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 PROJECT ABSTRACT 

 

     In this study, the minimum cooling air for the turbine cooling ducts, which satisfies the 

project design requirements, was analyzed with a 1-D code designed in the MATLAB 

program. This code, which was developed later, was tried to be verified by computational 

fluid dynamics (CFD) analysis. 

 

      In this context, 1-D code design was first developed to meet the boundary conditions and 

the minimum cooling air flow, maximum metal temperature, internal and external heat 

transfer coefficients were calculated, and the outputs were printed as graphics. Then, one-to-

one model of geometry for CFD analysis was transferred to the analysis program and the 

output of the results was compared with the code. 

 

     As a result, verification was made by comparing the analysis. Relative errors were 

observed to be close and in quantitative harmony. 



 

1 

 

1. INTRODUCTION 

 

   Today, the combustion chamber exit temperatures have increased to a very high level than 

the turbine materials can withstand due to efficiency and power requirements in gas turbine 

engines. In this case, very good cooling of the turbine blades and vanes is very important in 

terms of both turbine operation, blades and vanes life. 

         However, the amount of air spent for turbine cooling is very important for engine 

performance since it is drawn from the compressor air. The main goal is the highest cooling 

performance with the least possible cooling air is trying to get. Therefore, it is still very 

crucial to determine the amount of cooling air required for both engine performance and 

cooling performance. 

         Cooling design code was created for one-dimensional analysis by using the MATLAB 

program for calculations that will form the basis of the nozzle guide vane (NGV)  

configuration. In addition, the flow network model required for the turbine cooling 

calculations was transferred to FLOWNEX program and values were obtained for the flow 

check test. 
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2. EXTERNAL FLOW ANALYTICAL CALCULATION / 1-D ANALYSIS 

RESULTS 

 

2.1 Determination of External Flow Temperature Boundary Condition 

     Before the air-fuel mixture comes to the fin in the combustion chamber, it is divided into 

three main areas. These regions are; 

• Primary Zone 

• Secondary Zone 

• Dilution Zone 

      The purpose of the flow through these main regions is to reorganize the temperature, 

especially in the dilution zone, so as not to exceed the thermal resistance conditions of the 

material. As a result of this arrangement, it has been observed that the so-called “Pattern 

Factor” or “Overall Temperature Distribution Factor “ occurs at the entrance of the turbine. 

The parameterized version of this phenomenon is shown in Equation. 2.1 below. 

 

                                            𝑂𝑇𝐷𝐹(𝑟) =
𝑇𝜃𝑚𝑎𝑥−�̅�𝜃𝑟

�̅�𝜃𝑟−𝑇3
                                         (2.1) 

 

 

Figure 2.1: Pattern Factor (Basic Aspects of Gas Turbine Heat Transfer,2017)



 

3 

 

     The terms here represent �̅�𝜃𝑟 is average total temperature at the turbine inlet, 𝑇3 is total 

temperature at the outlet of the compressor and  𝑇𝜃𝑚𝑎𝑥 is design point maximum temperature. 

Here, the 𝑇3 temperature is assumed equivalent to the temperature of the air used for turbine 

cooling. For design according to the OTDF specified in the specification, the maximum 

design point temperature is obtained below; 

 

�̅�𝜃𝑟 = 1600 𝐾 

𝑇3 = 700 𝐾 

𝑂𝑇𝐷𝐹(𝑟) = 0.2 [−] 

𝑇𝜃𝑚𝑎𝑥 = [𝑂𝑇𝐷𝐹(𝑟)  × (�̅�𝜃𝑟 − 𝑇3)]  + �̅�𝜃𝑟 = [0.2 × (1600𝐾 − 700𝐾)] + 1600𝐾 

𝑇𝜃𝑚𝑎𝑥 = 1780𝐾 

 

The temperature value to be used in the calculations has been obtained. In the ongoing 

calculations, reference temperature value was obtained from isentropic flow relations. 

 

2.1.1 Pressure, Temperature and Mach number Calculations on the NGV 

 

• Cross Sectional Area Calculations ; 

     The measurements used when calculating this area were created by adhering to the 

meridional dimensions given in the specification. 

 

 

Figure 2.2: Determination of the cross-sectional area of the control volume
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      It is concluded that the number of vanes in the turbine disc is 20 and adhering to this, it is 

concluded that each blade corresponds to a section of 18° and accordingly the control volume 

based on the calculation corresponds to a part of 36° in Figure 2.2. Each 36°  slice indicates 

that these control volumes are 10 in total around the turbine axis. 

