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 الخلاصة
 

أن حساا ت زيع ااغ  الااا ة خاا ةاش  ااتو ا نااا ة تااياالز ادااا  تئقااف ة ر اا  ش ة     ااا  اا   الاا   

ة خاا ةاش  لة تااااح ة خاا ةاد  .أؼااان  أن زق ااج زيع ااغ  الااا ة خاا ةاش زخ اار اااز  ااتو ة اات اة      ااا      

  .يت ن ل ةلإحاةثل   ة   ل ق   ة خا ا لة ت  زا زط ل د     حل ة أنك.ا اغ أ .يت زي لا ة  ت   لأ

 

زااا زط لاار اؼ   ااا ةنت اا و ة خاا ةاش ا  تي االل ثق  لااا ة  ؼار .خ  ااا ة أساات  ش  .ؼ ااا ة اة .لااا  اا   اا كا  

ة   ل ق   ة خا ه  .خصايو ػ.ات زيع اغ  الا   ة خا ةاش  ا  ز.ا، ة ؼ اار   حالز زاا زط لار اؼ   اا ةنت ا و 

 ال  ل ة سطح ة اة . ( ة خ ةاش ا  خأل ة  س د    ة ؼ ا ة سطخلا )ة سطح ة   

 

زااا  لااه زخي اال  ااكل ة   نااا اااز  (grid generation technique)  أ اا.يت زي لااا ة  ت اا  اا  

زااا اط ا تداا  اااغ حااال    ةلإحاااةثل   ة  لر   لااا ا اات ةلإحاااةثل   ة خساا الا ل ة  ت اا  ة أتي اااش اااز  اا ة ة ق اال 

صاياش  اخلخا  .خصايو ػ.ات ة خال   ا ة ة   نا لذ ،  ضأ ن زط لر ة ن ل  ة خال  اا  ا  ة أؼا  ب  ا

لة  د  (body-fitted coordinate system)ة قيع از زي لا ة  ت    سأت اقظ   اط ا ا احاةثل   ة ئسا

  تؼ ال اغ ػاش  أنيةع از ة أؼ  ب  ة ت  ض.لا 

 

 ا زا حل ة أنك.ا اأس ػاش ا ن اج ح   ا لة  د ق   اإ ئ   زيع غ  ال   ة خ ةاش ا  ت اة      ا

(Gauss-Siedel)  

 

     ة ة  خثر  تا ح ب   اة لا زا ة ات اةاد   .تخ.لال ة خا ةاد  .  ناا لة ا د  تط.اف ل ا  

ة ناا ل  ة خال  ااا ة   اللااا ل ة اة .لااا  لأ ضاا  للااان  اااز ة قتاا  ج ة تاا  حصاا.ق  ػ.لداا  ااا ن أ ضاال     ااا   

ػقااا  زاا ز   اا ة   ناا ا  ات اة      اا  ز   ا    نا ة تياالز    ة ت   حص.ق  ػ.لد  از ة خ  اا ة س   اا

(impingement and film cooling) ل  اا للاان  ا ناه  ا  ة   ناا ة أ ا  ش ا  ات اة   ا ة ة ط   اا أن 

  ػاز ة   ناا ة أ ا  ش ااالن ة ات اة      اا ة ت   اا ا   نا   (K 071) الا ح ةاش ة   نا ز ال اخاية   

(film cooling method)  

 

  زا ة خصيو ػ.لد  از ة تخ.لال ة خا ةاد قياناع ااغ ز.ا، ة أسات  لا ااز ة أصااا ان ة قت  ج ة ت

ا  ات اة      اا ة ؼق  ا  ة أخاا ش  لقاا أادا   ة أ  اناا ز ا ات   لا  االز نتا  ج ة  ا ل قا    (01)  اقا 

 ا     قلأاا ل  ال  ا ة ة  ا ل  (3. % )ة خا اا لة ؼق  ا  ة أخاا ش ااغ  ا ل ق.لال اأكاز حسا اه  لصال ا ات 

    اؼظا ة أق  ر  (13)ل ا ت  لص
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The turbine extracts kinetic energy from the expanding gases, which flow 

from the combustion chamber. The kinetic 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, [1]. 

 

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, [2]. 

 

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

turbine plants consist of compressor, combustion chamber, and gas turbine. 

INTRODUCTION 
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Chapter One Introduction 

Fig.(1-1) shows that the cooling air to cool the turbine is bled from the 

compressor, Ref. [3]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1 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, [4]. 

 

 

Fig. (1-1) Axial Gas Turbine, Ref. [3] 
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Chapter One Introduction 
 

 The gas turbine working at high gas temperature between 656
o
C and 956

o
C, 

nickel and chromium based alloys are used. Cobalt alloys have high strength and 

resistance to oxidation up to temperature of 1156
o
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, [5]. 

 

 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. 

 

1.1 Turbine Cooling: - 

 The turbine components in modern gas turbine engines are subjected to 

much higher temperatures than the components in turbine bulit 56 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 (1-2). 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, [1]. 

 

 

 

(2) Convection cooling 

(3) Film cooling 
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Chapter One Introduction 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

1.1.1 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 (1-3) illustrates the 

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

these are reported by Cohen, [6]. 

 

 

 

 

 

Blade Cooling 
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Chapter One Introduction 

 

 

 

 

 

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

  

 

 

 

 

 

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, [6]. 
 

 The air cooling methods used in the turbine are illustrated in figure 

(1-4) and can be divided into the following categories, these are reported by 

Ref.[1]: 

1. Convection cooling. 

2. Impingement cooling. 

3. Film cooling. 

4. Full-coverage film cooling. 

5. Transpiration cooling. 
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Chapter One Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

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

figure (1-5) 

 

 

 

 

 

 

 

 

 

Convection-cooled 

Radial outward airflow into chamber 

Film-cooled 

Convection-cooled 
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Chapter One Introduction 

1.1 The Scope of the Present Work: - 
  

 The scope of this research can be summarized in the following stages: 

i) 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 

is 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. 
 

ii) In chapter 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. 

 

  

 



9 

 

 

 

 

 
 

 

1.2 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. 

 

1.1 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., [7], 4991, 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.  

 

  

LITERATURE REVIEW 
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Chapter Two Literature Review 
  

Anderson D.A, [9], 4991, 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., [9], 4999, 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., [41], 4999, 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., [44], 4991, 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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Chapter Two Literature Review 
 

Tekriwal P., [41], 4991, used standard and extended K.Є 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.Є 

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.Є model is observed 

at high as well as low Reynolds number flows. 
 

Dilzer M. et al, [41], 4999, 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 (71 MW/4111
o
c). As a 

result it was found that the mechanically and thermally induced loads have been 

reduced considerably and do not exceed (411 Mpa) thus achieving adequate life 

based upon failure probability calculations. 

 

Natalini and Sciubba, [41], 4999, 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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Chapter Two Literature Review 

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.Є 

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., [41], 1114, 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., [41], 1111, 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 

(41) circular holes, with different diameters and as (1) channel passages. Her 

results show that the surface temperature distribution with channel cooling 

passages is (112) lower than the surface temperature distribution with circular 

cooling passages.  
 

Marie et al, [47], 1111, 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 1D 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: 

a) uniform wall temperature on the outer van surface, 
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b) non-uniform wall temperature distribution on the outer vane surface based 

on experiments, and 

c) 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. 

 

1.2 Analytical Work: - 

 Debruge and Han, [49], 4971, 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 Te and an external heat transfer coefficient he which may be variable. 

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

 weex TThq   …(1.2) 
 

where, Tw is the blade surface temperature variation given by the following 

equation, 
 

 



0m

m
mow LxCTT  …(1.1) 

 

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., [49], 4979, 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 
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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 411
o
K 

(111
o
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., [11], 4991, 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 11 percent higher than those for convection cooling. Method “B” 

is based on the parameters θ 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  TTw  as defined in equation 

  TThq ww  …(1.2) 
 

and a dimensionless parameter,  , is used 










TT

TT

w

2  …(1.3) 
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and 

K1
h

h

o





 …(1.4) 

 

where,  

o

o1

h

hh
K




  …(1.5) 

 

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

perforated section is also calculated with method “A”. 

 

1.3 Experimental Work: - 
 

Nicholson et al,[14], 4971,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, [11], 4971, 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., [11], 4991, 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 1 to 1.1 for pressure ratios in the range 1 to 1. 

Cooling hole length to diameter ratios were varied between 1 and 1, and 

inclinations of 11
o
, 11

o 
and 91

o
 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, [11], 4991, 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, [11], 4991, 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 
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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.[11], 4991 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, [17], 4991, 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  41
o
 and  11

o
 about the stagnation line of the leading edge. 

Discharge coefficients and flow divisions between the 41
o
 and 11

o
 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 ( 41
o
) and the 

second ( 11
o
) 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 1.1, 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 1.1 where 

there is also considerable sensitivity to changes in Reynolds number. 
 

 Mcmillin and Lau, [19], 4991, 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 41-

row, staggered 11 array of short pin fins (with a height-to-diameter ratio of 1.4, 

and stream wise and span wise spacing-to-diameter ratios of 1.1) 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, [19], 4991, 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 141
1. A model turbine 

blade injected air or CO1 through one row of film holes each on the pressure and 

suction surfaces. The results show that the large-density injecting CO1 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, [11], 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 411,111, 111,111 and 111,111 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, [14], 4991, investigated the aerothermal performance 

of a typical turbine blade three-pass turbulated cooling circuit geometry in a 41X 

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 4X rotating model of the blade cooling circuit and 

other turbulator channel geometry heat transfer data investigations. 
 

