ 24¢
« - Xi,j+l_Xi,j—l ...... (V.VV)
" 24n
= Yier,j — Yi-ry . (Y.rA)
s 2A¢
_VYijy—VYij-2o L (*.*4)
n 24n

r.t.Y Elliptic Grid Generation
Thompson, [¥], worked extensively on using elliptic PDE’s to generate

grids. This procedure is similar to that used by Hoffman, [¥4], and transforms the
physical plane into the computational plane where the mapping is controlled by a

Poisson’s equation.

This mapping is constructed by specifying the desired grid points (X,y) on
the boundary of the physical domain.

The distribution of points on the interior is then determined by solving,
Ex+Ey=Pxy) D)

nxx+77yy=Q(X,y) ...... (v.6))
Where (&,77)represents the coordinate in the computational domain and
(P,Q)are terms which control the point spacing on the interior of physical

domain.
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For numerical evaluation of the grid, equations (v.¢+) and (¥.¢)) is found
inconvenient to use & and n as independent variables, and x and y as dependent

variables.

To transform the elliptic (PDEs), the dependent and independent variables

are interchanged.

Consider a function (f), where it is required to determine its first- and
second-order derivatives in the computational domain. The first-order derivatives

are evaluated by using Equations (v.V¢) and (v.)°),

Therefore,

of

a—x=fx=§xf§+’7xfn ...... (v.¢Y)
of

5=fy=§yf§+qyfn ------ (*.¢7)

These equations may be rearranged by utilizing Equations (r.re a) through
(v.r=d) hence,

=3y, femvefy) D

f,=37x f,-x,f) L. (r.¢2)

y

To determine the second-order derivatives, f,x and fy,, the following
mathematical manipulations are performed:

ST
(fx%'*'”xa )(gxf.f'*'nxfn)
=&y §(§Xf§+77xf7;)+77x ﬂ(§Xf§+77xfn)

=§x f§§ +&y f‘fi(fx)'*'gx’?x ffn +&y fn %(ﬂx)

+1xGx Ten +11x f§ (§X)+77X fon+nxt 75 (ﬂx) ------ (*.£%)

Yy
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This equation is reduced to the following if relations’ (¥.v¢ a) through (v.ve d) are
used,

e,
62_f=J_1(y2f — 2V, Fey + Y7 T )+J‘1y f (‘f )+ f (77 )
ox2 n &8 §ynien ™ Y& Tnn n 555 X Toe ">

bt el nle) o9

At this point, the derivatives of the metrics are determined as follows:

o 0 (._1 o Y
—(&,)==\ =2
567350 7n) aé(van—xnvgJ

=J _2[3’577 (X«f Yn = % ycf)_ y,,(y,,x,;g T XeYen = XnYee — Ve Xen )]

-2 2
= (Xcs YnYen = XnYeYen = YnXee = XeYnYen* Xg¥nYee * Ve ynxfn)

...... (Y.£A)
Similarly,
0 0 _
%(ﬂx)=%(_3 13’5)
=—J _Z(Xe: YnYee = XnVeYee = YeYnXee — XeVeYey .49
2 ...... .
T XpYeYee +Ye X:n)
0 0 (-1
v - Y13
_2 2
= (X«fynynﬂ_Xnyéynﬂ_xcfynynﬂ_ynxén ______ (¥.o4)
tYeYnXant XgYnYen
5 _
==J (X<§ YnYen = XnYeVen = YeXeYnn—YeYnXey
20 v v o Yo e ¥.eN
+y§x,7,7+x,7y5y§,]) (r-2")

Ye
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Substitution of Equations (¥.¢A) through (¥.¢)) into Equation (v.¢v) and

rearranging terms yields:

o° f —2(. 2 2 —3f > 2
o2 =-J (yﬂ fee =2YeYy ey + Ve frm)+ J {(y,, Yee = 2YeYnYent VE ynn)

(%, Fz = xg )+ (yg Xgz =2V Yy Xen+ VE erxyf £y = Yo fe )

...... )
Similarly,
8°f . _of.2 2 3,2 2
¥= J (Xﬂ feg = 2XgXp T + %g ffm)+ J Kxﬂ Yee = 2XeXpYent Xg ym))
2 2
(Xn fe—Xe fn)+ (Xn Xgg = 2XgXpXent+ Xi erxyf Ty = YnTe )}
...... (*.°Y)
Now consider the laplacian,
2 2
szz—a ;'*'—a ;: venn (‘~ 92)
PYCIPY ceena(Y.

And substitute Equations (¥.eY) and (¥.e¥). After simplification and collection of

terms, we obtain

V21 =372|(x2 + y2 g - 2xgx, + Ve v,) f«fﬂ +(x¢ +y2)f
+J- 3{[(X +yn)y§§ 2xe %y + Ve Vo Ve + (Xé+y§)y ](X fe—x¢fy)
[(X +yﬂ)x«§-§ 2xgxy + Ve Y gy + (X§+y§)xnn] (v fy - v fe )}

Then

V21 =07 af g — 20y + ) 9 v 20y + vy )ity g - % 1)

+laxg —2bxg, +oxp Nve -yt L (v.°%)

Yo
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Where
a= x,? + y,? ...... (v.ev a)
b=x‘§x,7+y‘5y,7 ...... (*.°v b)
c= x§ + yé ...... (Y.ev )
Let,

aXé:é: - 2bX§” +CX7777 =

AYgz —20Ygy +CYpp =

so, the equation (v.e1) becomes

V2§ =07 (af gr = 2f g, +fy b 372 (B, T = Ty b ey T = v e )}

...... (7.°A)
Let
d=J_1(ay§—,BX§) ...... ("‘."q a)
e=3"Ypy-,) (r.2% b)
S0, the equation (v.eA) becomes
V2 =3"2(afy - 2bfy, +Cfp +f, +efs) e (r3)
If f=¢
05 05 05
=—=1 ) =—=O y
%= ¢ 1 on oo 05(&5) )
...... .
0 (o0& o0&
=—|—=|=0 |, 0
S 677(60) Sen = 677(66)
By substitution equation (¥.%)) in equation (¥.cY) we get
-34,,2
£ =378 (Ve X0 = xee V)= 2Y£ Y (Ven Xn = X2 V1) 1)

+YE (y,,,,X,, - Xﬂnyn)}

1
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And by substitution equation (¥.)) in equation (¥.cY) we get

Syy =1 _3{X$(y55 Xp = Xgg Vn)— 2X§Xn(yén Xp = Xen yn)

+x§(y,7,7x,7—xm,y,,)} """ (r2r)

If f=n

on on o (0n
== , =—=0 , = —| — =0
"= on LrY: et 66(66)

0 (0on 0 (0n
= —— :O , = — :O
T an(anj e 66(577)

By substitution equation (v.1¢) in equation (r.e¥) we get

Myx =J7° {y5 (Xéf Ye—VYee Xf)— 2YeYn (Xén Ye = Yen Xg)

...... (r.70)
2
+Ye (Xnnyf ~ YnnXe )}
And by substitution equation (¥.7¢) in equation (¥.°Y) we get
-3},2
My =37 B (ke Ve = Var X )- 2xe %y (ke Ve = Vi %)
2( )} ...... (r.71)
+t Xe\XnnYe = YnnXe
Using equation (v.¢+) and (v.¢)), it can be written that
vie=p (*.1Y)
vVp=Q (7.%A)
From equation (*.7+)
If f=¢£
VE=3"% (v.19)
By equating both of equation (v.1v) and (¥.74)
P=J‘3(,8><,,—ay,7) ...... (*.v)

Similarly ,if f=m

v
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Vip=Jd"%d (r.V)

By equating equation (¥.7A) to equation (¥.v)) we get,

Q=J_3(dy§—,3xé:) ...... (Y’_VY)
So, the transformed of equations (*.¢+) and (v.¢)) are:

aX gz — 2DX gy +CXppy =—J 2(Px‘f +Qx,7) ...... (r.vv)

Ay gr — 20y gy, +cy,m=—J2(Py§ +Qy,7) ...... (v.ve)

To discretize the different terms in equations (*.v¥) and (¥.v¢) for P=Q=-

(Laplace’s equation) as follows:

2 2
[ XX Yi,j+1— Vi, j-1
M= 24n * 24n

b . — Xit1,j = Xi-1,j [[ Xi,j+1~ Xi,j-1 N Yit1,j = VYi-1,j | Yij+1 Vi j-1
bl 2AE 247 2AE 247

2 2
Xi+1,j — Xi-1,] Yi+1,j —VYi-1,j
T T 24 T 2ae

Xi41,j = 2Xi,j + X1,

Xeg =

AE?
o = Xi+1,j+1 ~ Xi+1,j-1 — Xi-1,j+1 + Xj-1,j-1
7 4(ag)4n)
y _Xjjr1 = 2%+ X 1
nn =

Anz

YA
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CYisnj = 2Yij +Yi-1
Yee =

AE?
Vp = Yit1,j+1 — Yi+1,j-1 = Yi-1,j+1 T Yi-1,j—1
v/
4(a¢)an)
CYijrr = 2Yi5 Vi j-1
Ynn =

A772

The subscripts (1), (j) refer to grid points in & and n coordinates,
respectively. Further, although in the above formulation, grid sizes A& and Anin

the body-fitted coordinate system are constant, this need not be the case in the
Cartesian system. This allows clustering of grid points somewhat near points

where it matters.