Large circle area; 

 

                                           𝐴1 = 𝜋𝑟1
2 = 30778.301 𝑚𝑚2                                                     (2.2a)       

  Small circle area; 

 

                                               𝐴2 = 𝜋𝑟2
2 = 18145.893 𝑚𝑚2                                              (2.2b) 

                                            

𝐴𝑡𝑜𝑡𝑎𝑙 = 𝐴1 − 𝐴2 = 12632.417 𝑚𝑚2 

𝐴𝑐 =
𝐴𝑡𝑜𝑡𝑎𝑙

10
= 1263.242 𝑚𝑚2 

• Density Calculation ; 

It can be assumed that the air is dry air. From here; 

                                                         

                                                 𝜌𝐴 =
𝑃

𝑅𝑠𝑝𝑒𝑠𝑖𝑓𝑖𝑐× 𝑇
                                                            (2.3)          

    

𝜌𝐴 = 𝐷𝑟𝑦 𝑎𝑖𝑟 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑘𝑔

𝑚3),𝑃 = 𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ( 𝑃𝑎),𝑇𝜃𝑚𝑎𝑥 = 𝑇𝑜𝑡𝑎𝑙 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝐾)                                                 

𝑇𝜃𝑚𝑎𝑥 = 1780 𝐾 

𝑃 = 1180 𝑘𝑃𝑎 = 1180 × 103 𝑃𝑎 

𝑅𝑠𝑝𝑒𝑠𝑖𝑓𝑖𝑐 = 287,058
𝑗

𝑘𝑔
. 𝐾 

𝛾 = 1.33 (𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐 𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡) 

 

𝜌𝐴 =  2.309 
𝑘𝑔

𝑚3
 

• Given mass flow of air ; 

                                                               𝑊4 = 2.72 
𝑘𝑔

𝑠⁄  

    When calculated for 10 intervals; 

𝑊𝑡𝑜𝑡𝑎𝑙 =
𝑊4

10 
= 0.272 

𝑘𝑔
𝑠⁄
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𝑊𝑡𝑜𝑡𝑎𝑙 = 𝐴𝑐 × 𝜌𝐴 × 𝑉𝐴   → 𝑉𝐴 = 93.4 𝑚 𝑠⁄  

 

                               𝑀𝑖𝑛𝑙𝑒𝑡 =
𝑉𝐴

√𝛾×𝑅×𝑇𝜃𝑚𝑎𝑥
= 

93.4 𝑚 𝑠⁄   

√1.33×287.058×1780 
=  0.113        

The boundary layer main static temperatures at the LE is obtained from Rayleigh flow 

equations [1]: 

 

                         𝑇∗ = 𝑇𝑠 + 0.58 × (𝑇𝑤 − 𝑇𝑠) + 0.19 × (𝑇𝑎𝑤 − 𝑇𝑠)                       (2.4) 

 

 Here is respectively, 𝑇𝑠 is the static temperature in flow path, 𝑇𝑤 is the Wall 

temperature and 𝑇𝑎𝑤 is the adiabatic Wall temperature (recovery temperature). 

𝑇𝑠 is obtained from the isentropic flow equations  [2]; 

 

                           
𝑃𝑡

𝑃𝑠
= (

𝑇𝑡

𝑇𝑠
)

𝛾

𝛾−1
= (1 +

𝛾−1

2
 × 𝑀𝑖𝑛𝑙𝑒𝑡

2)

𝛾

𝛾−1
                     (2.5) 

 

Where 𝑇𝑡 equal to 𝑇𝜃𝑚𝑎𝑥 . 𝑇𝑠 is obtained ; 

 

𝑇𝑠 = 1776.2 𝐾 

 

      For  𝑇𝑤 , 1400K assumption can be made from the specification. 𝑇𝑎𝑤 is calculated by the 

following equation ; 

 

                                        𝑇𝑎𝑤 = 𝑇𝜃𝑚𝑎𝑥 (1 + 𝑟 ×
𝛾−1

2
× 𝑀𝑖𝑛𝑙𝑒𝑡

2)                                        (2.6) 

 

      Where  𝑟  is recovery factor. At the front stagnation point of bodies in the flow,  𝑟 = 1; in 

a laminar boundary layer on a plane plate, 𝑟 ≅ √𝑃𝑟  for Prandtl numbers 0.5 < Pr <10; in a 

turbulent boundary layer on a plate, 𝑟 ≅ √𝑃𝑟
3

   for Prandtl numbers close to 1 [3]. 