 Moss et al, [11], 4999, 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, [11], 4999, 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 4.1141
1 and an exit Mach number 1.9. Density ratio effects were studied with 

air and CO1 injection for the simulation of high-density ratios, the latter has been 

matched using strongly cooled air and heated CO1. 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, [11], 1111, investigated experimental tests in a low-speed wind 

tunnel cascade to determine the film-cooling effectiveness of the film-cooling 
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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., [11], 1114, 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 V91.1A1 11Hz 491 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. 
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1.3 Introduction: - 

In order to employ high gas temperatures in gas turbine stages it is 

necessary to cool the casing, nozzles, rotor blades and disks, [6]. Heat transfer 

can be defined as energy in transit due to a temperature difference, [36]. There are 

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

1- Conductive heat transfer. 

2- Convective heat transfer. 

3- Radiative heat transfer. 

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

conduction, which for one-dimensional system is: - 

dy

dT
Akq c  

 

                                                ……(1.3) 

 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: 

 ThAq .conv                                                   ……(1.2) 
 

MATHEMATICAL MODEL 
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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: 

 44
sr TTAq                                                   ……(1.1) 

  

Where  is the Stefan-Boltzmann constant  428
KmW1067.5

   

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

than that of black body, the equation (3.3) becomes: 

 44
sr TTAq                                                    ……(1.4) 

 

Where 10   and 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. 

 

1.2 Assumptions: -  

 The following assumptions were considered in the present analysis: 

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

operation only. 

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

temperature is the same at any section along the turbine blade. 

3-There is no heat generation in the turbine blade. 

4- The turbine blade material is (CrNi Alloy), 19% Cr and 7% Ni and the thermal 

conductivity is constant, and equal 1.83W/m.K, These described by Walker[11]. 

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

small. 
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1.1 Cooling Method: - 

1.1.3 Blade Geometry Cooling Method 

Consider a turbine blade cooled by convection –and impingement as 

shown in Fig. (3-1) 

 

 

 

 

 

 

 

 

 

 

 

 

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, 

0
y

T

x

T

2

2

2

2










                                                 ……(1.5) 

 

And for the surface nodes is, 

qcnduction =qconvection                                                 ……(1.6) 

 

 

 

Initial Crossflow 

Trailing Edge Slot 

Chordwise Direction P.S Array 

Leading Edge 

 Row 

S.S Array Insert 

Fig. (1-3) Convection and Impingement Cooled Blade 
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383.2 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. (3-2 a) 

 

 

 

 

 

 

 

 

 

 

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 

T(x) 

i-1/2 i+1/2 

i-1 

i+1 

i,j 

i,j 

i,j-1 

Δx 

i,j+1 

i-1,j i+1,j 

Δy 

(a) (b) 

Fig. (1-2) (a) The Nodal Network 

         (b) Assumed temperature Distribution Along Line  

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

Y, j 

X, i 
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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 [37]. 

 Equation (3.5) 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 22
xT  in relation to Fig. (3-2b) 

describing the temperature distribution. 

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

by the expression: 

x

x

T

x

T

x

T j,2/1ij,2/1i

j,i
2

2


































 

                                          ……(1.7) 

 

 The temperature gradient  xT  may similarly be described in terms of 

the nodal temperatures. 

i.e., 

x

TT

x

T j,ij,1i

j,2/1i 










 



                                  …… (1.8) 

 

x

TT

x

T j,1ij,i

j,2/1i 















                                …… (1.9) 

 

 Substituting equations (3..) and (3.9) into equation (3.7) we get, 

2

j,ij,1ij,1i

j,i
2

2

x

T2TT

x

T















 
                               ……(1.31) 
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 Following the same procedure for the derivative 

j,i
2

2

y

T











it results: 

2

j,i1j,i1j,i

j,i
2

2

y

T2TT

y

T















 
                               …… (1.33) 

 

Both of equations (3.11) and (3.11) 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. 

 

1.4 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 [7]. 

 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.[.]: 

 

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

same family do not cross each other. 
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(2) The grid lines should be smooth to provide continuous transformation 

derivatives. 

(1) Grid points should be closely spaced in physical domain where large 

numerical errors are expected. 

(4) Excessive-grid skewness should be avoided. 

 Grid generation technique can be roughly classified into three categories:  
 

1. Complex variables methods. 

2. Algebraic methods. 

3. 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. 
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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. 

 

5.6.3 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. (3-3). 

 

 

 

 

 

 

 

  

 

 

 

(a)

x

y

(b)

 
η 

ξ 

Fig. (5-5) Rectangularization of computational grid 

(a) physical plane (x,y) 

(b) computational plane (ξ,η) 
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Consider a completely general transformation of the form, these are 

described by Anderson, [33]. 

)y,x(                                  ……(5.34) 
 

)y,x(                                   …… (5.35) 
 

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

domain (x,y) to the computational domain (ξ,η). Using the chain rule of partial 

differentiation, the partial derivatives become: 

xxx 



















 






                                 ……(5.36) 

 

yyy 



















 






                                ……(5.37) 

 

Let, 

yxyx
y

,
x

,
y

,
x
































 

Equations (3.41) and (3.41) may be written in matrix forms as: 






































































yy

xx

y

x  

 

                               ……(5.38) 

 

Now consider the inverse of transformation, given by: 

  ,xx   

 

                               ……(5.31) 
 

  ,yy   

 

                               ……(5.32) 
 

Taking the exact differentials, we have 

  dxdxdx                                  ……(5.33) 
 

  dydydy                                  ……(5.42) 
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Equations (3.44) and (3.02) are expressed in a matrix form as: 



































d

d

yy

xx

dy

dx
 

 

                               ……(5.43) 

Reversing the role of the independent variables, we may write 

dydxd yx                                   ……(5.44) 
 

dydxd yx                                   ……(5.45) 
 

Or, in matrix form, 



























dy

dx

d

d

yx

yx








 

 

                               ……(5.46) 

Multiplying both sides of equation (3.04) by 

1

yy

xx














 yields 




























dy

dx

yy

xx

d

d
1








 

 

                               ……(5.47) 

 

Comparing equation (3.01) and (3.01) yields 










yx

yx




1

yy

xx














                                ……(5.48) 

Let  

A = 








yx

yx




                                ……(5.41) 

 

1
A 













yy

xx
                                ……(5.42) 
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Following the standard rules for creating the inverse of a matrix, Equation 

(3.01) is written as: 

1

11
1

A

AfactorofTranspose
AA




                                  ……(5.43) 

 

Transpose of factor 

















xy

xy
A

1                                 ……(5.52) 

 

JyxyxA
1 

                                 ……(5.53) 

 

Where J is the Jacobian of the transformation which can be defined by: 

 
  



 yy

xx

,

y,x
J 




                                …… (5.54) 

 

 
 

1

1

yy

xx

,

y,x

1

J

1
J



 












  

  yxyx1J
1 

                                ……(5.55) 
 

Substituting equations (3.02), (3.33) and (3.34) in equation (3.04) yields, 













 





xy

xy
JA

1  

 

     ……(5.56) 

The elements of matrix A may be obtained by: 

 yJ
1

x
                              ……(5.57 a) 

 

 xJ
1

y
                              ……(5.57 b) 

 

 yJ
1

x
                               ……(5.57 c) 

 

 xJ
1

y
                              ……(5.57 d) 

 

Where 1
J
 is defined by equation (3.33) 
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 To compute the matrices numerically, equations (3.31) are used, the 

matrices   y,y,x,x 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,  [34]. 




2

xx
x

j,1ij,1i  
  

                               ……(3.33) 

 




2

xx
x

1j,i1j,i  
  

                               ……(3.32) 

 




2

yy
y

j,1ij,1i  
                                 ……(3.33) 

 




2

yy
y

1j,i1j,i  
                                 ……(3.34) 

 

3.1.0 Elliptic Grid Generation 

 Thompson, [1], worked extensively on using elliptic PDE’s to generate 

grids. This procedure is similar to that used by Hoffman, [53], 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, 

 y,xPyyxx                                   …… (3.12) 

 

 y,xQyyxx   

 

 

 

 

 

                                 ……(3.14) 

 Where   , represents the coordinate in the computational domain and 

 Q,P are terms which control the point spacing on the interior of physical 

domain. 
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 For numerical evaluation of the grid, equations (5.62) and (5.63) is found 

inconvenient to use ξ and η 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 (5.36) and (5.37), 

Therefore, 

……(3.10) 
  fff

x

f
xxx 




 

 

……(3.13)   fff
y

f
yyy 




 

 

These equations may be rearranged by utilizing Equations (5.57 a) through       

(5.57d) hence, 
 

 

……(3.11)   fyfyJf
1

x   

 

……(3.11)   fxfxJf
1

y   

 

 To determine the second-order derivatives, fxx and fyy, the following 

mathematical manipulations are performed: 
 

   ff
xx

f

xx

f
xx2

2



























 

  





 ff xxxx 
















  

    





 ffff xxxxxx 








  

   xxxxxx
2
x ffff 





 









  

……(3.13)    xx
2
xxxxx ffff 





 










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This equation is reduced to the following if relations’ (5.57 a) through (5.57 d) are 

used, 
 

i.e., 

     




















 
xx

1221

2

2

ffyJfyfyy2fyJ
x

f






  