Substitution of the above discretized terms into equation (.v¥) for P=Q=-

we get,

_l:xi+l,j —2Xj j+ X1, ] :I_Zb_ _|:Xi+1,j+1 —Xjt+1,j-1~ Xi-1,j+1 t Xi—l,j—lj|
i

") AE? 4(Az)An)

Xi iz1 —2Xj i+ Xj j_
+Ci,j ,j+1 |,2] ,j-1 —0 e (r,w)
An

And if we substitution of the above discretized terms into equation (¥.v¢)

for P=Q=" we get,

Yiet,j —2Vi,j+ Yi-1,j b Yi+1,j+1 ~ Yi+1,j-1 — Yi-1,j+1 T Yi-1,j-1
i)j > —2D0j
AE 4(a&)4n)

XY .
sy Yij+1 y|,21+y|,1—1 0 e (*.v¥)
An

¥4
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Both of equation (v.ve) and (¥.v1) can be solved easily by the Gauss-Siedel

iterative method,

So, the equation (¥.ve) is rearranged as:

ai’j Ci,j
Xi,j z{—(xi+1,j+xi—1,j)+ (Xi,j+1+Xi,j—1)—

(ag) (an)®

2 ) Y.V
(Xi+1,j+1_Xi—l,j+1_Xi+l,j—1+xi—1,j—l)V2( + } ------ (*.vV)

Similarly, equation (¥.v1) becomes

& ={ai—’j(yi+1 i*Yin j)+Ci—’j(yi j+1+Yi j—1)_L*
| (A§)2 | T (an)y ! 2(4¢)4n)
ai" Ci,'
(Yi+1,j+1 —Yi-1,j+1 7 Yisl,j1 F yi_l’j_l)yz(@giz + (A;;J)ZJ ...... (™.VA)

To start the solution, an initial distribution of x and y coordinates of the
grid points within the physical domain must be provided by using an algebraic
model, and this coordinates (X, y) are used as initial values to solve both of
equation (¥.vy) and (v.vA). The coefficients a, b and ¢ are determined from

equations (v.ev). The resultant mesh is shown in Fig. (v-¢ b).
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Fig. (v-¢) (a) Algebraic Grid Generation

a%ﬁﬂiﬂﬂﬁ(’ﬂ/ e%[(k/ —

(b) Two-Dimensional Grid in Physical Plane

From Fig. (v-¢ b) there is clearly a high degree of skewness in some

regions of the domain. This skewness will cause some difficulty and inaccuracy

in the computation of the normal gradients of the temperature at the surface.

So, Poisson’s equation was selected to achieve orthogonality of the grid

lines at the surface, these are described by Hoffmann, [v4].

&)
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Therefore, equations (v.v¥) and (v.v¢) are written again as follows:

aXgz — 2DX gy +CXpp =—J 2(Px§ +Qx,7) ...... (v.vy)

Y ge — 20y gy, +cy,m=—J2(Py§ +Qy,7) ...... (v.ve)
Where P and Q are source or forcing terms to be prescribed. The

P(&,77)function is used to attract & - coordinate line or to a specific point .
SimilarIyQ(f,n) Is used for attracting zn-coordinate lines to a constant 7

line or to a specific point.
The source terms can be evaluated in a manner based on normal

intersection between the boundary and grid lines.

They have the form, showed by ref. [A]

P =¢(§,f7)(§>% +§§) ...... (*.v4)
Q=v(emnz+n?) L (r.AY)
Substituting in equation (*.v¥) and (¥.v¢) both of this equation can be
written as:
alxgs +#xg)-2bxg, +clxy, +yxy)=0 L (*.M)
alygs +#Ye)-2byg, +clyzp+wy,)=0 L (*.AY)

Where gand yare specified through the boundary conditions. On the
boundaries, the ¢and y functions are determined by setting the quantities in

parentheses equal to zero.

Along & =constant boundaries, Middlecoff and Thomas illustrated by
Ref.[A], require,
Xpp+ ¥ Xy =0

Yo ¥ ¥n =0

&y
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And along 77 =constant boundaries

ng +¢X§ =0
...... (T.A¢)
Yer +@Ye =0
So, from the above equations
—\XgXge + Yey
¢= ("z' ‘g‘f f 55) onng=mn ... (¥.Ae)
(Xg* + yé)
X, X, + Y,y
P mees -
(x,7+y,,)

The parameters ¢ and y are calculated at each mesh point in the boundary,

then its value at interior mesh points can be computed by linear interpolation.

Gauss Siedel method is used to solve equations (v.AY) and (¥.AY). This

application will give us a new grid shown in Fig. (v-¢)

Fig. (r-¢) Orthogonal Grid Generation

&y
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r.o Transformation of Governing Heat Transfer Equations: -

The next step in this work is the transformation of governing heat transfer

equations (conduction, convection).

Recalling from section (¥.¢.)), the transformation that includes the
demonstration of how the governing equations can be mapped from physical

coordinates to computational coordinates.

Firstly, we will transform the equation related to the steady-state heat

conduction, which takes place inside the metal of the blade (interior nodes).

For steady-state, two dimensional, the basic equation for temperature field
can be written as:
2 2
g 4 % 0 (*.AY)
OX oy
The two partial derivatives will be transformed to a new computational

domain as follows:

oT _aT ¢ aT dn

OX ag OX 677 OX

Z_;I; =Tl +Tymx e (¥.AN)
Similarly,

%=T§§y+Tn77y ...... (Y.A9)
Then,

°T _ 0 (aT) O reatm) e (r.8)

ox2 0Ox\ox) ox

Recalling that equation (¥.)¢) forg/ox , after simplification we get,

£¢
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o%T

aXZ = 6)%1-56 + 2§X77XT§77 +’7)2(T7]7]+§XXT§ +77XXT7] ...... (Y‘.‘\ \)
Similarly,

OT _ 21, 428 1T, 4727 T T, e (7.4Y)
6y2 _‘fy &+ ‘fy”y én Ty 7777+‘§yy EtNyly

By substitution both of equations (v.2Y) and (¥.4Y) in equation (¥.AY) this

equation becomes,
(55 +§§)’r§§ +2(§X’7X +5y’7y)T§77 +(’7>2< +n§)F,m
+(fxx +§yy)T§ +(’7xx +’7yy)Tn =0

Equation (¥.4¥) can be applied to the interior nodes to get the temperature

distribution in these nodes.

Where &, &y mx my.and &gy, &y o Tk 5 11y Were defined in the last

sections. For central-difference approximation

Tiogi—2Ti i +Tiig
T§§= i+1,] |,21 i=1,j (v.9¢)
a8
Tivgjer = Tivrjrr —Ticg e + T (7.5¢)
Tep =
4(4¢)4n)
T, g =2T; 4T o
Tyn = ke AT'?ZJ e (*.49)
T =iy L (*.4V)
g 24¢&
T, _Tijee =T L (r.34)
24n

$o
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Let,
a1=§§+§§ h
by =&xmy +§y’7y
cL =72+ ,73 > ...... (*.49)
dy =&xx +§yy

€1 =Txx +Myy

J

By substitution the equations (¥.4¢ to ¥.44) in equation (*.2¥) we get,

b
(Ti+1,j +Ti—1,j)+ M—gAn(Tnl,Hl = Tis1,j-1—Tiz1,j+1

C

ﬁ(-ri,ﬁl +Ti,j—1)+ d

ﬁ(ﬂﬂ,j _Ti—l,j)

eq 2a1 2C1
+7T. . _T. . — - 4=
2A77( Ij+1 1) 1)}/(A§2 AUZ ...... (Y'_\~~)

For surface nodes (outer and inner) where convection heat transfer is the

j—1)+

interested mode, the transformation applied to the distances between nodes along
the blade in order to be acceptable for using in determining the temperature

distribution in these nodes.

The distance along the blade as shown in Fig. (¥-1) is:

szwldx2+dy2 ...... (YY)

Recalling from equations (¥.)4) and (¥.¥+) and along constant (n) lines, dn =-, d§

=) s0 that,
dx=Xg , dy=yg

It gives,

S¢ = /x§+y§ ...... (r.VeY)

hEX 1 Th
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Along constant (&) lines, d§ =+, dn =) so that,
dx=Xx, , dy=y,

it gives,

s,=X2+YE e (*¥)

The distance along the blade surface between nodes (i) and (i+) as shown in Fig.

(r-1) is,

2 L]
3 =\/(Xi+1,j_xi,j) +(yi+1,j_yi,j)2 ...... (r.)¢)
And between nodes (i) and (i-1) as shown in Fig. (v-1) is,
3 o
S¢, =\/(Xi,j_xi—1,j) +(yi,j_yi—1,j)2 ...... (r.ree)

The distance along the line connecting the two surfaces, between node (j)

and (j+") as shown in Fig. (*-1) is,

1



- %’/,,y)/ﬂ,, Dhoree WMathematical Meded —

Sm=\/(Xi,j+1_xi,j)2+(yi,j+1—yi,j)2 ------ (*1ev)

And between nodes (j) and (j-V) as shown in Fig. (v-1) is,

Sn2 z\/(xi,J' - Xi,j—l)2 '*'(Yi,j - Yi,j_1)2 ...... (*.VY)

The energy equation for the surface nodes can be written as:

Qconduction = Yconvection (N A)
Where,
dT
C—_k e (. q)
Uconduction Ac 4S
Oconvection= hAconv.A L (. ')

For external surface nodes see Fig. (¥-1 a) the equation (¥.) +A) becomes

S Sg1+ S
nl g1+ 92

= hex(sg1 -*2- 852 )(Too =T ,j)

Where,
T .. =T .
Te1= '+1’SJ - (. Y)
£1
T . =T
Tep =— 1'81 e (r1Y)
£2
Tiip1=T
T =—t2 (" 1)
n Sﬂl
To=Th (r.110)

Where, T, is the temperature of a hot gas.