 

𝑇𝑎𝑤 = 1783.75 K 

 

     When these values are replaced, 𝑇∗ is equal to 1559.44 K . In accordance with the 

calculations above, by taking recovery factor into account for the laminar and turbulent 

region, 𝑇∗ temperatures were obtained. Since the value in the stagnation zone is the highest in
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the values found, this temperature is taken as reference in other 𝑇∗ temperatures. In the 

external flow calculations of the turbine component of the turbomachinery, it is processed 

according to the static pressure. However, the project assumes that the static pressure is equal 

to the total pressure for the inlet part. For the output part, the static pressure is obtained from 

the total pressure for the outlet part with the calculations given below. In order to determine 

the number of Mach number at the outlet in order to enter the static pressure calculations at 

the outlet, it was observed that this value would be around 0.4-0.5 within the scope of the 

briefing given in the project specific, assumption of 0.4 was made. From here with isentropic 

relationship; 

𝑃𝑡

𝑃𝑠,𝑜𝑢𝑡𝑙𝑒𝑡
= (

𝑇𝑡

𝑇𝑠
)

𝛾
𝛾−1

= (1 +
𝛾 − 1

2
 × 𝑀𝑜𝑢𝑡𝑙𝑒𝑡

2)

𝛾
𝛾−1

 

 

𝑃𝑠,𝑜𝑢𝑡𝑙𝑒𝑡 = 1062.36 𝑘𝑃𝑎 

 

Table 1: External Flow Boundary Conditions 

Number of vanes     20 

Main stream inlet Total temperature   1780 K 

Mainstream inlet Pressure  (Total)   1180 kPa 

Mainstream exit Pressure (Static)   1062.36 kPa 

 Inlet  Mach Number    0.113 

 Exit Mach Number     0.4 

 

2.2 External Flow Heat Transfer Coefficient Determination Method and Results 

 

     Turbine components have a very different structure especially in terms of NGV 

aerodynamic geometry. Therefore, certain empirical correlations are used when examining 

one-dimensional heat transfer mechanisms on the outer surface of the NGV. These 

correlations were created for various geometric variations. Within the scope of this study, 

flow simulation was done on the cylinder for the part where the stagnation point was located. 

     For other regions, flow model over flat plate was used. These correlations and assumptions 

were found suitable for conceptual design [4]. 
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      For the boundary layers, stagnation point, laminar and turbulent zone formations are 

observed according to the geometrical specifications of the fin. It is necessary to use special 

external heat transfer coefficient correlations for these regions. In addition, it is necessary to 

identify the points on the fins where these areas are formed. 

        First of all, the transition region lengths should be calculated for the suction and pressure 

side depending on the momentum thickness of the boundary layer. Correlations will then be 

applied for the determined laminar and turbulent zone lengths. The correlations mentioned 

below are given respectively. 

• Stagnation Point  

Boundary layer development begins from the stagnation point. So, boundary layer edge speed 

is too high and boundary layer thickness is too low (near zero) at this point. These conditions 

generate very high shear stress and then HTC [5]. 

 

               𝑁𝑢𝐷
̅̅ ̅̅ ̅̅ = 0. 3 +

0.62𝑅𝑒𝐷

1
2  ⁄

𝑃𝑟
1

3⁄

[1+(0.4
𝑃𝑟⁄ )

2
3⁄ ]

1
4⁄
[1 + (

𝑅𝑒𝐷

282000
)
5

8⁄

]

4
5⁄

         𝑅𝑒𝐷 Pr ≥ 0.2             (2.7)   

                                                                                               𝐶ℎ𝑢𝑟𝑐𝑖𝑙𝑙 & 𝐵𝑒𝑟𝑛𝑠𝑡𝑒𝑖𝑛       

• Transition Region 

Laminar to turbulent transition physics is explained below: 

 

 

Figure 2.3: Laminar and Turbulent Boundary Layer 
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                                  𝑅𝑒𝑥𝜃 =
𝜌𝜃𝑉∞

𝜇
= 300 → 𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑏𝑒𝑔𝑖𝑛𝑠                                      (2.8) 

𝜃 ≈ 𝐿 ×
0.664

√𝑅𝑒𝑥𝑐𝑟

                                                          