……(3.12)      
















 

xx
1

ffyJ 





 

 

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

   


























 









 yxyx

y
yJ

1
x  

     xyyxyxxyyyxyxyJ
2    

  xyyyyxyyxxyyyxyyxJ
22    

                                                                                                                 ……(3.13) 
 

Similarly, 
 

   





yJ
1

x










 

……(3.14) 







xyyyx

yyxxyyyyxyyxJ

2

2



 

  
 

   





yJ
1

x










 

……(3.12) 






yyxxyy

xyyyxyyxyyxJ
22



 

 

 

   





yJ
1

x










 

……(3.14) 







yyxxy

xyyyxyyyxyyxJ

2

2



 
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  Substitution of Equations (5.62) through (5.73) into Equation (5.61) and 

rearranging terms yields: 

  

    



fyfyxyxyy2xyfxfx

yyyyy2yyJfyfyy2fyJ
x

f

22

223222

2

2






 

 

                                                                                                                ……(3.10) 

 

 

Similarly, 
 

  

    



fyfyxxxxx2xxfxfx

yxyxx2yxJfxfxx2fxJ
y

f

22

223222

2

2






 

 

……(3.13)  

 

Now consider the laplacian, 
 

……(3.11) 2

2

2

2
2

y

f

x

f
f









  

 

And substitute Equations (5.74) and (5.75). After simplification and collection of 

terms, we obtain 

 

      
       

       





fyfyxyxxyyxx2xyx

fxfxyyxyyyxx2yyxJ

fyxfyyxx2fyxJf

2222

22223

222222











 

 ……(3.11) 

 

Then 

 

      fxfxcyby2ayJcfbf2afJf
322  

 

……(3.13)    fyfycxbx2ax  
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Where 

……(3.12 a) 
22

yxa   
 

……(3.12 b)  yyxxb  
 

……(3.12 c) 
22

yxc   
 

Let, 

   cxbx2ax 
 

   cyby2ay 
 

so, the equation (5.78) becomes 

        fyfyfxfxJcfbf2afJf
322    

……(3.13) 
 

 

Let 
 

……(3.14 a)    xyJd
1  

 
 

……(3.14 b)    yxJe
1  

 
 

so, the equation (5.72) becomes 
 

……(3.32)   efdfcfbf2afJf
22  

 
 

If f=ξ 

……(3.34) 

0,0

0,0,1



































































































 

 

By substitution equation (5.83) in equation (5.74) we get 
 

……(3.30) 

   
 



yxxyy

yxxyyy2yxxyyJ

2

23
xx



 
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And by substitution equation (5.83) in equation (5.75) we get 
 

……(3.33) 

   
 



yxxyx

yxxyxx2yxxyxJ

2

23
yy



 

 
 

If f=η 

 

……(3.31) 

0,0

0,0,1



































































































 

 

By substitution equation (5.86) in equation (5.74) we get 
 

……(3.31) 

   
 



xyyxy

xyyxyy2xyyxyJ

2

23
xx



 

 

 

And by substitution equation (5.86) in equation (5.75) we get 
 

……(3.33) 

   
 



xyyxx

xyyxxx2xyyxxJ

2

23
yy



 

  

Using equation (5.62) and (5.63), it can be written that  
 

……(3.32) P
2   

 

……(3.33) Q
2   

 

From equation (5.82) 

If f=ξ 

……(3.34) eJ
22   

 

By equating both of equation (5.81) and (5.83) 

……(3.22)    yxJP
3  

 

 

Similarly ,if f=η 
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……(3.24) dJ
22   

 

By equating equation (5.82) to equation (5.13) we get, 
 

……(3.20)    xyJQ
3  

 

 

 

So, the transformed of equations (5.62) and (5.63) are: 

……(3.23)   QxPxJcxbx2ax
2  

 

……(3.21)   QyPyJcyby2ay
2  

 

To discretize the different terms in equations (5.15) and (5.16) for P=Q=2 

(Laplace’s equation) as follows: 

2
1j,i1j,i

2
1j,i1j,i

j,i
2

yy

2

xx
a 












 













 





 

 

 













 













 













 













 




 2

yy

2

yy

2

xx

2

xx
b

1j,i1j,ij,1ij,1i1j,i1j,ij,1ij,1i
j,i

  

2
j,1ij,1i

2
j,1ij,1i

j,i
2

yy

2

xx
c 












 













 





 

 

 

2

j,1ij,ij,1i xx2x
x




 
   

 

  


4

xxxx
x

1j,1i1j,1i1j,1i1j,1i  
   

 

2

1j,ij,i1j,i xx2x
x




 
   
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2

j,1ij,ij,1i yy2y
y




 
   

 

  


4

yyyy
y

1j,1i1j,1i1j,1i1j,1i  
   

 

2

1j,ij,i1j,i yy2y
y




 
   

 

The subscripts ( i ) , ( j ) refer to grid points in ξ and η coordinates, 

respectively. Further, although in the above formulation, grid sizes  and  in 

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 (5.15) for P=Q=2 

we get, 

 

   






 












  

 4

xxxx
b2

xx2x
a

1j,1i1j,1i1j,1i1j,1i
j,i2

j,1ij,ij,1i
j,i  

0
xx2x

c
2

1j,ij,i1j,i
j,i 











 





 ……(3.21) 

 

 And if we substitution of the above discretized terms into equation (5.16)  

for P=Q=2 we get, 

 

   






 












  

 4

yyyy
b2

yy2y
a

1j,1i1j,1i1j,1i1j,1i
j,i2

j,1ij,ij,1i
j,i  

0
yy2y

c
2

1j,ij,i1j,i
j,i 











 





 ……(3.23) 
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 Both of equation (5.17) and (5.18) can be solved easily by the Gauss-Siedel 

iterative method, 

 

So, the equation (5.17) is rearranged as: 

 

 
 

 
 

  





  *
2

b
xx

c
xx

a
x

j,i
1j,i1j,i2

j,i
j,1ij,1i2

j,i
j,i


 

 
    













  2

j,i

2

j,i
1j,1i1j,1i1j,1i1j,1i

ca
2xxxx



 

……(3.22) 

 

Similarly, equation (5.18) becomes  

 

 
 

 
 
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2

b
yy

c
yy

a
y

j,i
1j,i1j,i2

j,i
j,1ij,1i2

j,i
j,i


 

 
    




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1j,1i1j,1i1j,1i1j,1i

ca
2yyyy


 

 

 

……(3.23) 

 

 

 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 (5.11) and (5.12). The coefficients a, b and c are determined from 

equations (5.71). The resultant mesh is shown in Fig. (5-6 b). 
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From Fig. (5-6 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, [53]. 
 

 

 

 

 

 

Fig. (3-1)  (a) Algebraic Grid Generation 

                 (b) Two-Dimensional Grid in Physical Plane 
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 Therefore, equations (5.15) and (5.16) are written again as follows: 

……(3.23)   QxPxJcxbx2ax
2  

 

……(3.21)   QyPyJcyby2ay
2  

 

 Where P and Q are source or forcing terms to be prescribed. The 

  ,P function is used to attract   - coordinate line or to a specific point . 

Similarly    ,Q is used for attracting  -coordinate lines to a constant   

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. [2] 

……(3.24)   2
y

2
x,P   

 

……(3.32)   2
y

2
x,Q   

 

 Substituting in equation (5.15) and (5.16) both of this equation can be 

written as: 

……(3.34)     0xxcbx2xxa    

 

……(3.30)     0yycby2yya    

 

 Where  and  are specified through the boundary conditions. On the 

boundaries, the  and  functions are determined by setting the quantities in 

parentheses equal to zero. 

 Along  constant boundaries, Middlecoff and Thomas illustrated by 

Ref.[2], require, 

……(3.33) 

0xx     

0yy    
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And along  constant boundaries  

 

……(3.31) 

0xx     

0yy    

 

 So, from the above equations 
 

……(3.31) 

 
 22

yx

yyxx









                               on  b           

         

 

 

……(3.33)                      
 

 22
yx

yyxx









            on  b          

          

 

 

 The parameters  and  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 (5.23) and (5.24). This 

application will give us a new grid shown in Fig. (5-7) 

 

 

 

 

 

 

 

 

 

 

Fig. (3-1) Orthogonal Grid Generation 
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5.3 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 (5.6.3), 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: 
 

0
y

T

x

T

2

2

2

2










                    ……(5.78) 

 

 The two partial derivatives will be transformed to a new computational 

domain as follows: 
 

x

T

x

T

x

T





















 






 

 

xx TT
x

T
  




                    ……(5.77) 

 

 Similarly , 

yy TT
y

T
  




                    ……(5.78) 

 

Then, 
 

 xx2

2

TT
xx

T

xx

T
  


























 

 

                 ……(5.89) 

 

Recalling that equation (5.36) for  x , after simplification we get, 
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  TTTT2T
x

T
xxxx

2
xxx

2
x2

2





                   ……(5.89) 

 

Similarly, 
 

  TTTT2T
y

T
yyyy

2
yyy

2
y2

2





                   ……(5.89) 

 

By substitution both of equations (5.13) and (5.14) in equation (5.78) this 

equation becomes, 

 

     

    0TT

TT2T

yyxxyyxx

2
y

2
xyyxx

2
y

2
x













                   ……(5.85) 

 

Equation (5.15) can be applied to the interior nodes to get the temperature 

distribution in these nodes. 