¢A
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Let,
a, _SatSe (* 1)
25,1

by = Sl (*.1V)
251

Cy = S (*.0A)
S 1+S 2

d, =(%)* hee e (*.119)

So the equation (v.)))) after rearrangement becomes,

1
a2+b2 +Co +d2

Ti,j = {azTi,j_'_l +b2Ti+1,j +C2Ti—1,j +d2Th} ,.,,,,(Y’_\Y~)

Similarly, for the internal surface nodes see Fig. (¥-1 b) the equation (¥.):A)

becomes,

S Sgq+ S
72 g1t 9g2
1—k(?r}gz—k(——zr——}%2

Where,
Tz and T, are prescribed in equations (*.))Y) and (¥.))¥)

Tij-1—-T

T2 = e (r.vY)
n 8772
To=T¢c (YY)

Where, T, is the temperature of cooled air.

€q
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Let,
a =M ...... (v.VY¢)
3
25,7
by = S (*.1Y9)
2S¢1
Cy = S (*.1¥%)
Sg1+ S
ds =(—§12k 52)" hn e (F.0YY)
So the equation (v.)¥)) after rearrangement becomes,
1
Tij= {a3Ti,j—1+b3Ti+1,j +C3Ti_1,j _d3Tc} ceeenn(TVYA)

a3+b3 +C3—d3

Equation (*.)++) is for interior nodes and equations (*.VY+), (¥.)YA) are for
surface nodes. They are solved by Gauss-Siedel iterative method with central

differences for all derivatives except at the surface nodes.

The solution of the equations using Gauss-Siedel method requires a design
of a computer program, which serves to complete the iterations for all nodes and
to give the final solution. This program uses equations (¥.)«+), (*.)Y+) and (*.1YA)
with a boundary conditions specified in the next chapter and also the coordinates

of the outer, inner and interior points are taken from Fig. (¥-°).
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v.» Convergence Criteria

The Gauss-Seidel iterative solution continues until specified convergence
criterion is met. For this purpose the total changes in the dependent variables are

evaluated as, these are described by Hoffmann, [v4].

j=jmax-1
i=i max—1 el 0
ErrorW = 2.:2 ABSENLJ- —Wi,j] ceeen(TNY9)
1=
j=2
Where W represents quantity of interest (T, x and y) and n represents the iterative
level. The convergence criteria is set as error < error-max where error-max is a

specified input.
In the present study, the error-max is taken as «.«

The number of nodes that the temperature distribution will be predicted on
it is (¢47) with (I=VY¢ and J=¢), and hence, ¢41 equations must be solved to get
the temperature distribution on the blade. To solve these equations, Gauss-Siedel
iterative method can be used to get the solution for this system of equations with
the help of computer program which serves to give the temperature distribution

with e+« iteration.

o)
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THERMAL ANALYSES OF CASE STUDIES

¢y Introduction: -

The blade geometry was introduced in the computational plane (§,n)with

the application of transformation and grid generation theories in addition to the
transformation of heat transfer equations to make them ready for thermal

analyses.

Equations (*.44), (v.vv4), and (v vv) will be used to determine the
temperature distribution within the blade for all nodes resulted from grid
generation technique. Equation (v.22) is concerned with internal nodes where
conduction mode takes place, while equations (v.11%) and (¥.VYV) are concerned
with (external and internal) surface nodes respectively where convection mode

takes place.

Thermal analyses of the blade require the specification of external and
internal boundary conditions so that equations (¥.24), (¥.)Y4), and (v.)YV) are used

to get the solution.

This specification is concerned mainly with the introduction of heat
transfer coefficients and temperatures for internal and external boundary

conditions.

oy
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¢,y Analysis (v):

Turbine Blade Cooling with Impingement-and Trailing
Edge Ejection

¢.v.y Geometry: -

Fig. (¢-) a) illustrates the blade geometry to be considered in this analysis.

Fig. (¢-1 a) Blade Geometry, Ref. [+]

The blade incorporates an insert which serves as the jet plenum, figure
(¢-)a) which is perforated by an array of jet orifices, Fig. (¢-) b), is giving rise to
mid-chord impingement arrays which cool the pressure and suction surfaces and

an initial jet orifice row at the blade leading edge.

The jet orifices have a diameter (d), a chord-wise spacing of (x,) a
spanwise spacing of (y,) and the insert is separated from the blade wall by a

distance (z,).

The cooling air, after passing through the orifices and impinging on the
blade surface is constrained to flow in the chord wise direction and is discharged
at the trailing edge flow from the upstream jets in the array therefore, impose a

cross flow on those located down stream.

oy
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Fig. (¢-) b) Detail of S.S. and P.S. Arrays

Chordwise

>

/
Spanwise

The insert is perforated by (1Y) jet orifices and it is separated from the hot
blade surface by a distance of (mm). Each of the (" Y+) jet orifices are of (Ymm)
and arranged into (1Y) rows of () orifices each, i.e., each row consists of ()

orifices in the span wise direction.

o¢
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The rows are arranged so that (1) rows cool the blade suction surface and
(¢) rows cool the pressure surface as shown in Fig. (¢-Y a). For this (V") rows the
chord wise spacing (x,) is equal to (¢) jet orifice diameters (emm), while the

spanwise jet spacing (y,) is equal to (A) orifice diameters (Amm).

This jet impingement array will be identified as F (¢,A) where (¢) refers to
the chord wise spacing, and (A) to the span wise spacing and the letter (F) to the
source of the heat transfer correlation used to describe the array by Florschuetz

et al [¢Y]. The remaining row is located at the leading edge.

The trailing edge region consists of an (-.1mm) wide slot which is (A-mm)

high, (in the spanwise direction).

The cooling air mass flow rate is taken as YA.vx).™ Kg/s, all of which
passes through the insert and through the jet orifices to form the cooling jets but

only half of it, y¢.vex) . Kg/s, passes through the trailing edge slot.

The necessity of specifying the three dimensions of this blade results from
the heat transfer correlations that will be used. These require various parameters
pertaining to the spanwise direction to be quantified. The correlations however
provide results that are averaged in the spanwise directions and hence are suitable

for a two dimensional analysis.

¢.v.v Specification of Boundary Conditions

The boundary conditions for this analysis will be specified in terms of a
heat transfer coefficient and a fluid temperature. Along the external profile (hot
gas side), the heat transfer coefficient varies in the manner shown in Fig. (¢-Y)
with the hot gas temperature taken to be uniform and it is equal to (41vK) around
the blade external profile, these are described by Walker, [ -].

o0
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Fig. (¢-¥) The Variation of the External Heat Transfer Coefficient, Ref. [ -]

For the internal surfaces three distinct regions can be considered;

(A) The Leading Edge Region

The leading edge region is considered to form a distinct area due to the
local geometry prevailing there. The highly curved geometry onto which the jets
impinge negates the use of correlations based on impingement against flat

surfaces and hence requires more appropriate correlations.

Chupp et al, [¢], investigated the heat transfer at a simulated internal
leading edge region of a turbine blade cooled by a single row of impinging air
jets. The results of this experimental work consist of two heat transfer
correlations. One for the jet stagnation region and one for the area around the jet
stagnation region. These two correlations will be used here to characterize the

heat transfer coefficients in this region.

o1
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Firstly, a coefficient of discharge, Cp , of the jet orifices will be calculated

from the equation; showed by Ref. [¢-]
%:CDq/ZAPpC ...... (t.9)
]
Where, A;is the total jet orifice area -of all VY- orifices,
m.is the total coolant mass flow rate, (YA.vx) ™ Kg/s)
AP is the pressure drop across the insert- taken as Y1 kpa and
p.Is the coolant density taken at the cooling air jet temperature of vvAK.
The properties of air at ¥vA K is taken from table (A¢), these are described
by Ref. [¢1]
p=0.9334Kg/m?®

u=2.19316 x 10™° Kg/m s
K =0.03178W /m K

Hence from equation (¢.Y),
Cp=0.65
The mass flow rate through the leading edge row, m;, is taken as Y.yayx) .-

" Kg/s, which is one twelfth of the total coolant mass flow rate, m..

From Ref. [¢:] the spanwise averaged Nusselt Number for the jet

stagnation region was correlated from the experimental results to be;

0.8 0.4
NUgtaq =0.44 Re%’ (yi) exp{— oss(‘jj—sj(yiJ(diJ } ...... (£.7)
n n le

Where Rejis the jet Reynolds number,
dyc is the leading edge diameter and

ds is the distance between the insert and the leading edge blade wall.

Fig. (¢-v) illustrated the leading edge region and identifies the geometric
parameters which for the blade under consideration are;

oy
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Re =13739
d=1mm

die=3.6mm

ds =2mm

Yn =8mm

Hence from equation (£.Y);

Nustag =58
hetaq = 1825W /m2K
stag —
Around the stagnation region, Chupp et al, [¢:] established another

correlation to found the averaged Nusselt Number from experimental results to
be;

0.5 0.6 0.5 1.2
NuaSg =0.63 Re?.7 (yi) (di) expl:— 1.27 (Z—s)(yij (di) :l ..(£.Y)
n le n le

From which it can be calculated;
NUggg =67
hasg = 2121W /m?K

With the heat transfer coefficient determined for the leading edge region it only
remains to specify the fluid temperatures in these areas (Ts.g) and (Tasg) and these

were both taken as (vvAK).

B) The Pressure and Suction Surface Jet Arrays

The interior surface of the blade along the pressure and suction surfaces are

cooled by (°) and (%) rows of jets respectively.