• Flat Plat HTC Distribution 

       The heat transfer correlations created for the laminar and turbulent regions calculated 

based on the boundary layer calculations on the vanes are as follows: 

For Laminar region; 

                                                   𝑁𝑢𝑥,𝑙 = 0.332 × 𝑅𝑒𝑥𝑐𝑟
0.5 × 𝑃𝑟

1
3⁄                                     (2.9)                                  

For Turbulent region; 

                                                    𝑁𝑢𝑥,𝑡 = 0.0296 × 𝑅𝑒𝑥
0.8 × 𝑃𝑟

1
3⁄                                  (2.10) 

 

The output of the heat transfer coefficient calculated on all surfaces of the vane is as follows, 

considering the correlations given above, the boundary conditions specified in the developed 

MATLAB code; 

 

 

Figure 2.4: HTC distribution along the vane surface
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     As can be seen from the studies in the literature, which are also mentioned in the 

bibliography of the study, the HTC distribution obtained with the code is very similar to the 

curves created and its accuracy is ensured. 

3.  INTERNAL FLOW ANALYTICAL CALCULATION /1-D FLOW 

NETWORK ANALYSIS RESULTS 

 

3.1 Details of the Method 

     The one-dimensional flow network model of the turbine blade was created using the finite 

element method. Based on the cooling configuration determined in this study, the cooling 

channels along the length of the chord are divided into 8 equal elements along the span 

direction, and the iterative analysis of all variable parameters (pressure, temperature, velocity) 

for 32 elements in total was calculated with the code written in the MATLAB program 

created in the study. 

     The mass flow, pressure and velocity obtained by transferring the generated cooling 

configuration to the program that performs the simulation of one-dimensional flow network 

named FLOWNEX and simulating it, was obtained with the MATLAB code and minimum 

mass flow was obtained for the design requirements. 

Thus, by adhering to the design requirements, the most appropriate mass flow and pressure 

values were obtained for the vane cooling model. 

 

 

Figure 3.1: Cross sectional area of the vane
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Figure 3.2: 1-D Flow Network         

             

Figure 3.3: Schematic of a Single Element (LE)
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3.2 Mass Flow Results 

 

     Reference flow values were given and mass flow results were obtained with the flow 

network simulation created with FLOWNEX program. In the continuation of the lecture, the 

mum flow rate that will enter the cooling channels from the code outputs will be shown.  

 

 

Figure 3.4: Flow network model created without film cooling 

 

      The mass flow rate obtained without applying film cooling with FLOWNEX program is 

8𝑔 𝑠⁄ . The pressure values obtained here were compared with the MATLAB code. By 

adhering to these pressure ratios, the mass flow rate spent for cooling the film through the 

code was obtained by adhering to the flow function. 

    As a result, the minimum mass flow rate obtained for the cooling design created in this 

study is  9.52𝑔 𝑠⁄  . 

 

3.3 Pressure, Temperature and Velocity Results 

 

• Pressure: The pressure drop in a smooth duct can be computed due to the friction 

using Darcy-Weisbach equation [6]; 

 

       𝑓𝑠𝑚𝑜𝑜𝑡ℎ = {

64
, 𝐿𝑎𝑚𝑖𝑛𝑎𝑟⁄

0.046
𝑅𝑒𝐷ℎ

0.2,   𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡⁄
                                    (3.1) 

                                            𝑃𝑡1 − 𝑃𝑡2 = 𝑓𝑠𝑚𝑜𝑜𝑡ℎ  × (
𝐿

𝐷ℎ
) × (

𝜌×𝑉𝑎𝑣𝑔
2

2
)                                   (3.2) 
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     In the vane tip or hub turning region, the loss (pressure drop) coefficient 𝐾 which depends 

on the flow Reynolds number and channel aspect ratio can be estimated from the following 

equation. 

 

                                                     𝐾 =
∆𝑃𝑡

1

2
×𝜌×𝑉𝑎𝑣𝑔

2
= 2.2~3.0                                               (3.3)         

                                        

     By writing the above equations into the code algorithm, pressure losses for each element 

were calculated and plotted in Figure 3.5. When the calculations are compared with 

FLOWNEX using the same loss factor, the results are the same. 

 

• Temperature: With the thermal resistance network created based on the turbine vane 

energy balance explained in Chapter 4, the temperatures of the fluid at each element 

outlet are written in the code algorithm and the temperatures are obtained. As shown 

in equation 3.4 below, the fluid's 𝑇𝐶𝐹,2 outlet temperature at the end of each element is 

obtained. 