 

Where  ,yxyx ,,,  and  yyxxyyxx ,,,  were defined in the last 

sections. For central-difference approximation 
 

2

j,1ij,ij,1i TT2T
T




 
                    ……(5.89) 

 

  


4

TTTT
T

1j,1i1j,1i1j,1i1j,1i  
                    ……(5.83) 

 

2

1j,ij,i1j,i TT2T
T




 
                   ……(5.89)  

 




2

TT
T

j,1ij,1i  
  

                  ……(5.88) 

 




2

TT
T

1j,i1j,i  
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                  ……(5.87) 
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Let, 

2
y

2
x1a    

 

 

 

yyxx1b                     

 

2
y

2
x1c               ……(5.88) 

 

yyxx1d     

 

yyxx1e     

 

By substitution the equations (5.16 to 5.11) in equation (5.15) we get, 
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
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







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
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1
1j,i1j,i

1 c2a2
TT

2

e
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……(5.999) 

 

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

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. (5-8) is: 
 

22
dydxs                  …… (5.999) 

 

Recalling from equations (5.31) and (5.42) and along constant (η) lines, dη  =2, dξ  

=3 so that, 

xdx   , ydy   

It gives, 

22
yxs                    ……(5.999) 

 

qconv. 

hex , Th 

Sξ9 Sξ9 
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Along constant (ξ) lines, dξ =2, dη =3 so that, 

xdx   , ydy   

 

it gives, 

 

22
yxs                    ……(5.995) 

 

The distance along the blade surface between nodes (i) and (i+3) as shown in Fig. 

(5-8) is, 
 

   2j,ij,1i
2

j,ij,1i yyxxs
1

                   ……(5.999) 

 

And between nodes (i) and (i-3) as shown in Fig. (5-8) is, 
 

   2j,1ij,i
2

j,1ij,i yyxxs
2                    ……(5.993) 

 

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

and (j+3) as shown in Fig. (5-8) is, 
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   2j,i1j,i
2

j,i1j,i yyxxs
1

                   ……(5.999) 

 

And between nodes (j) and (j-3) as shown in Fig. (5-8) is, 
 

   21j,ij,i
2

1j,ij,i yyxxs
2                    ……(5.998) 

 

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

convectionconduction qq   

 

                ……(5.997) 

 

Where, 
 

dS

dT
Akq cconduction   

 

                ……(5.998) 

 

ThAq .convconvection                  ……(5.999) 

 

For external surface nodes see Fig. (5-8 a) the equation (5.327) becomes  
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                 ……(5.999) 

 

Where, 
 

1
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
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
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
  

 

                ……(5.999) 

 

2
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



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
                 ……(5.995) 

 

1

j,i1j,i
1

S

TT
T








                 ……(5.999) 

 

hTT                   ……(5.993) 

 

Where, hT  is the temperature of a hot gas. 
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Let, 
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d 












 



                 ……(5.998) 

 

So the equation (5.333) after rearrangement becomes, 
 

 

 h2j,1i2j,1i21j,i2
2222

j,i TdTcTbTa
dcba

1
T 


     …...(5.999) 

 

Similarly, for the internal surface nodes see Fig. (5-8 b) the equation (5.327) 

becomes, 
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 TT

2

SS
h j,i

21
in


   …...(5.999) 

 

Where, 

 

Tξ3 and Tξ4 are prescribed in equations (5.334) and (5.335) 
 

2

j,i1j,i
2

S

TT
T








                 ……(5.999) 

 

cTT                   ……(5.995) 

 

Where, cT is the temperature of cooled air. 
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Let, 
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 
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2
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S
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
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                  ……(5.993) 

 

2
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S
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21

3 h*
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d 












 



                 ……(5.998) 

 

So the equation (5.343) after rearrangement becomes, 
 

  

 c3j,1i3j,1i31j,i3
3333

j,i TdTcTbTa
dcba

1
T 


     …...(5.997) 

 

Equation (5.322) is for interior nodes and equations (5.342), (5.347) 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 (5.322), (5.342) and (5.347) 

with a boundary conditions specified in the next chapter and also the coordinates 

of the outer, inner and interior points are taken from Fig. (5-7). 
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5.9 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, [51]. 

 

 






 
1maxii
1maxjj

2j
2i

n
j,i

1n
j,i WWABSWError    …...(5.998) 

 

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 2.223  

 

 The number of nodes that the temperature distribution will be predicted on 

it is (618) with (I=346 and J=6), and hence, 618 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 722 iteration. 

 

 

 

 

   



25 

   

 

 

 
 

 

 

1.4 Introduction: - 
 

The blade geometry was introduced in the computational plane   , 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 (9933), (99..3), and (99.53) will be used to determine the 

temperature distribution within the blade for all nodes resulted from grid 

generation technique. Equation (9933) is concerned with internal nodes where 

conduction mode takes place, while equations (99..3) and (99.53) 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 (9933), (99..3), and (99.53) 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. 

 

 

 
 

THERMAL ANALYSES OF CASE STUDIES 
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1.4 Analysis (4):  

Turbine Blade Cooling with Impingement-and Trailing 

Edge Ejection  
 

1.4.4 Geometry: - 
 

 Fig. (4-. a) illustrates the blade geometry to be considered in this analysis. 

 

 

 

 

 

  

  

 

 

 

 

 

 

 The blade incorporates an insert which serves as the jet plenum, figure    

(4-.a) which is perforated by an array of jet orifices, Fig. (4-. 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 (xn) a 

spanwise spacing of (yn) and the insert is separated from the blade wall by a 

distance (zn).  

 

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. 

Fig. (1-4 a) Blade Geometry, Ref. [.1] 
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The insert is perforated by (.51) jet orifices and it is separated from the hot 

blade surface by a distance of (.mm). Each of the (.51) jet orifices are of (.mm) 

and arranged into (.5) rows of (.1) orifices each, i.e., each row consists of (.1) 

orifices in the span wise direction. 

 

Fig. (1-4 b) Detail of S.S. and P.S. Arrays  
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 The rows are arranged so that (6) rows cool the blade suction surface and 

(2) rows cool the pressure surface as shown in Fig. (4-. a). For this (..) rows the 

chord wise spacing (xn) is equal to (2) jet orifice diameters (2mm), while the 

spanwise jet spacing (yn) is equal to (8) orifice diameters (8mm). 

 

 This jet impingement array will be identified as F (2,8) where (2) refers to 

the chord wise spacing, and (8) 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 [45]. The remaining row is located at the leading edge. 

 

 The trailing edge region consists of an (196mm) wide slot which is (81mm) 

high, (in the spanwise direction). 

 

 The cooling air mass flow rate is taken as 5893×.1
-9 Kg/s, all of which 

passes through the insert and through the jet orifices to form the cooling jets but 

only half of it, .4992×.1
-9 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. 

 

1.4.4 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. (4-5) 

with the hot gas temperature taken to be uniform and it is equal to (369K) around 

the blade external profile, these are described by Walker, [.1]. 
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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, [41], 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. 

Fig. (1-4) The Variation of the External Heat Transfer Coefficient, Ref. [.1] 
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Firstly, a coefficient of discharge, CD , of the jet orifices will be calculated 

from the equation; showed by Ref. [41] 
 

cD
j

c P2C
A

m



 ……(1.4) 

 

Where, jA is the total jet orifice area -of all .51 orifices, 

cm is the total coolant mass flow rate, (5893×.1
-9 Kg/s) 

P is the pressure drop across the insert- taken as ..6 kpa and 

c is the coolant density taken at the cooling air jet temperature of 938K. 

The properties of air at 938 K is taken from table (A2), these are described 

by Ref. [4.] 

K.mW03178.0K

s.mKg1019316.2

mKg9334.0

5

3











 

 

Hence from equation (49.), 

65.0CD   

 

 The mass flow rate through the leading edge row, im , is taken as 59935×.1
-

9 Kg/s, which is one twelfth of the total coolant mass flow rate, cm . 

 

 From Ref. [41] the spanwise averaged Nusselt Number for the jet 

stagnation region was correlated from the experimental results to be; 
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Where Rej is the jet Reynolds number, 

  dle is the leading edge diameter and 

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

 Fig. (4-9) illustrated the leading edge region and identifies the geometric 

parameters which for the blade under consideration are; 
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mm8y

mm2d

mm6.3d

mm1d

13739Re

n

s

Le

j











  

 

Hence from equation (495); 

KmW1825h

58Nu

2
stag

stag




 

 

Around the stagnation region, Chupp et al, [41] established another 

correlation to found the averaged Nusselt Number from experimental results to 

be; 
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…(1.3) 

From which it can be calculated; 

KmW2121h

67Nu

2
asg

asg




 

 

With the heat transfer coefficient determined for the leading edge region it only 

remains to specify the fluid temperatures in these areas (Tstag) and (Tasg) and these 

were both taken as (938K). 