The boundary conditions for these areas will be based on the results of
impingement against a flat plate taking into account the effect of an initial cross
flow, (from the leading edge coolant) as well as the effect of cross flow from

upstream rows in the array.

oA
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Fig. (¢-v) Leading Edge Region

Suction Surface- Flow Distribution
The one dimensional incompressible flow distribution model for predicting
the flow distribution among the rows in the array is showed by Ref. [¢Y]

Ge 1 (1+M)sinhBx'+ M sinhB(1+ x')
_ " - (58)
G; +2Cp (1+M)coshBX —M cosh B(1+ X)

Where G is the cross flow mass velocity based on the channel cross-sectional

area, i.e.,
i _
= at x=
C
nSa
mi + mJ
c= at x=L
Znsa

Sais the spanwise length of the array,

o M

1A

= pV j=the jet mass velocity for one row,

o9
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m; . :
M = ——=The initial cross flow rate to the total jet array flow rate,
m .
Jt

B is a dimensionless quantity defined as;

Bzx/EAxyCDL o (£.9)
Zn
&
A, =
¥ Xn¥n
X=x/L,

(x) is the chordwise distance along the array,

(L) is the total chordwise length of the array,
X =%~ (xn/L)
2
For the suction surface array the following parameters are required to
calculate the flow distribution according to equation (£.¥).

m; =1.196 x 1073 Kg/s- is one half of the leading edge mass flow rate of

2.392x 1073 Kg/s.
My =14.35 % 1073 Kg/s - This is one half of the total coolant mass flow rate of

28.7 x 1073 Kg/s as the suction surface array contains  of the )Y rows of holes.
Ay =0.019m?
L=30mm i.e; T rows with a e mm spacing.

M =0.083

S, =80mm i.e; each row contains )+ jets with an A mm spacing.

The flow distributions obtained from equation (¢.¢) are shown in table (¢-

V) in terms of the distance of jet spacing (x) along the blade surface.
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(v)  Suction Surface-Heat Transfer Coefficients

The heat transfer coefficients for the suction surface can be calculated using
the correlation developed by Ref. [¢¥]. The correlation is based on experimental

results, the Nusselt Number resolved to one chordwise jet spacing is,

r
N, = A Re™| 1 A [Zn | Ce || |pro383 (827)
a 1 j 2 d G
J

Where, A =0.67, A, =0.237, m=0.719 and r =0.317

Gd
Rej=—"
Y7,

The calculated values of heat transfer coefficients are shown in table (¢-))

in terms of the distance of jet spacing (x) along the blade surface.

(v) Suction Surface-Coolant Temperatures

The effect of the initial cross flow possessing a higher temperature than the
array jet flow can be taken into account by viewing the cooling arrangement as a

three temperature problem, shown in Fig. (¢-¢)

Tj

Fig. (¢-¢) Jet Array Impingement with Initial Cross
flow, as a Three Temperature Problem.

1)
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The driving fluid temperature will be determined with the jet array flow
considered as the primary flow and the initial cross flow considered as the

influencing secondary flow.

Along the blade wall, (the impingement surface), the heat flux can be

defined as:
q"= ha(Ts _Taw) -e(£2Y)
Where(T,,,) Is the adiabatic wall temperature and can be defined in a non-

dimensional effectiveness, (E+) as:
Taw — T
Er = J ceo(EA
U1 T, )
Where, Tj: is the jet temperature.

Ti: is the temperature of the initial cross flow, T; >T;

The driving fluid temperature along the array (T,) can be taken as (Taw)
hence once (E7) is known (T,) can be found. Florschuetz [¢Y] estimates the values
of (Ey) for an F(e,A) array and represented in table (¢.)) together with the

calculated values of (T,), where (T;) was taken as (¥vAK) and (T;) as (¢VVK).

Table (¢-') Result of Suction-Surface Flow Distribution, Heat Transfer
Coefficients and Coolant Temperatures Obtained From Equations ((¢.¢) , (¢.1)
and (£.A))

x(mm) GJ/G; ha (W/m'K) = T. (K)
p— EE-A) Yo A) < YoA £.v0
o\ VYV EA yor « XY YA
Yo Yo VY £ Yoy ¢ C Y AA ¥ay 1
Yo Y. XY Yoy AR ¥a¢ 0
Y._Yo CYAS Yo¢ e Y. YA4 4
Yo _ Y. v £9) yooq AR ¥AV .4

1y
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(¢) Pressure Surface-Flow Distribution

The determination of the boundary conditions along the impingement
cooled pressure surface proceeds exactly the same manner to that used for the
suction surface. The difference lies in fact that only ¢ rows of jets are involved

rather than = rows.

The initial cross flow from the leading edge, m;= 1.196 x10™3 Kg/s.
m;;=11.196 x 107° Kg/s
M=0.1
L=25mm

Ay =0.0196m?

The flow distribution for the pressure surface can then be calculated

according to equation (¢.¢) and the results are shown in table (¢-Y).

(¢) Pressure Surface-Heat Transfer Coefficients

For the pressure surface, the heat transfer coefficients are calculated
according to equation (¢.1) for which only Re; and G/G; will change and the

results are listed in table (¢-Y)

(+) Pressure Surface Coolant Temperatures

The value of (E+) reflects the influence of the higher temperature of the
initial cross flow from the leading edge and because the ratio of the initial cross
flow to the impingement jet array flow, M, has increased from -..Av to .y,
different (E+) values exist for the pressure surface.

These values, together with the calculated values of (T,) based on a (T;) of
(¢vvK) and (T;) of (vvAK) as before, are shown in table (¢-Y).
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Table (¢-Y) Result of Pressure-Surface Flow Distribution, Heat Transfer

Coefficients and Coolant Temperatures Obtained From Equations ((¢.¢) , (¢.1)

and (¢.A))
x(mm) GJ/G; ha (W/m'K) Er T. (K)
—0° v 0) AR <. YYA ¢.00
o VY EA Yoo, Y4 ¥aqy
Yo Yo VY £ yoyy CYAY ¥a1
Yo — Y. LYY Yoyt Yo Y4y ¢
Y. — Yo VY YooY AN YAA©

The boundary conditions for the impingement array along the pressure and
suction surfaces are now completed and it just remains to specify the boundary

conditions for the third distinct region (the trailing edge slot).

(c) The Trailing Edge Slot

Cooling of the trailing edge is achieved by the technique of trailing edge
ejection in which cooling air is passed through a slot at the trailing edge and then
ejected from the blade. This slot is (+.1mm) wide, (Yemm) long in the chord wise

direction and has a span wise height of (A-mm).

The average slot cooling air temperature is calculated according to the

equation

Tgin+T
Tolor = — 15— 5 20Ut . (5.9)

From Ref. [)+], we found that

Tgin =443k
Tsout =471k
so from equation (¢.4)
Tsiot =457k

¢
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By the use of turbulent pipe flow correlation, the heat transfer coefficient

for the slot can be calculated to be ;

Nu =0.023 Re?8 pro4 CAD)

hgjot = 1353W / m?K

The slot boundary conditions are therefore now completely specified as

constant along the slot with values;

hjot = 1353W / m?K
Tyt =457 K

¢.» Analysis (v):

Turbine Blade Cooling with Impingement and Trailing
Edge Ejection Based on the Turbulent Flow between

Two Parallel Plates

The primary purpose of this analysis is to investigate the effect of the use
of different heat transfer correlation for the trailing edge slot. In the previous
analysis the value of (hg.) was based on a turbulent pipe flow correlation
whereas for this analysis the heat transfer correlation will be based on the

turbulent flow between two parallel plates.

The blade and insert geometry together with the jet orifices remain
unchanged from analysis (V) and the boundary conditions also remain the same as

for the analysis (V) except at the trailing edge.

The heat transfer coefficient along the slot is based on the turbulent flow

between two parallel plates.

o)
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A number of preliminary analyses were performed by Rohsenow,et al [¢¢]
in order to determine the correct boundary conditions which are presented here
as:

Teor = 458 K
From Ref. [¢¢], the heat transfer coefficients were determined according to

a correlation based on a turbulent flow between parallel plates:

Nus|0t=NUfs/(1_CT) BCAR)

Where Nug: 1s the nusselt number obtained from the fundamental solutions and
C+: 1s an influence coefficient.
From Rohsenow,et al [¢¢] the values of Nug and Ct are given for the
distance along the slot. The result is shown in table (¢-v) where (x) is the distance

along the slot.

Table (¢-v) Results of Trailing Edge Slot Heat Transfer Coefficients Obtained

from Equation (¢.1Y).

x(mm) hgior (W/M'K)
) AR
.0 YYAY
o YYéeQ
Yo YYYY

1
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¢.« Analysis (v)

Impingement Cooling Heat Transfer Correlations Based

on Square Jet Array.

This analysis uses the same correlation as used in analysis (Y), the only
changes made are to the geometry, where the insert changed from a (¢,A) array to
a (¢,°) array i.e.; the spanwise and chordwise spacing of the jet orifices were
equal. This reduction in jet orifice spacing for all (" Y) rows results in an increase
from (hy+) to (Y4Y) jet orifices i.e.; each row consists of (11) orifices in the span

wise direction.

¢.¢.) Specification of Boundary Conditions

The change in the span wise spacing of the jet orifices results in the
boundary conditions along the leading edge and the impingement jet array
changing and consequently the boundary conditions along the trailing edge slot.
Therefore, the same procedure that was used in analysis (Y), to specify the

boundary conditions is applied.

(A) The Leading Edge

The heat transfer coefficient is found to differ from that obtained in the
previous analyses due changes in the span wise spacing of the jet orifices from
(A) to (°), and therefore this value of heat transfer coefficient according to
equation (£.) is:

Nstag = 1773W / m?K

Likewise, the heat transfer coefficient in the area around the stagnation region is

calculated according to equation (¢.¥) to be:
hasg = 1834W / m?*K
The coolant temperature in these regions, Tgiagand Tygq, are again taken

as (*vAK).

v
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(B) The Pressure and Suction Surface Jet Arrays

()  Suction Surface-Flow Distribution

The flow distribution among the rows is calculated according to equation
(¢.¢) using the following changed parameters

Ay =3L4x107°m?
Cp=0.68
B=0912

The results are shown in table (£-¢)
(v) Suction Surface Heat Transfer Coefficients

The heat transfer coefficients are calculated according to equation (¢.1)

where due to the change in jet spacing, The parameters A,,Ar,m and r now
become;

A; =0.0919
A, =0.2636
m =0.7085
r=0.2393

And the results of this calculation are shown in table (¢.¢).
(v) Suction Surface Coolant Temperatures

The change in array geometry results in different values of effectiveness

(Et) pertaining along the array. The values of (Et) from Ref. [¢Y] together with
the calculated values of (T,) are shown in table (¢-¢).