 

                �̇�𝐶𝑝(𝑇𝐶𝐹,2 − 𝑇𝐶𝐹,1) = [
𝑇∗−�̅�𝐶𝐹

1

ℎ0𝐴0
+

𝛿

𝐴0𝐾
+

1

ℎ𝑖𝐴𝑖+𝑀 tanh (𝑚𝑙)

]

𝑆

+ [
𝑇∗−�̅�𝐶𝐹

1

ℎ0𝐴0
+

𝛿

𝐴0𝐾
+

1

ℎ𝑖𝐴𝑖+𝑀 tanh (𝑚𝑙)

]

𝑃

          (3.4) 

      

In general, the variables mentioned above are explained in detail in section 4. The only 

missing 𝑇𝐶𝐹,1  value for iteration to begin. 700K assumption is made as reference inlet 

temperature. 

 

• Velocity: The code for hydraulic diameters obtained from the specified cooling 

configuration computes the average velocity values for each element by calculating 

the thermo-fluid properties (𝜌, 𝜇, 𝑘) of the fluid for each element.
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Figure 3.5: Pressure Results for Each Element 
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Figure 3.6:  Coolant flow Temperature for Each Element
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Figure 3.7:  Coolant Flow Velocity for Each Element
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3.4 Backflow Margin Calculations 

      Backflow margin is defined as the pressure of the coolant inside the airfoil divided by the 

local pressure of the combustion gases outside the airfoil as experienced by each of the gill 

holes. Sufficient backflow margin must be maintained to prevent ingestion of the hot 

combustion gases into the airfoil, and ensure continuous discharge of the coolant through the 

gill holes [7]. 

Percent Backflow Margin: 

                                      100 × (
𝑃𝑡,𝑐−𝑃𝑡,𝑚

𝑃𝑡,𝑚
)                                 (3.5) 

 

Figure 3.8: Pressure Drops and Backflow Margin
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4. ANALYTICAL CALCULATIONS / 1-D HEAT TRANSFER ANALYSIS 

RESULTS  

 

4.1 Details of the Method  

• Internal HTC Calculation  

     The internal convective heat transfer coefficient for each channel of the blade element can 

be estimated using the conventional Dittus-Boelter equation for the forced convection through 

a smooth duct (Eq. 4.1). This equation is only applicable for the turbulent flow. 

 

                                   ℎ𝑐
̅̅ ̅ = 0.023 × (

𝑘

𝐷ℎ
) × 𝑅𝑒𝐷ℎ

4
5⁄ × 𝑃𝑟

1
3⁄                                      (4.1)        

                                                            

      In the cooling configuration created in this study, no heat transfer enhancing mechanism 

was used in the ducts. Therefore, the internal heat transfer coefficient in each element is 

calculated with the above equation. The internal HTC in each element is shown in Figure 4.1. 

 

 

Figure 4.1: Calculated Internal HTC for Each Element
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• Heat Transfer  

        Heat is transferred from the hot gas stream through film cooling to the blade outer 

surface (by external convection), then conducted through blade walls and radial ribs into the 

duct to raise the coolant enthalpy (by internal convection). The radiation effects are assumed 

to be negligible and the conduction through the blade walls are assumed to be one-

dimensional [8]. 

         The schematic of general heat transfer mechanism is shown in the Figure 4.2 (a) for the 

LE portion and (b) for the rest of blade part. Total heat (Q) is the summation of the heat loads 

from the SS (𝑞𝑠) and the PS (𝑞𝑝). The individual heat load (𝑞𝑠) or (𝑞𝑝).Transfers by 

conduction through the blade wall (𝑞1) and duct side walls modeled as fin (𝑞2). The model 

performs in two steps. First, it calculates the mass flow rate distribution and the film-cooling 

effectiveness for each element. Then, it computes each element temperature distribution by 

solving the energy balance equations. 