 

B) The Pressure and Suction Surface Jet Arrays 
 

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

cooled by (2) and (6) 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. 
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(.) 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. [45] 

   
   x~1BcoshMx~BcoshM1

x1BsinhMxBsinhM1

C2

1

G

G

Dj

c




  …(1.1) 

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

area, i.e., 

an

i
c

SZ

m
G


  at x=1 

an

jti
c

SZ

mm
G

 
 at x=L 

 

Sa is the spanwise length of the array, 

j
o

j
j V

A

m
G 


=the jet mass velocity for one row, 

hasg 

hasg 

hstag

hasg

g 

dle 

d 

d 

ds 

Fig. (4-9) Leading Edge Region 



 

 61 

Chapter Four Thermal Analyses of Case Studies 

jt

i

m

m
M




 =The initial cross flow rate to the total jet array flow rate, 

B is a dimensionless quantity defined as; 

n

D

Z

LCAxy2
B   …(1.5) 

nn

2

xy
yx

d
4A



  

Lxx~  , 

(x) is the chordwise distance along the array, 

(L) is the total chordwise length of the array, 

 Lx
2

1
x~x n  

 For the suction surface array the following parameters are required to 

calculate the flow distribution according to equation (499). 

sKg10196.1m
3

i
 - is one half of the leading edge mass flow rate of 

sKg10392.2
3 . 

sKg1035.14m
3

jt
 - This is one half of the total coolant mass flow rate of 

sKg107.28
3  as the suction surface array contains 6 of the .5 rows of holes. 

2
xy m019.0A   

mm30L   i.e; 6 rows with a 2 mm spacing. 

083.0M   

mm80Sa   i.e; each row contains .1 jets with an 8 mm spacing. 

The flow distributions obtained from equation (494) are shown in table    (4-

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

 

 

 

 

 
 

 

 

 

 

 



 

 6. 

Chapter Four Thermal Analyses of Case Studies 
 

(4) Suction Surface-Heat Transfer Coefficients 
 

The heat transfer coefficients for the suction surface can be calculated using 

the correlation developed by Ref. [49]. The correlation is based on experimental 

results, the Nusselt Number resolved to one chordwise jet spacing is,  
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Where, 317.0rand719.0m,237.0A,67.0A 21   



dG
Re

j
j   

 

 The calculated values of heat transfer coefficients are shown in table (4-.) 

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

 

(3) 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. (4-4) 

 

 

 

 

 

 

 

 

 

 

 

 
 

Tj 

Ti 

Ts 

Fig. (1-1) Jet Array Impingement with Initial Cross 

              flow, as a Three Temperature Problem. 
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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: 
 

 awsa TThq                            …(1.7) 
 

Where( awT ) is the adiabatic wall temperature and can be defined in a non-

dimensional effectiveness, (ET) as: 

ji

jaw
T

TT

TT
E




                           …(1.8) 

 

Where, Tj : is the jet temperature. 

    Ti: is the temperature of the initial cross flow, ji TT   

 The driving fluid temperature along the array (Ta) can be taken as (Taw) 

hence once (ET) is known (Ta) can be found. Florschuetz [45] estimates the values 

of (ET) for an F(2,8) array and represented in table (49.) together with the 

calculated values of (Ta), where (Tj) was taken as (938K) and (Ti) as (433K). 

 

Table (1-4) Result of Suction-Surface Flow Distribution, Heat Transfer 

Coefficients and Coolant Temperatures Obtained From Equations ((494) , (496) 

and (498)) 

 

x(mm) Gc/Gj ha (W/m4K) ET Ta (K) 

1 – 2 19125 .28. 19528 41992 

2 – .1 19.48 .29. 19551 93398 

.1 –.2 1954. .2.4 19.38 93396 

.2 – 51 1999 .2.6 19.66 93492 

51 – 52 19984 .241 19.51 98393 

52 – 91 1943. .223 19.11 98393 
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(1) 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 2 rows of jets are involved 

rather than 6 rows. 

 

 The initial cross flow from the leading edge, im = sKg10196.1
3 . 

jtm = sKg10196.11
3   

1.0M   

mm25L    

2
xy m0196.0A   

 

 The flow distribution for the pressure surface can then be calculated 

according to equation (494) and the results are shown in table (4-5). 

 

(5) Pressure Surface-Heat Transfer Coefficients 
 

For the pressure surface, the heat transfer coefficients are calculated 

according to equation (496) for which only Rej and Gc/Gj will change and the 

results are listed in table (4-5) 

 

(6) Pressure Surface Coolant Temperatures 
 

The value of (ET) 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 19189 to 19., 

different (ET) values exist for the pressure surface. 

These values, together with the calculated values of (Ta) based on a (Ti) of 

(433K) and  (Tj) of (938K) as before, are shown in table (4-5). 
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Table (1-4) Result of Pressure-Surface Flow Distribution, Heat Transfer 

Coefficients and Coolant Temperatures Obtained From Equations ((494) , (496) 

and (498)) 

x(mm) Gc/Gj ha (W/m4K) ET Ta (K) 

1 – 2 1912. .61. 19538 41292 

2 – .1 19.48 .221 195.3 93393 

.1 –.2 1954. .299 19.85 936 

.2 – 51 19956 .296 19.92 93.94 

51 – 52 194.9 .225 19.16 988.2 

 

 

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 (196mm) wide, (.2mm) long in the chord wise 

direction and has a span wise height of (81mm). 

 

 The average slot cooling air temperature is calculated according to the 

equation  

2

TT
T soutsin

slot


                           …(1.9) 

 

From Ref. [.1], we found that 

                                                     k443Tsin   

k471Tsout   

 

so from equation (493) 

k457Tslot   
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 By the use of turbulent pipe flow correlation, the heat transfer coefficient 

for the slot can be calculated to be ; 

4.08.0
PrRe023.0Nu                          …(1.41) 

 

             Km/W1353h
2

slot   

 

The slot boundary conditions are therefore now completely specified as 

constant along the slot with values; 

Km/W1353h
2

slot   

                                                     K457Tslot   

 

1.3 Analysis (4):  

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 (hslot) 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 (.) and the boundary conditions also remain the same as 

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

 
 

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

between two parallel plates. 
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 A number of preliminary analyses were performed by Rohsenow,et al [44] 

in order to determine the correct boundary conditions which are presented here 

as: 

K458Tslot   

From Ref. [44], the heat transfer coefficients were determined according to 

a correlation based on a turbulent flow between parallel plates: 
 

 Tfsslot C1NuNu                          …(4.44) 

 

Where Nufs: is the nusselt number obtained from the fundamental solutions and 

 CT: is an influence coefficient. 

 From Rohsenow,et al [44] the values of Nufs and CT are given for the 

distance along the slot. The result is shown in table (4-3) where (x) is the distance 

along the slot. 
 

 

Table (4-3) Results of Trailing Edge Slot Heat Transfer Coefficients Obtained 

from Equation (4144). 
 

x(mm) hslot (W/m2K) 

4 4654 

415 4333 

5 4441 

45 4433 
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4.4 Analysis (3) 

Impingement Cooling Heat Transfer Correlations Based 

on Square Jet Array. 
 

This analysis uses the same correlation as used in analysis (4), the only 

changes made are to the geometry, where the insert changed from a (5,3) array to 

a (5,5) array i.e.; the spanwise and chordwise spacing of the jet orifices were 

equal. This reduction in jet orifice spacing for all (44) rows results in an increase 

from (441) to (414) jet orifices i.e.; each row consists of (46) orifices in the span 

wise direction. 

 

4.4.4 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 (4), 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 

(3) to (5), and therefore this value of heat transfer coefficient according to 

equation (414) is:  

Km/W1773h
2

stag   

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

calculated according to equation (413) to be: 

Km/W1834h
2

asg   

 The coolant temperature in these regions, stagT and asgT , are again taken 

as (363K). 
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(B) The Pressure and Suction Surface Jet Arrays 
 

(4) Suction Surface-Flow Distribution 
 

The flow distribution among the rows is calculated according to equation 

(414) using the following changed parameters 

 

912.0B

68.0C

m104.31A

D

23
xy




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The results are shown in table (4-4) 

 

(2) Suction Surface Heat Transfer Coefficients 
 

 The heat transfer coefficients are calculated according to equation (416) 

where due to the change in jet spacing, The parameters A4,A4,m and r now 

become; 
 

2393.0r

7085.0m

2636.0A

0919.0A

2

1









 

 

And the results of this calculation are shown in table (414).  

 

(3) 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. [44] together with 

the calculated values of (Ta) are shown in table (4-4). 

 

 The values of (Ta) are calculated using equation (414) based on 

 K378T j   and  K474Ti   
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Table (4-4) Results of Suction-Surface Heat Transfer Coefficients and Coolant 

Temperatures Obtained from Equations ((416) and (4.3)) 

x(mm) Gc/Gj ha (W/m2K) ET Ta (K) 

1 – 5 11114 4415 11334 44416 

5 – 41 11444 4434 11446 31113 

41 – 45 11365 4413 11443 33113 

45 – 41 11414 4444 11135 33614 

41 – 45 11566 4341 11155 33313 

45 – 31 11643 4334 11136 33415 

 

 

(4) Pressure Surface-Flow Distribution 
 

The flow distribution is again calculated from equation (414) with; 
 

760.0B

m104.31A

1.0M

23
xy








 

 

and the results are shown in table (4-5). 

 

(5) 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 (4-5). 

 

(6) Pressure Surface Coolant Temperatures 
 

 For this F(5,5) the values of ET from Ref. [44] together with the calculated 

values of (Ta) based on the same values of (Tj) and (Ti) as per the suction surface 

are shown in table (4-5) 
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Table (4-5) Results of Pressure-Surface Heat Transfer Coefficients and Coolant 

Temperatures Obtained from Equations ((416) and (413)) 

X(mm) Gc/Gj ha (W/m2K) ET Ta (K) 

1 – 5 11133 4441 11451 44414 

5 – 41 11436 4444 11446 31116 

41 – 45 11365 4431 11441 33114 

45 – 41 11414 4434 11134 33513 

41 – 45 11514 4351 11144 33414 

 

(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 (4). 