The values of (T,) are calculated using equation (¢.Y) based on
(T; =378K) and (T; =474 K)

TA
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Table (¢-¢) Results of Suction-Surface Heat Transfer Coefficients and Coolant

Temperatures Obtained from Equations ((¢.7) and (£.A))

x(mm) G./G; ha (W/m'K) Er Ta (K)
«._0 o 04y \Y.o < YA even
°o_ . L Y€ YYAY CYYY ¥aq A
Yo Yo ' YVo Y19A VXY FAS A
Yo Y. 69 YY) VAo FATY
Y. _ Yo v ovY Y¥Y . Y YAY Y
Yo _ ¥, LYY VYA CaY YA 0

Pressure Surface-Flow Distribution

The flow distribution is again calculated from equation (¢.¢) with;

M =0.1
Ay =31.4x107°m?
B =0.760

and the results are shown in table (¢-°).

(°) Pressure Surface Heat Transfer Coefficients

The heat transfer coefficients along the pressure surface can be determined
in the same procedure as for the suction surface. The results of this determination

are listed in table (¢-°).
(v) Pressure Surface Coolant Temperatures

For this F(e,°) the values of E; from Ref. [¢Y] together with the calculated
values of (T,) based on the same values of (T;) and (T;) as per the suction surface

are shown in table (¢-°)
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Table (¢-¢) Results of Pressure-Surface Heat Transfer Coefficients and Coolant

Temperatures Obtained from Equations ((¢.7) and (¢.A))

X(mm) GJ/G; ha (W/m'K) Er T, (K)
. o VA VyY£4 v t0. £Y) Y
o\ VYT YYYY VXY Y44y
Yo — Yo LYo YY Y RE YAQ ¢
Yo _ Y. v £9) YYAY VA YAG A
Y. _ Yo v.09Y yro. Y YAY.X

(c) The Trailing Edge Slot

The boundary conditions for the slot will be based on the turbulent flow

between parallel plates as used in analysis (Y).

The relevant parameters required to calculate the boundary conditions are

shown below and were obtained from a series of prior thermal analyses.

T =442 K
Teout =473K
Tyiot = 457.5K

Rohsenow, et al [¢¢] investigated the determination of the heat transfer

coefficients along the trailing edge slot which is presented in table (¢-1)

Table (¢-1) Results of Trailing Edge Slot Heat Transfer Coefficients Obtained

from Equation (¢.)))

x(mm) ha (W/m'K)
\ VTEA
Yo YYVa
o YYéER
Vo YYY4




= %[ﬂ ey {if(j{/ -_—, EE%/,,},?a/ % ((/(1/’56’4 (/(/ (gj&,)/(;, %((é@ -

¢.o Analysis ()

Impingement Cooling Heat Transfer Correlations Based

on Square Jet Array By Using Tabakoff Correlation.

The purpose of this analysis is to compare the resulting blade temperature
distribution when a different heat transfer correlation is used to describe the jet

impingement array areas along the blade suction and pressure surfaces.

This analysis relies upon a correlation provided by Tabakoff and Kercher
[¢2], for square array including the effect of cross flow from upstream rows in the

array but not including the effect of an initial cross flow.

¢.2,y Specification of Boundary Conditions

In this analysis, the geometry of the blade and insert remain unchanged
from analysis (¥) and utilizes an array with a jet spacing of (°) jet orifice
diameters in both the chord wise and span wise directions and hence identified as
T(e,2) where the letter (T) refers to Ref. [¢¢], the source of the array heat transfer

correlation.

The boundary conditions for the leading edge remain the same as for
analysis (v) and hence it was found that the initial cross flow temperature also did
not change from analysis () therefore the values of (Et) for both suction and

pressure surfaces also remain the same; see tables (¢-¢) and (¢-°).

The only boundary conditions that need to be recalculated are the
impingement jet array heat transfer coefficients and the trailing edge slot

conditions.

(1) Suction Surface Heat Transfer Coefficients
From experimental results of impingement array of jets against a flat plate
with the cross flow forced to exit in one direction, Ref. [¢°] provided the

following heat transfer correlation;

v



= ngm ey {%,7”

1 - 0.091
Nu, = @14, Re' Pr3(7”)

This correlation applied at the range of

13%34.8 , 300 <Re; <3x10*
31<°1<125 , 0.005< A,y <008
where,

¢1=f(%,Rej)

m= f(h,ReJ)
d

Thrermal %ﬂé/)(@ o Crase c//f{((/l(’o =

BCAR)

The value of ®,, ®, and m are read from graphs provided in Ref.[¢°] were

found to be;

¢1 =004
m=0.79

From equation (¢.1Y) the heat transfer coefficients were calculated to be as shown

in table (¢-Y) while the values of (T,) remain the same as shown in table (¢-¢).

Table (¢-v) Results of Suction-Surface Heat Transfer Coefficients Obtained from

Equation (£.VY)

x(mm) h,(W/m'K)
. _o YYY.
0\ YyTe

Yo — Vo Yy

Yo _ Y. R
Y. _ Yo YYYo
Yo — Y. VYV

\Al
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(v) Pressure Surface Heat Transfer Coefficients
Using the Tabakoff correlation, Ref. [¢°] as given in equation (¢.1Y) the

heat transfer coefficients for the pressure surface are given in table (¢-A) while the

values of (T,) remain the same as shown in table (¢-°)

Table (¢-A) Results of Pressure-Surface Heat Transfer Coefficients Obtained

from Equation (¢.1Y)

x(mm) ha (W/m'K)
) yyay

o _ Y. YYY.

Ye Yo Yyay

Yo _ Y. YYeV

Y. _ Yo YYV.

(v) The Trailing Edge Slot
The specification of the boundary conditions for the trailing edge slot will
again be based on the turbulent flow between two parallel plates. The relevant

parameters required be shown below and the value of (hgo) presented in table

(¢-9)

Tqin =440 K
Teout =472K
Tyt =456 K

Table (¢-A) Results of Trailing Edge Slot Heat Transfer Coefficients Obtained

from Equation (¢.11)

x(mm) h,(W/m'K)
) y1¢4
Yo YYA.
o VYLV
Yo YYY.

¢.1 Analysis (s)

Yy
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Impingement Cooling Heat Transfer Correlations Based
on Square Jet Array By Using Chance Correlation.

This is the third analysis whose purpose is to determine the effect of
different heat transfer correlations for the impingement jet array areas. The heat

transfer correlation is provided by Chance [¢7] based on a series of experimental

results.

The details of the blade geometry, insert geometry, leading edge boundary
conditions and flow distribution remain unchanged from analyses () and (¢) and
only the changes, which occur to the impingement jet array, and the trailing edge

slot will be described here.

¢,y Suction Surface Heat Transfer Coefficients

The heat transfer correlation given by Chance [¢1] is based on the
experimental results of jet impingement against a flat plate with the spent flow

forced to exit in one direction.

This correlation is as follows:;

1
Nu, = P;P,P; Re! Pr3 L0140 n(£0Y)

Where P, is a constant and equal to ).Avx

P. is a function of the cross flow;

P,=1- 0.236(&J(ﬁ)
G; \ d

P is a function of the array geometry;

p3 = 1—%(0.023 +0.182 A%/ 1): 0.961

V¢
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and (u) is the Re; exponent and a function of the open area;
u=0.561/ A%08% = 0.75

Equation (¢.V¥) correlates data for the following range of parameters;

2<Z,/d=<8
0.012< A,y <0.07

(G./G;Xzn/d)< 18
The result of this correlation is the heat transfer coefficients listed in table (¢-)+)
¢.1.Y Suction Surface Coolant Temperatures

The values of (Et) remain the same as for analysis (¥) and (¢) but (T;) was
found to change to (¢ve K), which results in the values of (Ta), based on equation

(¢.A) varying slightly from those of the two previous analyses.

Table (¢-1+) Results of Suction-Surface Heat Transfer Coefficients and Coolant

Temperatures Obtained from Equations ((¢.1¥) and (£.4))

x(mm) ha (W/m'K) = Ta (K)
.o AR ¥ < YA €1¢9
S TN Vyey CYYY Ean
Yoo Yo yyay CYY YA
Yo Y. Y4y «.Ao YATY
Y. Yo YY€EQ Y- FAY Y
Yo _ Y. VY. e YAy 0

¢.1.v Pressure Surface Heat Transfer Coefficients

In a similar manner to that used for the suction surface the heat transfer
coefficients are calculated according to equation (¢.)v). The results are shown in
table (¢-11).
¢.1.¢ Pressure Surface Coolant Temperatures

With (T;) equal to (¢ve K) and (T;) equal to (vvA K) and (Er) as shown

below the values of (T,) are calculated to be:

Yo
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Table (¢-1Y) Results of Pressure-Surface Heat Transfer Coefficients and Coolant

Temperatures Obtained from Equations ((¢.1¥) and (£.4))

x(mm) ha (W/m'K) Er Ta (K)
‘o VYL TR £Y) 1
o _ . Vydo CYYT £as

Yo — Yo YY1 <4 YA4 0
Yo Y. YYYo oA YAo Q
Y. _ Yo YYAY Y FAY ¥

¢.1.o The Trailing Edge Slot

The specification of the trailing edge boundary conditions is again based

on the flow between two parallel plates. For this analysis the required quantities

are shown below

Tqin =439 K
Teout =470K
Tyt = 454.5 K

The variation of the heat transfer coefficients along the slot is given in

table (¢-)Y)
Table (¢-1Y) Results of Trailing Edge Slot Heat Transfer Coefficients Obtained

from Equations (£.)))