 

𝐻𝑒𝑎𝑡 𝐵𝑎𝑙𝑎𝑛𝑐𝑒: 𝑄 = 𝑞𝑠 + 𝑞𝑝 

𝑞𝑠 = 𝑞1𝑠 + 𝑞2𝑠 ,  𝑞𝑝 = 𝑞1𝑝 + 𝑞2𝑝 

(a) 
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𝐻𝑒𝑎𝑡 𝐵𝑎𝑙𝑎𝑛𝑐𝑒: 𝑄 = 𝑞𝑠 + 𝑞𝑝 

𝑞𝑠 = 𝑞1𝑠 + 𝑞2𝑠 ,  𝑞𝑝 = 𝑞1𝑝 + 𝑞2𝑝 

(b) 

Figure 4.2: Heat balance (a) Leading Edge Portion (b) Rest of the Vane 

• Heat Transfer Mechanism 

     The prediction of the metal temperature for a single element consists of 4 mechanisms of 

heat transfer, according to the cooling configuration made: 

➢ Heat transfer from the hot gas coming from the combustion chamber around the 

pressure edge and the suction edge of the fin by external convection. 

➢ Heat transfer from the pressure and suction edges through conduction through the 

wall thickness 

➢ Cooling air from the pressure edge to the suction edge, heat transfer by internal 

convection through the channels 

➢ Increasing internal energy of cooling air by collecting heat 

 

        Based on these mechanisms, heat is transmitted only through the suction edge, pressure 

edge, and sidewall boundaries of the duct modeled as fins. The transport takes place on the 

inner surface of the ducts (𝐴𝑖). It should also be noted that the outer surface area (𝐴𝑜) is 

larger than the inner surface area (𝐴𝑖). Based on these assumptions, the equations 

corresponding to both the suction edge and the discharge edge are given below; 

Heat transfer by the outer edge of the blade's pressure side and suction side; 

 

                                         𝑞𝑠 𝑝⁄ = [(ℎ𝑜×𝐴𝑜) × (𝑇∗
−𝑇𝑤𝑜)]𝑠 𝑝⁄

                                   (4.2)        

Heat transfer by conduction on the pressure side and suction side of the blade ;      

 

                                   𝑞𝑠 𝑝⁄ = [(
𝐾×𝐴𝑜

𝛿
) × (𝑇𝑤𝑜 − 𝑇𝑤𝑖)]𝑠

𝑝⁄
                                      (4.3) 

Heat transfer by internal convection in the cooling ducts between the pressure side of the 

blade and the suction side ; 

 

                                        𝑞1𝑠 1𝑝⁄ = [(ℎ𝑖 ×𝐴𝑖) × (𝑇𝑤𝑖 − 𝑇𝐶𝐹)]𝑠
𝑝⁄
                            (4.4)
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Heat transfer by fin-model transmission of the wall between channels ; 

                        𝑞1𝑠 1𝑝⁄ = [𝑀 × tanh(𝑚 × 𝑙) × (𝑇𝑤𝑖 − 𝑇𝐶𝐹)]𝑠 𝑝⁄
                            (4.5) 

 

Where,     𝑀 = √ℎ𝑖 × 𝑃 × 𝐴𝑠 ; 𝑚 = √ℎ𝑖 × 𝑃 𝐾 × 𝐴𝑠⁄  

𝑃 = 𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟  and  𝐴𝑠 = 𝐹𝑖𝑛 𝐴𝑟𝑒𝑎  

 

Increasing internal energy in a single element ; 

 

                                     𝑄 = �̇� × 𝐶𝑝 × (𝑇𝐶𝐹,2 − 𝑇𝐶𝐹,1)                                       (4.6) 

Thermal balance ; 

                                                    𝑄 = 𝑞𝑠𝑠 + 𝑞𝑝𝑠                                                  (4.7)   

Average coolant flow temperature ; 

                                                𝑇𝐶𝐹 =
1

2
× (𝑇𝐶𝐹,2 + 𝑇𝐶𝐹,1)                                     (4.8) 

 

Maximum and average metal temperatures are obtained from these relations. While 

examining these types of 1-D heat transfer mechanisms, thermal resistance network 

simulation is a frequently used and highly applicable structure. The thermal resistance study 

created by these relations is shown in Figure 4.3. 