 

The relevant parameters required to calculate the boundary conditions are 

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

K442Tsin   

K473Tsout   

K5.457Tslot   

 

 Rohsenow, et al [44] investigated the determination of the heat transfer 

coefficients along the trailing edge slot which is presented in table (4-6) 

 

Table (4-6) Results of Trailing Edge Slot Heat Transfer Coefficients Obtained 

from Equation (4.44)  

 

x(mm) ha (W/m2K) 

4 4643 

415 4361 

5 4446 

45 4441 
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4.5 Analysis (4) 

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 

[45], for square array including the effect of cross flow from upstream rows in the 

array but not including the effect of an initial cross flow1 

 

4.5.4 Specification of Boundary Conditions 

In this analysis, the geometry of the blade and insert remain unchanged 

from analysis (3) and utilizes an array with a jet spacing of (5) jet orifice 

diameters in both the chord wise and span wise directions and hence identified as 

T(5,5) where the letter (T) refers to Ref. [45], the source of the array heat transfer 

correlation.  
 

The boundary conditions for the leading edge remain the same as for 

analysis (3) and hence it was found that the initial cross flow temperature also did 

not change from analysis (3) therefore the values of (ET) for both suction and 

pressure surfaces also remain the same; see tables (4-4) and  (4-5). 
 

The only boundary conditions that need to be recalculated are the 

impingement jet array heat transfer coefficients and the trailing edge slot 

conditions. 

 

(4) 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. [45] provided the 

following heat transfer correlation; 
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The value of Φ4, Φ4 and m are read from graphs provided in Ref.[45] were 

found to be; 

79.0m

04.01




 

From equation (4144) the heat transfer coefficients were calculated to be as shown 

in table (4-6) while the values of (Ta) remain the same as shown in table (4-4). 
 

Table (4-7) Results of Suction-Surface Heat Transfer Coefficients Obtained from 

Equation (4144) 

x(mm) ha(W/m4K) 

1 – 5 4441 

5 – 41 4464 

41 – 45 4463 

45 – 41 4464 

41 – 45 4445 

45 – 31 4461 
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(2) Pressure Surface Heat Transfer Coefficients 

 Using the Tabakoff correlation, Ref. [45] as given in equation (4144) the 

heat transfer coefficients for the pressure surface are given in table (4-3) while the 

values of (Ta) remain the same as shown in table (4-5) 
 

Table (4-8) Results of Pressure-Surface Heat Transfer Coefficients Obtained 

from Equation (4144) 

x(mm) ha (W/m2K) 

1 – 5 4466 

5 – 41 4441 

45 – 41  4416 

45 – 41 4416 

41 – 45 4461 

 

(3) 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 (hslot) presented in table   

(4-1) 

K440Tsin   

K472Tsout   

K456Tslot   

Table (4-8) Results of Trailing Edge Slot Heat Transfer Coefficients Obtained 

from Equation (4144) 

x(mm) ha(W/m4K) 

4 4641 

415 4331 

5 4446 

45 4431 

4.6 Analysis (5) 
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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 [46] 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 (3) and (4) and 

only the changes, which occur to the impingement jet array, and the trailing edge 

slot will be described here. 

 

4.6.4 Suction Surface Heat Transfer Coefficients 
 

 The heat transfer correlation given by Chance [46] 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; 

0146.1
xy

3

1

u
j321a APrRePPPNu   

   …(4.43) 

 

Where P4 is a constant and equal to 41366  

 P4 is a function of the cross flow; 
























d

Z

G

G
236.01P n

j

c
2  

P3 is a function of the array geometry; 

  961.0A182.0023.0
d

Z
1p

71.0
xy

n
3   
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and (u) is the Rej exponent and a function of the open area; 

75.0A561.0u
0835.0

xy   

 Equation (1.43) correlates data for the following range of parameters; 

   8.1dZGG

07.0A012.0

8dZ2

njc

xy

n







 

The result of this correlation is the heat transfer coefficients listed in table (1-41) 

2.6.4 Suction Surface Coolant Temperatures  

 The values of (ET) remain the same as for analysis (3) and (1) but (Ti) was 

found to change to (157 K), which results in the values of (Ta), based on equation 

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

 

Table (2-01) Results of Suction-Surface Heat Transfer Coefficients and Coolant 

Temperatures Obtained from Equations ((1.43) and (1.4)) 

x(mm) ha (W/m4K) ET Ta (K) 

1 – 7 4411 1.344 141.4 

7 – 41 4473 1...5 111.1 

41 – 47 4413 1.4.3 341.1 

47 – .1 4443 1.147 341.3 

.1 – .7 4.14 1.177 343.3 

.7 – 31 4314 1.131 344.7 

 

2.6.4 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 (1.43). The results are shown in 

table (1-44). 

2.6.2 Pressure Surface Coolant Temperatures 

 With (Ti) equal to (157 K) and (Tj) equal to (354 K) and (ET) as shown 

below the values of (Ta) are calculated to be: 
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Table (2-00) Results of Pressure-Surface Heat Transfer Coefficients and Coolant 

Temperatures Obtained from Equations ((1.43) and (1.4)) 

x(mm) ha (W/m4K) ET Ta (K) 

1 – 7 4.15 1.171 1.4.1 

7 – 41 4447 1...1 111.1 

41 – 47 4.11 1.444 344.7 

47 – .1 4.37 1.144 347.4 

.1 – .7 4.45 1.111 34..3 

 

2.6.4 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  

K439Tsin   

K470Tsout   

K5.454Tslot   

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

table (1-4.) 

Table (2-04) Results of Trailing Edge Slot Heat Transfer Coefficients Obtained 

from Equations (1.44) 

X(mm) ha (W/m4K) 

4 4113 

4.7 4357 

7 4.1. 

47 4..7 
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2.4 Analysis (6): 

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 (.), that is an F(7,4) 

impingement jet array but in addition film cooling of the outer surface will be 

achieved through the use of (4.) rows of (1.7. mm) diameter ejection holes 

distributed around the suction and pressure surfaces of the blade. 

 

Internally, the geometry remains unchanged from analysis (.). There are 

(4.1) jet orifices of (4mm) diameter whose jets impinge on the hot blade surfaces 

and which are arranged in (4.) rows of (41) jets each, these are showed by Ref. 

[41] 

 

Over the suction and pressure surface jet arrays the jets are ordered with a 

spacing of (7) jet orifice diameters in the chord wise direction and (4) in the span 

wise direction. One half of the spent cooling air from these jets flows rearwards 
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towards the trailing edge and exits the blade through the trailing slot as in 

analysis (.). 

 

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 

(114) film cooling holes of (1.7.mm) diameter. These are arranged in (4.)rows 

each containing (34) holes each. 

 

(5) of the rows are spaced along the suction surface while (7) are spaced 

along the pressure surface as shown in Fig.(1-7).Within each row the holes are 

spaced a distance of (.mm) apart. The film cooling holes consist of two rows 

with an ejection angle of 11
1, rows 4 and 4 and 41 rows with an ejection angle of 

17
1. 

 

2.4.0 Specification of Boundary Conditions 
 

 The specification of the boundary conditions can be sub-divided into two 

main areas: 

4-The internal boundary conditions, which will be dealt with in a similar manner 

to that used in analysis (.), as the internal cooling arrangement and geometry 

remains unaltered from this analysis. 
 

.-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. (1-.) together with specifying a uniform hot gas 

temperature of (413 K). The presence of film cooling radically alters these 

boundary conditions. 
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2.4.4 Internal Boundary Conditions 
 

 The boundary conditions at the leading edge are unaltered from analysis 

(.) (refer to section 1.... 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 1.... B (4,.,1 and 7). 

 

 However the value of Ta, the array driving temperature does change 

because the temperature of the initial cross flow, Ti 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, Tsin is reduced again because of the decrease in 

heat transfer to the blade. 

 

2.4.4.0 Suction Surface-Coolant Temperatures 
 

 The value of Ti, from a series of preliminary runs was determined to be 

(117K) 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. 

Film Cooling Holes 

7 1 

4 

3 

5 . 

4 

44 41 
4 

1 

4. 

Fig. (2-4) Blade Geometry 
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 This value of Ti is then used in equation (1.4) to obtain the values of (Ta) as 

shown in table (1-43) where (ET) is obtained from analysis (.), section (1.... B 

(.)).  

 

Table (2-04) Results of Suction Surface-Coolant Temperatures Obtained from 

Equation (1.4) 

x(mm) ET Ta (K) 

1 – 7 1..73 111.1 

7 – 41 1...1 345.4 

41 – 47 1.444 347.. 

47 – .1 
1.411 34..7 

.1 – .7 1.4.1 344.1 

.7 – 31 1.411 341.5 

 

 

2.4.4.4 Pressure Surface  – Coolant Temperatures 

 Again the initial cross flow temperature, Ti is reduced to (117 K) and using 

the same values of ET as for analysis (.), Ta is determined and the results shown 

in table (1-41). 

 

Table (2-02) Results of Pressure Surface-Coolant Temperatures Obtained from 

Equation (1.4) 

x(mm) ET Ta (K) 

1 – 7 1..54 11... 