X(mm) ha (W/m'K)
\ YUEY
Y o YYve
o YYEY
Yo YYYo

A
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¢.v Analysis (»):

Turbine Blade Cooling with Impingement and Film Cooling

In the previous analyses the impingement jets methods are using to cool
the hot blade surfaces. These methods can, however be classified as internal
methods of blade cooling, that is the cooling is achieved by the circulation of

cooling air within the blade.

The cooling requirements and stresses would be less severe if the heat
transfer from the hot gas to the blade could be decreased by the process known as

film cooling.

Film cooling blades are not only cooled by convection, impingement
methods, but they are also shielded from the outer hot gas with a film of spent

cooling air ejected through the blade surface by rows of holes.

The purpose of this analysis to determine the blade temperature
distribution for such a film cooled blade. The cooling of the blade will consist of
the same internal arrangement as utilized in analysis (Y), that is an F(¢,A)
impingement jet array but in addition film cooling of the outer surface will be
achieved through the use of ('Y) rows of (.. mm) diameter ejection holes

distributed around the suction and pressure surfaces of the blade.

Internally, the geometry remains unchanged from analysis (Y). There are
(' v+) jet orifices of (Ymm) diameter whose jets impinge on the hot blade surfaces

and which are arranged in ('Y) rows of (V) jets each, these are showed by Ref.
[:]

Over the suction and pressure surface jet arrays the jets are ordered with a
spacing of (¢) jet orifice diameters in the chord wise direction and (#) in the span

wise direction. One half of the spent cooling air from these jets flows rearwards

A%
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towards the trailing edge and exits the blade through the trailing slot as in

analysis (Y).

The remaining spent cooling air exits the blade through a series of film
cooling ejection holes distributed throughout the blade wall. There are in total
(¢7A) film cooling holes of (:.eYmm) diameter. These are arranged in () Y)rows

each containing (v4) holes each.

(v) of the rows are spaced along the suction surface while (¢) are spaced
along the pressure surface as shown in Fig.(¢-°).Within each row the holes are
spaced a distance of (Ymm) apart. The film cooling holes consist of two rows

with an ejection angle of ¢", rows Y and A and )+ rows with an ejection angle of

o’

¢.v.' Specification of Boundary Conditions

The specification of the boundary conditions can be sub-divided into two
main areas:
V-The internal boundary conditions, which will be dealt with in a similar manner
to that used in analysis (Y), as the internal cooling arrangement and geometry

remains unaltered from this analysis.

¥Y-The external boundary conditions, which must take into account the presence of

the ejected cooler film of air over the outer surface of the blade.

All the previous analyses dealt with the external boundary conditions by
defining external heat transfer coefficients, which varied around the blade surface
in the manner shown in Fig. (¢-Y) together with specifying a uniform hot gas
temperature of (21v K). The presence of film cooling radically alters these

boundary conditions.

YA
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Film Cooling Holes

Fig. (¢-°) Blade Geometry

¢.v.Y Internal Boundary Conditions

The boundary conditions at the leading edge are unaltered from analysis
(¥) (refer to section ¢.Y.Y A) for these conditions. Likewise the flow distribution
and heat transfer coefficients for the suction and pressure surfaces jet arrays also

remain unchanged (refer to section ¢.Y.Y B (),Y,¢ and ¢).

However the value of T, the array driving temperature does change
because the temperature of the initial cross flow, T; is reduced due to the effect of

film cooling in reducing the heat transfer to the blade.

The trailing edge slot conditions also change because the temperature of
the cooling air entering the slot, T, is reduced again because of the decrease in

heat transfer to the blade.

¢.v.v.y Suction Surface-Coolant Temperatures

The value of T;, from a series of preliminary runs was determined to be
(¢7eK) which is less than the value obtained in analysis (¥) due to the protection
obtained from the film cooling which reduces the heat transfer to the blade and

consequently to the cooling air.

v4
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This value of T; is then used in equation (¢.A) to obtain the values of (T,) as

shown in table (¢-)v) where (E1) is obtained from analysis (Y), section (¢.Y.Y B
().

Table (¢-1*) Results of Suction Surface-Coolant Temperatures Obtained from
Equation (¢.A)

Xx(mm) Er T, (K)
« 0 ~.Y°v i".i
o _ < YY vav)
Ve o BEEYN y40 ¥
AR vay.o

Yo _ Y.
Y. _ Yo Y YAA £
Yo _ Y. AN YALY

¢.v.v.Y Pressure Surface - Coolant Temperatures
Again the initial cross flow temperature, T; is reduced to (¢1¢ K) and using
the same values of E as for analysis (Y), T, is determined and the results shown

in table (¢-)¢).

Table (¢-'¢) Results of Pressure Surface-Coolant Temperatures Obtained from
Equation (¢.A)

X(mm) Er T, (K)
«_o « YVA E0YY
o Y. SAAE! ¥ay .
Yoo CYAY ¥4y A
Yo Y. LYo ¥A4Y
Y. _Yo AR YAV X
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¢.v.v.v The Trailing Edge Slot

The reduction in the heat addition to the cooling air along the jet arrays at
the leading edge due to the film cooling reduces the temperature of the coolant

entering the slot and hence alters the slot boundary conditions

The boundary conditions are based on the parallel plate flow with the

following required parameters;

T =423K
Toout =428 K
Tyt =425.5K

The calculated values of hg;along the slot are presented in table (¢-)¢)

Table (¢-1¢) Results of Trailing Edge Slot- Heat Transfer Coefficients Obtained

from Equation (¢.)))

x(mm) hsior(W/m'K)
\ YIvY
V.0 Vet
o Y YAY
Yo YY1o

¢ v.v External Boundary Conditions

The ejection of cooling air through the film cooling holes results in a
change in the conditions existing along the outer profile of the blade. This section
seeks to specify the new boundary conditions that now exist as a result of the film

cooling used on this blade.

An analysis of the boundary layer with film cooling results in the

specification of the heat flux to the blade surface from the hot gas as;

AN
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q" = hext(Taw_Ts) SNCAL)

Where " is the heat flux to the blade.
hext 1S the heat transfer coefficient without film cooling , i.e.; as given by
Fig. (£.Y).
T, the blade wall surface temperature.

Taw IS the adiabatic wall temperature.

The adiabatic wall temperature can be non-dimensionalized as a film

cooling effectiveness, E; defined by;

m ca(800)

Ef=
Ty —Teo

Where Ty is the gas temperature.

T, Is the temperature of the coolant leaving the film cooling holes, as

shown in Fig. (¢-1).

Fig. (¢-3) Film Cooling Hole

AY
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The adiabatic wall temperature is for practical purposes the same as the
temperature of the coolant film, T.m. The film cooling effectiveness, Es for a
single hole varies from unity at the point of injection, (where Tsm = Tcr) to zero
far downstream because of dilution of the injected flow, Tm approaches the hot
gas temperature, T,.

Hence, the heat flux " with film cooling, as defined by equation (£.)¢),

utilizes the same value of the heat transfer coefficient without film cooling. The
specification of the boundary conditions will rely upon defining Et as a function
of distance away from the film cooling holes and from Es the value of T, The
values of (T¢mim ) and (heq) wWill then completely define the external boundary
conditions with film cooling.

In summary, film cooling results in a change of the external boundary
conditions with (Tcrim ) replacing (T4 ) around the profile while (hey) remains

unchanged.

¢.v.¢.) Film Cooling Effectiveness

The specification of E; will be based on the notational method of replacing
each hole by a rectangular slot of a length equal to the hole diameter and a width,

Se, such as to give the same area as the hole as shown in Fig. (¢-9).

The effectiveness from Ref. [ +] was defined as:

d
1.9(ny pr.3;066
Ef = nf w(2)

C
1+ 0.32{%)R0'8Y
Cch

Where the sub-script (cv) refers to the coolant leaving the slot and the sub-script

(9) to the hot gas,
d¢ is the film cooling hole diameter=-.cY mm

Yt 1S the spanwise spacing of the film cooling holes=Y mm

AY
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~0.25
Rz( X )[Rec{&ﬂ cee(£1Y)
1.2 Se Hq

Where (x) is the distance in the downstream direction,
(Se) is the slot width

Y=1+15x10"* Recz(”i}sinqs (£Y)
Hq

Where @ is the angle of ejection as shown in Fig. (¢-A).

E: can be found with the use of the following parameters,
Se =0.4084 mm

T, =423K

T, =963K

Cp., = 1016 J/kg K

Cpgy =1134J/kg K

Heo =23.8%x107%kg/m.s
g =408x10"kg/m s
Pe2 =0.83kg/m?

py =0.36kg/m?

Re., = 3207

Pr=0.7

so, the effectiveness (Ej) is defined from equation (¢.v%) for the ¢o and 1:¢°

ejection angles as :

E+,, =0.390%/(1+0.44R"8) (60)

Er,, =0.390Y/(1+0.46R"?) D

A¢
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The value of T, used in equation (¢.)¢) varies from row to row because the
films from successive rows reinforce each other, i.e.; the film temperature

upstream of a row becomes the gas temperature of the next downstream row.

Rows (V) and (A), which are the first rows on the suction and pressure
surfaces inject the coolant into the external flow which has a temperature of 4 vK
the second rows, i.e.; (¥) and (%), inject their coolant into the film provided by
rows (V) and (A) which is now at a lower temperature. This reduction in the

effective T, continues for the other downstream rows also.

The effective Ty used for each row is shown in table (¢-)3). This
temperature is equal to the value of T, g, existing just upstream of the row. For
example row (Y) is Y.y mm downstream of row (V). For x=v.v mm, Ex: can be

calculated to be +.¥: YA from which T is Aev.2 K, based on a Ty of 47 K.

This value of T rm is now used as the effective gas temperature, T, for the

calculations for the second row.