 

 

Figure 4.3: Thermal Resistance 

 

     After the thermal resistance network is simulated, the sequence applies this similarity to 

the energy balance equations. After this application, five equations with the following five 

unknowns must be solved.
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       �̇�𝐶𝑝(𝑇𝐶𝐹,2 − 𝑇𝐶𝐹,1)  = [
𝑇∗−�̅�𝐶𝐹

1

ℎ0𝐴0
+

𝛿

𝐴0𝐾
+

1

ℎ𝑖𝐴𝑖+𝑀 tanh (𝑚𝑙)

]

𝑠

+ [
𝑇∗−�̅�𝐶𝐹

1

ℎ0𝐴0
+

𝛿

𝐴0𝐾
+

1

ℎ𝑖𝐴𝑖+𝑀 tanh (𝑚𝑙)

]

𝑝

                 (4.9) 

  

 

                                   [
𝑇∗−𝑇𝑤𝑜𝑠 

1

ℎ0𝐴0

]
𝑠

= [
𝑇𝑤𝑜𝑠 − 𝑇𝑤𝑖𝑠 

𝛿

𝐴0𝐾

]

𝑠

                                                      (4.10)      

 

                                    [
𝑇∗−𝑇𝑤𝑜𝑠 

1

ℎ0𝐴0

]
𝑠

= [
𝑇𝑤𝑖𝑠 − �̅�𝐶𝐹

1

ℎ𝑖𝐴𝑖+𝑀 tanh (𝑚𝑙)
 
]

𝑠

                                                  (4.11)        

 

                                   [
𝑇∗−𝑇𝑤𝑜𝑝 

1

ℎ0𝐴0

]
𝑝

= [
𝑇𝑤𝑜𝑝 − 𝑇𝑤𝑖𝑝

𝛿

𝐴0𝐾

]

𝑝

                                                    (4.12)      

 

                                   [
𝑇∗−𝑇𝑤𝑜𝑝 

1

ℎ0𝐴0

]
𝑝

= [
𝑇𝑤𝑖𝑝− �̅�𝐶𝐹

1

ℎ𝑖𝐴𝑖+𝑀 tanh (𝑚𝑙)
 
]

𝑝

                                                 (4.13)     

    

     The above calculations represent Figure 4.2 (b). However, in general, five equation 

systems with five unknowns were solved in all regions, and surface temperatures were 

obtained. For other regions, the privatizations in the equation were made in accordance with 

the heat transfer mechanism and geometrical specifications. 

 

➢ Film Cooling Application 

 

       One of the configurations determined in this study is the “film cooling” application in the 

Leading edge section. The main purpose of this application, as can be seen from Figure 2.4, is 

that the external heat transfer coefficient at the stagnation point is quite high. In general, since 

the highest surface temperature is seen in this region, special cooling work should be done 

here. Since film cooling is a very effective application, it has been found suitable to be used in 

this region [9]. 

      Although the film cooling application is quite experimental, it is difficult to find a valid 

correlation for all geometries and conditions in the literature. In this study, film cooling 

efficiency, which is the most important parameter of film cooling application, was obtained 

by using the correlation table below.
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Figure 4.4: Distributions of η ̅ for varying blowing ratios presented as a function of the stream 

wise distance x/d (reproduced with permission from Journal of Turbomachinery) 

 

     As seen from the graphic above, the most important parameter blowing ratio affecting the 

film cooling efficiency. The blowing ratio, M, is the ratio of the coolant mass flux to the 

mainstream mass flux and is defined as follows: 

 

                                                             𝑀 = 
𝜌𝑐𝑈𝑐

𝜌∞𝑈∞
                                                       (4.14) 

 

    Where 𝜌𝑐  and 𝜌∞ are the coolant and mainstream density, respectively, and 𝑈𝑐  and 𝑈∞  are 

the coolant and main stream velocity, respectively. 

 

𝜌𝑐 = 5.97 
𝑘𝑔

𝑚3⁄   , 𝑈𝑐 = 81.4 𝑚 𝑠⁄  , 𝜌∞ = 2.309 
𝑘𝑔

𝑚3⁄  , 𝑈∞ = 93.4 𝑚 𝑠⁄  

 

When the above values are written into the equation, the M value is obtained as 2.3. The film 

cooling efficiency corresponding to this value is 0.1. 

The film temperature obtained with leading edge section with these results; 

 

                                    𝑇𝑓 = [𝑇𝑟 × (1 − �̅�)] + [�̅� × �̅�𝐶𝐹 ]                                   (4.15) 
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     When the values were calculated in the equation, the 𝑇𝑓 temperature was found to 

be 1473.1 𝐾. In the calculations, the reference temperature value to be used for the leading 

edge has been found. 