7 – 41 1..44 345.1 

41 – 47 1.44. 343.4 

47 – .1 1.437 344.5 

.1 – .7 1.411 345.. 
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2.4.4.4 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;  

 

K5.425T

K428T

K423T

slot

sout

sin







 

 The calculated values of hslot along the slot are presented in table (1-47) 
 

Table (2-04) Results of Trailing Edge Slot- Heat Transfer Coefficients Obtained 

from Equation (1.44) 

x(mm) hslot(W/m.K) 

4 4153 

4.7 4111 

7 4.4. 

47 4.17 

 

 2.4.4 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; 
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 sawext TThq            …(2.02) 

 

Where  q  is the heat flux to the blade. 

exth  is the heat transfer coefficient without film cooling , i.e.; as given by   

Fig. (1..). 

sT  the blade wall surface temperature. 

 awT is the adiabatic wall temperature. 

 

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

cooling effectiveness, Ef defined  by; 
 

2cg

awg
f

TT

TT
E




           …(2.04) 

 

Where   gT is the gas temperature. 

  2cT is the temperature of the coolant leaving the film cooling holes, as 

shown in Fig. (1-1). 

   

   

   

 

 

 

 

  

 

 

 

 

 

Fig. (2-6) Film Cooling Hole 

Φ 

Tc. 

Tg 

Tc film 
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The adiabatic wall temperature is for practical purposes the same as the 

temperature of the coolant film, Tcfilm. The film cooling effectiveness, Ef for a 

single hole varies from unity at the point of injection, (where Tcfilm = Tc.) to zero 

far downstream because of dilution of the injected flow, Tcfilm approaches the hot 

gas temperature, Tg. 

 Hence, the heat flux  q  with film cooling, as defined by equation (1.41), 

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 Ef the value of Tcfilm. The 

values of (Tcfilm ) and (hext) will then completely define the external boundary 

conditions with film cooling. 

 In summary, film cooling results in a change of the external boundary 

conditions with (Tcfilm ) replacing (Tg ) around the profile while (hext) remains 

unchanged.  

 

2.4.2.0 Film Cooling Effectiveness 

 The specification of Ef 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. (1-4).  

 

 The effectiveness from Ref. [41] was defined as: 
 

YR
Cp

Cp
329.01

Pr
y

d
9.1

E
8.0

2c

g

666.0
2c

nf

f

f






























           …(2.06) 

 

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

(g) to the hot gas, 

df is the film cooling hole diameter=1.7. mm 

ynf is the spanwise spacing of the film cooling holes=. mm 
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25.0

g

2c
2cRe
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
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          …(2.04) 

 

Where (x) is the distance in the downstream direction, 

  (Se) is the slot width 
 





sinRe105.11Y

g

2c
2c

4














            …(2.04) 

 

 

Where Φ is the angle of ejection as shown in Fig. (1-4). 
 

Ef can be found with the use of the following parameters, 

7.0Pr

3207Re

mkg36.0

mkg83.0

s.mkg108.40

s.mkg108.23

K.kgJ1134Cp

K.kgJ1016Cp

K963T

K423T

mm4084.0Se

2c

3
g

3
2c
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g

6
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g

2c


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so, the effectiveness (Ef) is defined from equation (1.41) for the 17
1 and 11

o
 

ejection angles as : 

 8.0
f R44.013901.0E
45

           …(2.09) 

 

 8.0
f R46.013901.0E
64

           …(2.41) 
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The value of Tg used in equation (1.47) 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 (4) and (4), which are the first rows on the suction and pressure 

surfaces inject the coolant into the external flow which has a temperature of 413K 

the second rows, i.e.; (.) and (4), inject their coolant into the film provided by 

rows (4) and (4) which is now at a lower temperature. This reduction in the 

effective Tg continues for the other downstream rows also. 

 

 The effective Tg used for each row is shown in table (1-41). This 

temperature is equal to the value of Tc film existing just upstream of the row. For 

example row (.) is 5.5 mm downstream of row (4). For x=5.5 mm, Ef11 can be 

calculated to be 1..1.4 from which Tcfilm is 473.7 K, based on a Tg of 413 K.  

 

 This value of Tc film is now used as the effective gas temperature, Tg for the 

calculations for the second row. 

 

 

 

 

 

 

 

 

 

 

 
 

ynf 

Se 

film 

Fig. (2-9) Discrete Hole Injection 
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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 Ef can be found. 

 

 Then, Tc film is determined by using the correct value of Tg and combining 

with the correct value of hext given in Fig. (1-.) results in the complete 

specification of the boundary conditions. 

 

 Together with the internal boundary conditions the thermal analysis can 

now be performed. 

 

Table (2-06) Results of Effective Gas Temperature Obtained from Equation 

(1.47) 

Film Cooling Row Effective Tg (K) 

4 413 

. 473.7 

3 57. 

1 114 

7 114 

1 711 

5 7.4 

4 413 

4 415 

41 51. 

44 113 

4. 113 
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2.4 The Computer Programs 
 

2.4.0 Introduction 
 

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

steady state problem to find the blade temperature distribution. 

 

2.4.4 Input Data 
 

 The input data required to run the program is as follows: 

4- The number of grid points in x-direction and y-direction. 

.- The thermal conductivity of the material. 

3- The convection heat transfer coefficient for hot gas (hg). 

1- The convection heat transfer coefficient for cooled air (hc). 

7- The hot gas temperature (Tg). 

1- The cooled air temperature (Tc). 

 

The steps of the main program are outlined in the flowchart, shown in        

Fig.(1-4). The procedure of the subroutine for grid generation is shown in the 

flowchart in Fig. (1-4). 

 

2.4.4 Program Output 
 

4- 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.  
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If 

 the nodes 

located at the 

interior domain 

 

Yes 

Calculate Tn(i,j) 

From eq. (4.99) 

No 

A 

If 

 the nodes 

located at the 

external surface 

 

B 
Yes 

No 

For J=0 To Jmax C 

Start 

Input data 

Call SUB GRID 

For I=0 To Imax D 

E 

Gussed initial nodal 

temperature To(i,j) 

Fig. (2-4) Flowchart for Main Program 
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Next J 

Next I D 

C 

A 

Calculate Tn(i,j) 

From eq.(4.009) 

Calculate Tn(i,j) 

From eq.(4.044) 

B 

Calculate error from 

eq. (4.044) for Tn(i,j) 

 

If 

Error < 1.110 

 

To(i,j)=Tn(i,j) 

E 

No 

Print the final 

Value of Tn(i,j) 

Yes 

End 

Fig. (2-4) Continued 
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Print xo(i,j),yo(i,j) 

D 

xo(i,j+0)=x(i,j)+(x(i,jmax)-x(i,0))/(jmax-0) 

yo(i,j+0)=y(i,j)+(y(i,jmax)-y(i,0))/(jmax-0) 

 

Next J 
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For I=0 To Imax 

For J=0 To Jmax 

For I=4 To Imax-0 
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0 

C 

B 

A 

Fig. (2-9) Flowchart of Sub Grid Subroutine 
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Next J 

Calculate xn(i,j) 

from eq.(4.44)  

Calculate yn(i,j) 

from eq.(4.44)  
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Error<1.110 

 

D 
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Fig. (2-9) Continued 
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Fig. (2-9) Continued 



 

 43 

Chapter Four Thermal Analyses of Case Studies 

 

 

 

 

 

 

 

 

 

 

 

Print the final result 

of grid generation 

G 

End SUB 

Fig. (2-9) Continued 
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1.5 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. 

 

1.5 Numerical Results and Discssion: - 

1.5.5 Analysis No. (5):  

  The internal boundary conditions for analysis (1) can be summarized 

in Fig.(5-1), 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.(4-2) 

with the hot gas temperature is equal to (363K) around the blade external profile. 

 
 

 

RESULTS AND DISCUSSION 
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Figure (5-2) illustrates the temperature distribution within the blade while 

figure (5-3) presents the variation of the blades’ external temperature from the 

leading edge to the trailing edge. 

 

 The temperature contour pattern of figure (5-2) shows the maximum 

temperature of (66666 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 (5-3). 

 

 Closer inspection of figure (5-3) 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 (22 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: 

 

1) 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. 
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2) As a result of (1) above, the influence of the variation of external heat 

transfer coefficient is much greater. Figure (5-4) shows that the resulting 

temperature variations can be explained by the variation of hext. 

 

For example, 8mm along the suction surface (8,S.S.), there is a rapid fall in 

hext which results the reduction in temperature along the suction surface being 

halted at (8,S.S.). After this point as hext begins to fall again the temperature 

levels also fall.  
 

 

 Comparing this to the pressure surface where hext falls very quickly from 

the stagnation point to (5,P.S.), before rising slowly. The temperature variation is 

seen to mimic this by falling continuously to (5,P.S.). The mid-chord regions also 

exhibit the effect of hext, with the decreasing temperature along the suction 

surface from (12,S.S.) to (35,S.S.) reflecting the decreasing hext while the rise in 

temperatures along the pressure surface from (18,P.S.) to (28,P.S.) mimicing the 

rising hext. 

 

3) 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 hext their influence on the temperature variations is 

consequentially less. 

 

4) The trailing edge temperature distribution is more complex than the other 

blade regions and reflects both the variations of hext 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 hslot when compared to the impingement values, ha. 
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1.5.5 Analysis No. (5): 

 Analysis (2) results are presented in Figures (5-5) and (5-6). Figure (5-5) 

observed that the temperature contours are very similar to those from analysis (1) 

with small differences noticeable around the trailing edge slot. 