Fig. (¢-4) Discrete Hole Injection

AO
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Summary: -

The boundary conditions along the outer profile of the blade are now completely
specified, i.e.; for each node, its distance downstream from a film cooling row is

known from which the appropriate value of E¢ can be found.

Then, T; nim is determined by using the correct value of T, and combining
with the correct value of he given in Fig. (¢-Y) results in the complete

specification of the boundary conditions.

Together with the internal boundary conditions the thermal analysis can

now be performed.

Table (¢-11) Results of Effective Gas Temperature Obtained from Equation

(:09)

Film Cooling Row Effective T, (K)
\ Ty
Y Aoy o
Y Yoy
¢ 14
o T4
1 o1t
Y AR
A Ty
q ALY
\ Yevy
1) 1y
VY Ty

AT
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¢A The Computer Programs

¢.A) Introduction

A Quick Basic language was written for solving the two-dimensional

steady state problem to find the blade temperature distribution.

¢.A.Y Input Data
The input data required to run the program is as follows:
The number of grid points in x-direction and y-direction.
The thermal conductivity of the material.
The convection heat transfer coefficient for hot gas (hy).
The convection heat transfer coefficient for cooled air (h,).
The hot gas temperature (T,).

The cooled air temperature (T,).

The steps of the main program are outlined in the flowchart, shown in
Fig.(¢-A). The procedure of the subroutine for grid generation is shown in the

flowchart in Fig. (¢-9).

¢.A.¥ Program Output

The grid generation of the blade geometry.

The nodal temperature value.
A grapher program was used for plotting mesh generation and blade surface

temperature. While a surfer program was used for plotting contours of blade

temperature distribution for all analyses.

AY
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Input data

v

Call SUB GRID

|

Gussed initial nodal
temperature T,(i,j)

r

For 1= To Imax

'

For J=Y To Jmax

If
the nodes
located at the
interior domain

Calculate Ty(i,j)
Fromeq. (*.99)

If
the nodes
located at the
external surface

Fig. (¢-A) Flowchart for Main Program

AN
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Calculate Ty(i,j)
Fromeq.(*.V'4)

Calculate Ty(i,j)
Fromeq.(*.\ YY)

v
|

»(D)

Calculate error from
eq. (Y.VYA) for Tu(i,))

To(i,J)=Tn(i.j)
A

Error < «.«+)

Print the final
Value of Tn(i,j)

End

Fig. (¢-A) Continued

A4
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Input blade
geometry
For I=Y To Imax

v

For J=Y To Jmax

¢

Xo(i,j+Y)=X(1.j)+(x(i,jmax)-x(i, 1))/ (jmax-")
Yo(i.j+Y)=y(L.1)+(y(i.imax)-y(i, 1))/ Gmax-1)

'

v
v

Print Xo(i,j),Yo(i,j)

)

For I1=Y To Imax-\

|

For J=Y To Jmax-

Fig. (¢-4) Flowchart of Sub Grid Subroutine



7/1\: Iz ‘—* P — ’Tl g
- (Z/ LDl € 1 i —— E‘:)/Z;,,,m/ L%C{/I/d(?ﬁ (/(F)‘m() \&%‘/m/(b)’ —

®

l

Calculate xx(i,j)
from eq.(*.YY)

!

Calculate yy(i,j)
from eq.(*.YA)

v
v
v

Calculate error from
eq.(™.V YA) for xa(i,j), yn(i,})

Xo(1,J)=Xn(i,])
Yo(i,1)=Yn(i.j)

If No ‘
Error<-.-

Print xx(i,j),
Yn(i,j)

Fig. (¢-1) Continued
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®

[

For I=Y To Jmax-\

v

For J=Y To Jmax-

¢

Calculate Xnn(i,j),Ynn(i,j)
from eqn’s(¥.AV)and (¥.AY)

!
!

Calculate error from %

eq.(*.V YA) for Xan(i,j), Yan(i,j)
Xn(i,J)=Xnn(i.j)

Yn(i.1)=Ynn(i.j)

If No ‘
Error<-.-

Fig. (¢-4) Continued
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Print the final result
of grid generation
End SUB

Fig. (¢-¢) Continued

qy



RESULTS AND DISCUSSION

.7 Introduction: -

Prediction of blade temperature distribution was performed by using six

cases, hence six different heat transfer correlations.

In each case, the use of finite difference, numerical grid generation and
transformation technique of blade geometry was necessary. The grid generation
technique was used to divide the geometry into grids “cells” using the body-
fitted coordinate system approach so that the grids are fitted to the boundaries of
the blades and therefore the initial conditions that surround the blade [externally

and internally] can be used in a useful way.

In the six cases, the blade cooling was assumed to be by using a blade with
impingement cooling and trailing edge ejection. The reason behind this choice is

that this type of cooling has a wide range of use in practice.

o.x Numerical Results and Discssion: -

.Y,y Analysis No. ():

The internal boundary conditions for analysis (1) can be summarized
in Fig.(e-), showing the values of the heat transfer coefficient and the fluid
temperature associated with each region of the blade. While the variation of
external heat transfer coefficients along the blade surface are shown in Fig.(¢-Y)

with the hot gas temperature is equal to (21vK) around the blade external profile.

q¢
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Figure (°-Y) illustrates the temperature distribution within the blade while
figure (e-v) presents the variation of the blades’ external temperature from the

leading edge to the trailing edge.

The temperature contour pattern of figure (°©-Y) shows the maximum
temperature of (11V.V K) at the leading edge region with falling temperatures
along both the pressure and suction surfaces followed by a rise in temperature
towards the trailing edge. This pattern is confirmed by the graph of blade surface

temperatures in figure (°-Y).

Closer inspection of figure (°-v) shows that over the pressure surface, from
the leading edge, the temperature falls quite rapidly before leveling out and then
increasing continuously towards the trailing edge. However along the suction
surface the fall in temperature from the leading edge region is not great, but this
reduction extends over a greater length of the blade than that on the pressure

surface.

However the minimum temperature on the suction surface is
approximately (¥ K) higher than the minimum temperature on the pressure
surface i.e., over the mid-chord regions of the blade, the suction surface is hotter
than the pressure surface. At the trailing edge the situation is reversed with the

pressure surface hotter than the suction surface.

These differences in temperatures between the two surfaces can be

accounted for by a number of factors:

The blade structure is hollow which reduces the connectivity between the
pressure and suction surfaces and hence reduces the tendency to smooth out

temperature differences between the two areas.

q0
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Y)  As a result of (V) above, the influence of the variation of external heat

transfer coefficient is much greater. Figure (°-¢) shows that the resulting

temperature variations can be explained by the variation of hey;.

For example, Amm along the suction surface (A,S.S.), there is a rapid fall in
hext Which results the reduction in temperature along the suction surface being
halted at (A,S.S.). After this point as hey begins to fall again the temperature

levels also fall.

Comparing this to the pressure surface where h falls very quickly from
the stagnation point to (¢,P.S.), before rising slowly. The temperature variation is
seen to mimic this by falling continuously to (¢,P.S.). The mid-chord regions also
exhibit the effect of hey, with the decreasing temperature along the suction
surface from (1+,S.S.) to (v°,S.S.) reflecting the decreasing he, While the rise in
temperatures along the pressure surface from (A,P.S.) to (YA,P.S.) mimicing the

rising Ney:.

¥) The cooler pressure surface can also be accounted for by the higher values
of the impingement heat transfer coefficients in this region. The variation of
the array heat transfer coefficients does affect the variation of the resulting
temperature distribution but because these array variations are much smaller
than the variation of hey their influence on the temperature variations is

consequentially less.

£) The trailing edge temperature distribution is more complex than the other
blade regions and reflects both the variations of h, as well as the varying
blade wall thickness around the trailing edge slot. The general increase in
temperature towards the trailing edge can also be accounted for by the lower

value of hg When compared to the impingement values, h,.

91
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s.v.v Analysis No. (v):

Analysis (¥) results are presented in Figures (¢-¢) and (e-1). Figure (e-°)
observed that the temperature contours are very similar to those from analysis ()

with small differences noticeable around the trailing edge slot.

Figure (°-1) shows that the maximum temperature of (11¥ K) at the leading
edge region with falling temperatures along both the pressure and suction

surfaces followed by a rise in temperature towards the trailing edge.

Figure (e-v) shows insignificant difference in blade temperatures away
from the trailing edge region and hence the reason why the boundary conditions
at the leading edge and impingement array were calculated to be the same as in

analysis (V) and analysis (Y).

An inspection of the temperature at each node along the trailing edge in
analysis (Y) revealed that at the initial entry section of the trailing edge at the
pressure surface the temperature were (Y+ K) higher when the parallel plate

correlation was used as compared to the pipe flow correlation.

However this temperature difference reduced further along the trailing
edge until at the exit, the temperature differences were about (v K) higher than

analysis (V).

At the suction side of the trailing edge, it is obvious the temperature
difference at the entry section of the trailing edge was (¢ K) higher when the
parallel plate correlation was used and this temperature difference reduced until

at the trailing edge exit to become higher than analysis (V) about (¥ k).

This difference in temperatures mimics the difference in hgq between the
two analyses. At the first analysis the pipe flow correlation provides a constant
hgiot OF (V7Y W/m' K) while from the parallel plate correlation provides a higher
hgot Of (V1Y W/m' K) at the trailing edge entrance which decreases rapidly to

become () Yo+ W/m' K) at the trailing edge exit.

v
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o.v.v Analysis No. (v):

The internal boundary conditions for this analysis are presented in

Fig. (e-A),While the external boundary conditions are the same as in analysis (Y)

The results of the thermal analysis are presented in Figures (°-4) and
(e-)+). Figure (°-2) shows a pattern very similar to the analysis (Y), (¢,A) array
with again the maximum temperature of (1AA K) at the leading edge. The
temperature levels fall over the mid-chord regions before rising towards the

trailing edge.