 

 Figure (5-6) shows that the maximum temperature of (662 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 (5-6) 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 (1) and analysis (2).  

 

 An inspection of the temperature at each node along the trailing edge in 

analysis (2) revealed that at the initial entry section of the trailing edge at the 

pressure surface the temperature were (22 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 (6 K) higher than 

analysis (1). 

 

 At the suction side of the trailing edge, it is obvious the temperature 

difference at the entry section of the trailing edge was (5 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 (1) about (3 k).  

 

 This difference in temperatures mimics the difference in hslot between the 

two analyses. At the first analysis the pipe flow correlation provides a constant 

hslot of (1353 W/m2 K) while from the parallel plate correlation provides a higher 

hslot of (1651 W/m2 K) at the trailing edge entrance which decreases rapidly to 

become (1252 W/m2 K) at the trailing edge exit.  
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1.5.5 Analysis No. (5): 

The internal boundary conditions for this analysis are presented in         

Fig. (5-8),While the external boundary conditions are the same as in analysis (2)  

 

The results of the thermal analysis are presented in Figures (5-3) and       

(5-12). Figure (5-3) shows a pattern very similar to the analysis (2), (5,8) array 

with again the maximum temperature of (688 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 (5-12) also 

appears very similar to the analysis (2) reflecting again the major influence of the 

external hot gas heat transfer coefficient on the temperature distribution. 

 

 For the purpose of comparing the (5,8) and (5,5) arrays, Figure (5-11) plots 

the blade surface temperature distribution from analysis (2) and analysis (3). It is 

clear that while the pattern remains very similar, the (5,8) case, with less jet 

orifices produces lower blade temperatures than the (5,5) case which has more jet 

orifices. 

 

 This apparent contradiction occurs due to the reduction in Rej 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. 

 

1.5.4 Analysis No. (4): 
 

Figure (5-12) shows the internal boundary conditions of this analysis, when 

the impingement heat transfer based on Tabakoff correlation. 
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The resulting blade temperature distribution as shown in figure (5-13), 

shows a familiar pattern of temperature contours to the analysis (3) 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 (15 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 (5-14) appears the maximum temperature of (68363 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. 

 

1.5.1 Analysis No. (1): 

The internal boundary conditions are illustrated in Figure (5-15). This 

figure shows the specification of the boundary conditions for analysis (5) 

utilizing the Chance correlation, [46]  

  

The thermal analysis results shown in figures (5-16) and (5-16), produce the 

expected result of little variation from the two previous analyses with both the 
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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 (3,4 and 5) analyses. 

Figure (5-18) 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 (3) for a (5,5) array based on Florschuetz et al, 

[42] correlation produces lower blade temperatures than both of analyses (4) and 

(5). While analysis (4) is based on Tabakoff, [45] correlation produces higher 

blade temperatures than both of analyses (3) and (5) on the suction surface and 

produces higher blade temperatures than analysis (3) and lower blade 

temperatures than analysis (5) on the pressure surface. 

 

 For analysis (5) is based on Chance, [46] 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 (3) and lower 

than analysis (4). 

 

 These differences in temperatures between these three analyses can be 

explained as shown in figures (5-13) and (5-22) which illustrated the variation of 

heat transfer coefficients (ha) along the array for the suction and pressure surfaces 

respectively. 

 

 Analysis (5) provides the lowest values of (ha) over the first two jet rows 

for both the suction and pressure surfaces whilst the subsequent values of (ha) 

over the remaining downstream rows lie between those of the analysis (3) and 

analysis (4). 

 

 Analysis (3), provides higher values of (ha) than the other two analyses, at 

all rows except the first row on the suction and pressure surfaces, where analysis 

(4) results in the highest values of (ha). The variation of (ha) along the array is the 
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same for the three analyses with an initial decrease before (ha) rises at the 

downstream rows. 

 

 The differences in the values of (ha) among the analyses are relatively 

small in all analyses. The maximum divergence between any of the analyses 

occurs at (25-32) mm on the suction surface where the difference in (ha) is 

(114W/m2 K) and occurs between the analysis (3), (ha=1384 W/m2 K) and the 

analysis (4), (ha=1262 W/m2 K). At all other regions the differences in (ha) are less 

than (114W/m2 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.  

 

1.5.5 Analysis No. (5): 

Figure (5-21) shows the internal boundary conditions of analysis (6) when 

the blade is cooled with film cooling. 

 

Figure (5-22) 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 (hext) 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 (432 K). 
 

 The variation of the blade surface temperature is shown in figure (5-23). 

This shows that the maximum temperature of (648 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 (5-24) shows the comparison of blade surface temperature between 

analysis (2) without film cooling analysis (6) 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 (2), 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 (162 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 (5-25) 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 (5-25) that analysis (6) 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 (2) for (5,8) 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 (3,4 and 5) 

which has more jet array for the insert geometry i.e.,(5,5) 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 

[12]. 

 

 Figure (5-26) 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 (36523 %) as maximum value and it falls to (20) in most 

regions. 
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Figure (5-2) Isothermal Contour of Blade  

Temperature Distribution, Analysis (1). 
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Figure (5-1) Internal Boundary Condition-Analysis (1) 
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Figure (5-3) Blade Surface Temperature Distribution, Analysis (1) 

[Trailing Edge Heat Transfer Based on Pipe Flow]. 
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Figure (5-4) The Influence of the External Heat Transfer Coefficient 

on the Blade Surface Temperature Distribution, Analysis (1). 
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Figure (5-5) Isothermal Contour of Blade 

Temperature Distribution, Analysis (2). 
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Figure (5-6) Blade Surface Temperature Distribution, Analysis (2) 

[Trailing Edge Heat Transfer Based on Plate Flow]. 
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Figure (5-8) Comparison of Blade Surface Temperature 

between Analysis (1) and Analysis (2). 
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Figure (5-9) Isothermal Contour of Blade 

Temperature Distribution, Analysis (3). 
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Figure (5-7) Internal Boundary Condition-Analysis (3) 
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Figure (5-10) Blade Surface Temperature Distribution, Analysis (3) 

[(1,1) Array Based on Florschuetz Correlation]. 
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Figure (5-11) Comparison of Blade Surface Temperature between 

Analysis (2)[Array (1,1)] and Analysis (3) [Array (1,1)] where The 

Trailing Edge Heat Transfer Based on Plate Flow. 
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Figure (5-13) Isothermal Contour of Blade 

Temperature Distribution, Analysis (4). 
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Figure (5-12) Internal Boundary Condition-Analysis (4) 
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Figure (5-14) Blade Surface Temperature Distribution, Analysis (4) 

[(1,1) Array based on Tabakoff Correlation. 
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Figure (5-16) Isothermal Contour of Blade 

temperature distribution, Analysis (5). 
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Figure (5-15) Internal Boundary Condition-Analysis (5) 
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Figure (5-18) Blade Surface temperature distribution, Analysis (5) 

[(1,1) Array Based on Chance Correlation]. 
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Figure (5-17) Comparison of Blade Surface Temperature Between Analyses 

(1,1 and 1) [The Same Insert Geometry ,with (1,1) Array]. 

 

S.S. P.S. L.E. 

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

X/C

500

550

600

650

700

S
u

rf
a

c
e

 T
e

m
p

e
ra

tu
re

, 
( 

K
).

Analysis (3).

Analysis (4).

Analysis (5).



 

 441 

Chapter Five Results and Discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 5 10 15 20 25 30

Distance Along Impingement Surface X (mm)

1100

1150

1200

1250

1300

1350

1400

H
e
a
t 

T
ra

n
s
fe

r 
C

o
e
ff

ic
ie

n
t 

h
 (

W
/m

 .
K

)
2 Analysis (3).

Analysis (4).

Analysis (5).a

Figure (5-19) Suction Surface Impingement Array  

Heat Transfer Coefficient. 
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Figure (5-20) Pressure Surface Impingement Array  

Heat Transfer Coefficient. 
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Figure (5-22) Isothermal Contour of Blade 

temperature distribution, Analysis (6) 
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Figure (5-21) Internal Boundary Condition-Analysis (6) 



 

 441 

Chapter Five Results and Discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (5-23) Blade Surface temperature distribution, Analysis (1) 

[(1,1) Array with Film Cooling]. 
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Figure (5-24) Comparison of Blade Surface Temperature Between 

Analysis (2) Without Film Cooling and Analysis (6) With Film Cooling  
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Figure (5-25) Comparison between Blade Surface Temperature  

For the Six Analyses.  
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Figure (5-26) Comparison between blade Surface Temperature of 

Present Work and Reference [40]. 
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1.6 Conclusions: - 
 

 The main conclusions that can be drawn from this work are summarized in 

the following points: 

1) 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. 

2) The analysis procedure used gave a good results in terms of their accuracy 

when compared with the results of other researchers. 

3) Numerical finite difference was used successfully in obtaining temperature 

distribution for complicated geometries as compared to the finite element 

results. 

4) The body fitted coordinates method represents an efficient flexible tool for 

treating difficult geometries. 

5) 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. 

6) 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. 

CONCLUSIONS AND SUGGESTIONS 
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7) 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. 

1) 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. 

1) Film cooling can be analyzed by varying the external boundary conditions 

of the blade and results in an appreciable reduction in blade temperatures 

about (171 K) cooler than the blade without film cooling. 

 

1.6 Suggestions for Further Work: - 
 

 The following suggestions are suggested for further work: 
 

1- 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. 

2- 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. 

3- 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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