The graph of the blade surface temperature distribution Figure (e-)+) also
appears very similar to the analysis (¥) reflecting again the major influence of the

external hot gas heat transfer coefficient on the temperature distribution.

For the purpose of comparing the (°,A) and (,) arrays, Figure (¢-)1) plots
the blade surface temperature distribution from analysis (¥) and analysis (¥). It is
clear that while the pattern remains very similar, the (e,A) case, with less jet
orifices produces lower blade temperatures than the (¢,°) case which has more jet

orifices.

This apparent contradiction occurs due to the reduction in Re; as the
number of orifice increase leading to a reduction in the levels of the heat transfer
coefficient. For the trailing edge region of the blade, the difference between the
blade surface temperatures is very small reflecting the diminishing influence of
changes to the cooling arrangement of the insert and also reflecting the similarity

of the boundary conditions along the trailing edge slot.

s.v.« Analysis No. (¢):

Figure (e-Y) shows the internal boundary conditions of this analysis, when

the impingement heat transfer based on Tabakoff correlation.

QA
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The resulting blade temperature distribution as shown in figure (e-'v),
shows a familiar pattern of temperature contours to the analysis (¥) with the
maximum temperature at the leading edge region with falling temperatures along
both the pressure and suction surfaces followed by a rise in temperature towards

the trailing edge.

The minimum temperature on the suction surface is approximately (Ve K)
higher than the minimum temperature on the pressure surface i.e., over the mid-
chord regions of the blade, the suction surface is hotter than the pressure surface
due to the values of the impingement heat transfer coefficients in the pressure
surface region are higher than the values of the impingement heat transfer

coefficients in the suction surface.

The plot of blade surface temperature around the outer profile shown in
figure (°-)¢) appears the maximum temperature of (1A42.¥ K) at the leading edge.
Over the pressure surface the temperature falls quite rapidly from the leading

edge and then increases continuously towards the trailing edge.

However, along the suction surface the fall in temperature from the leading
edge region is not great, but this reduction extends over a greater length of the
blade than that on the pressure surface. At the trailing edge the pressure surface is

hotter than the suction surface.

s.v.c Analysis No. (¢):

The internal boundary conditions are illustrated in Figure (e-1e). This
figure shows the specification of the boundary conditions for analysis (¢)

utilizing the Chance correlation, [¢1]

The thermal analysis results shown in figures (e-)1) and (e-Y), produce the

expected result of little variation from the two previous analyses with both the

19
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blade temperature distribution and the blade surface temperatures appearing very

similar since the impingement jet array boundary conditions did not vary greatly.

It is useful to compare the values of blade surface temperature obtained
from the three different heat transfer coefficients used in (v,¢ and °) analyses.
Figure (°-YA) shows this comparison between the three analyses where the

correlations used in these analyses were limited to square arrays.

It is clear that the analysis () for a (¢,¢) array based on Florschuetz et al,
[¢Y] correlation produces lower blade temperatures than both of analyses (¢) and
(¢). While analysis (¢) is based on Tabakoff, [¢°] correlation produces higher
blade temperatures than both of analyses (*) and (¢) on the suction surface and
produces higher blade temperatures than analysis (¥) and lower blade

temperatures than analysis (¢) on the pressure surface.

For analysis (¢) is based on Chance, [¢1] correlation noticed that it has
highest values of blade temperatures on the pressure surface but, on the suction
surface produces blade surface temperatures higher than analysis (v) and lower

than analysis ().

These differences in temperatures between these three analyses can be
explained as shown in figures (e-14) and (e-Y+) which illustrated the variation of
heat transfer coefficients (h,) along the array for the suction and pressure surfaces

respectively.

Analysis (¢) provides the lowest values of (h,) over the first two jet rows
for both the suction and pressure surfaces whilst the subsequent values of (hy)
over the remaining downstream rows lie between those of the analysis (v) and

analysis ().

Analysis (), provides higher values of (h,) than the other two analyses, at
all rows except the first row on the suction and pressure surfaces, where analysis

(¢) results in the highest values of (h,). The variation of (h,) along the array is the

‘nn
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same for the three analyses with an initial decrease before (h,) rises at the

downstream rows.

The differences in the values of (h,) among the analyses are relatively
small in all analyses. The maximum divergence between any of the analyses
occurs at (Ye-v+) mm on the suction surface where the difference in (h,) is
("' ¢W/m™ K) and occurs between the analysis (), (h,="¥A¢ W/m" K) and the
analysis (¢), (h,=)Yv- W/m" K). At all other regions the differences in (h,) are less
than (V) ¢W/m' K).

It has been found that the three different heat transfer correlations for the
jet impingement areas produced similar values of heat transfer coefficients with
the results that the blade temperature distribution also appeared very similar and
therefore the use of any of the three correlations is acceptable for this particular

type of blade geometry.

o.v.% Analysis No. (3):

Figure (e-Y)) shows the internal boundary conditions of analysis (1) when

the blade is cooled with film cooling.

Figure (e-Yv) illustrates the temperature contour pattern within the blade
and shows the significant effect that film cooling has on the blade temperatures.
Again the highest temperatures occur at the leading edge corresponding to the
area of highest (hex) and no film cooling. Across the pressure and suction
surfaces the temperatures fall considerably due to the effect of the multiple rows

of film cooling and low temperature reach to (¢v+ K).

The variation of the blade surface temperature is shown in figure (e-¥¥).
This shows that the maximum temperature of (1¢A K) at the leading edge with
falling temperatures along both the pressure and suction surfaces followed by a

rise in temperature toward the trailing edge.
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Figure (e-Y¢) shows the comparison of blade surface temperature between

analysis (¥) without film cooling analysis (1) with film cooling.

Due to the lack of the film cooling around the leading edge, the blade
temperatures in this region remain nearly high for this analysis, with the film
cooling as for analysis (Y), without the film cooling. However it is clear that the
blade temperature decreases rapidly after this area and results in the film cooled

blade as much as (v« K) cooler than the blade without film cooling.

The rise in temperature at the trailing edge can be accounted for by a
number of factors such as the reducing trailing edge slot heat transfer coefficient
together with the reducing value of (Ef) over this region as the last row of film

cooling holes is located well upstream of this area.

Figure (e-Y°) shows comparison between blade surface temperature for the
six methods of analyses used in this work. It is clear seen that in all analyses the
maximum temperature occurs at the leading edge. In the pressure and suction
surfaces the temperature decreases followed by a rise in temperature toward the

trailing edge.

It is obvious from figure (e-Ye) that analysis (1) with the film cooling gives
lower temperature distribution than the other analyses. For the remaining
analyses without the film cooling, it can be seen that analysis (Y) for (e,A) array
and trailing edge heat transfer based on plate flow gives temperature distribution
lower than analysis (1) which has the same blade geometry but the trailing edge
heat transfer based on pipe flow and lower than both of analyses (¥,¢ and ©)
which has more jet array for the insert geometry i.e.,(¢,°) array and trailing edge

heat transfer based on plate flow.
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The temperature distribution obtained by using the finite difference method

will be compared here with that obtained in using the finite element method, Ref
[

Figure (c-Y1) shows a great similarity between the finite difference and the
finite element results, which seems to coincide in most regions along blade

surface.

The differences between the results of the two methods are due to the
differences in the technique of each method as well as the use of transformation
theory, which depends on the transformation of curved boundaries of blade

profiles into straight lines.

An inspection to the graphs, we can see that the difference of the finite
difference results from the finite element method is very small. This difference
was calculated to be (¥.e:v %) as maximum value and it falls to (%) in most

regions.
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Figure (°-r) Blade Surface Temperature Distribution, Analysis (V)

[Trailing Edge Heat Transfer Based on Pipe Flow].
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CONCLUSIONS AND SUGGESTIONS

+.» Conclusions: -

The main conclusions that can be drawn from this work are summarized in
the following points:

Six case studies are used for thermal analyses of the blade, which requires
the specification of external and internal boundary conditions. It is also found
from the results obtained that the best cooling method to the turbine blade
have been obtained for the sixth case when the blade cooled by impingement
and film cooling method.

The analysis procedure used gave a good results in terms of their accuracy
when compared with the results of other researchers.

Numerical finite difference was used successfully in obtaining temperature
distribution for complicated geometries as compared to the finite element
results.

The body fitted coordinates method represents an efficient flexible tool for
treating difficult geometries.

An impingement-cooled blade can be dealt with a two-dimensional thermal
analysis through the use of heat transfer correlations, which provide spanwise
averaged values of the heat transfer coefficients.

The heat transfer coefficient for the trailing edge slot can be based on two
heat transfer correlations, one based on pipe flow and the other on the flow
between parallel plates. Both correlations result in similar blade temperature

distribution.
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The effect of increasing the number of cooling air jets, which impinge on
the hot blade surfaces, results in an increase in the blade temperature. This is
because the increase in number of jets of high intensity cooling regions is
accompanied by a reduction in the jet Reynolds number.

Several different heat transfer correlations can be used to describe the
impingement jet array areas as they all produce similar values of heat transfer
coefficients and hence similar blade temperatures.

Film cooling can be analyzed by varying the external boundary conditions
of the blade and results in an appreciable reduction in blade temperatures

about (Vv K) cooler than the blade without film cooling.

+.¥ Suggestions for Further Work: -

The following suggestions are suggested for further work:

A three-dimensional analysis of an impingement cooled blade or an array
of impinging jets with the aim of investigating the effect of the local variation
of the heat transfer coefficient around the jets.

Replacement of the trailing edge slot with a number of discrete trailing
edge passages and considering the effect of the ejected cooling air on the
external boundary conditions in the trailing edge region.

Determination of the temperature distribution could be demonstrated in
case of transient heat transfer to specify the distribution during turbine

operation.
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