      All the quantities mentioned in the previous sections actually contain process groups 

based on certain repetitions. The MATLAB code developed in this study takes the 

information about channel geometry and boundary conditions from the user, solves the 

necessary equations and gives the desired results. Below is a flow chart describing the 

algorithm of the code to work ; 

 

 

Figure 4.5: Flow Chart 

 

4.2 Metal Temperature Distribution 

      An in-house MATLAB code that covers all the quantities mentioned above and works 

synchronously with each other and works according to the flow chart above was designed, as 

stated in the diagram, the last step of the algorithm is presented below under the title.
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4.2.1 Pressure Side  

     Figure 4.5 shows the pressure side temperature distribution, including the maximum and 

minimum temperatures; 

 

 

Figure 4.6: Temperature Contour for Vanes (PS) 

4.2.2 Suction Side 

      Figure 4.5 shows the pressure side temperature distribution, including the maximum and 

minimum temperatures; 

 

Figure 4.7: Temperature Contour for Vanes (SS)
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4.2.3 Temperature Distribution in Sections of Different Heights along the Span 

Direction 

The figures below show the temperature distributions on the 20% and 50% sections of the 

vane. 

 

Figure 4.8: Cross section (0 - %20 of  Span ) 

 

Figure 4.9: Cross section (%20 - %50 of  Span)
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4.2.4 Cooling Effectiveness 

 

     Turbine cooling systems basically have a certain performance characteristic chart. Cooling 

technology performance map is drawn up according to the operating margin of the component 

at possible temperatures. In the horizontal part of this map, there is a dimensionless 

parameter, heat loading parameter. On the vertical part, there is gross cooling efficiency 

depending on the average bulk metal temperature. The characteristics of different cooling 

configurations are shown on this curve. Cooling technology performance map can be seen in 

Figure 4.10 [10]; 

 

 

Figure 4.10: Cooling Technology Performance Chart 

 

𝐺𝑟𝑜𝑠𝑠 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠 = (𝑇𝑔𝑎𝑠 − 𝑇𝑏𝑢𝑙𝑘 𝑚𝑒𝑡𝑎𝑙) (𝑇𝑔𝑎𝑠 − 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 𝑠𝑢𝑝𝑝𝑙𝑦)⁄              (4.16) 

𝐻𝑒𝑎𝑡 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 = = (𝑚𝑐𝑜𝑜𝑙𝑎𝑛𝑡 × 𝐶𝑝 𝑐𝑜𝑜𝑙𝑎𝑛𝑡) 2 × 𝐻𝑔𝑎𝑠⁄ × 𝐴𝑔𝑎𝑠                    (4.17) 

The quantities in these terms are as follows: 
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𝑇𝑔𝑎𝑠  =  average hot gas temperature (e. g. firing temperature for blade)  

𝑇𝑏𝑢𝑙𝑘 𝑚𝑒𝑡𝑎𝑙  = average metal temperature of entire airfoil with endwalls  

𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 𝑠𝑢𝑝𝑝𝑙𝑦  = temperature of coolant entering the airfoil 

𝐻𝑔𝑎𝑠  =  average external gas heat transfer coefficient (corrected for radiation) 

𝐴𝑔𝑎𝑠  = external gas wetted surface area 

𝑚𝑐𝑜𝑜𝑙𝑎𝑛𝑡  = coolant flow rate to airfoil 

𝐶𝑝 𝑐𝑜𝑜𝑙𝑎𝑛𝑡  = coolant specific heat. 

 

𝑇𝑔𝑎𝑠 = 1600 𝐾 ;   𝑇𝑏𝑢𝑙𝑘 𝑚𝑒𝑡𝑎𝑙 = 1075.9 𝐾 ;   𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 𝑠𝑢𝑝𝑝𝑙𝑦 = 700 𝐾 ; 

 

𝐺𝑟𝑜𝑠𝑠 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠 = 0.582 = 58.2 % 

5. TURBINE VANE COOLING DESIGN DETAILS 

 

     In this study, cooling application with forced convection is based on the channels. By 

observing that the outer heat transfer coefficient reaches the highest value along the vane 

surface in the LE section, 8 consecutive film cooling holes were drilled by opening 0.8 mm 

diameters along the stagnation point. In the TE section, 3 grooves were applied in order not to 

spoil the characteristics of the applause and to regulate the mass flow to be added to the main 

stream. While creating cooling configurations, “Siemens NX 12.0 CAD” program preferred 

by many large organizations in the market was used in terms of flexibility and usability. 

Vane's Renders were created using “AUTODESK 3Ds Max” , as well as glass-model images, 

using “Siemens NX 12.0” software, to better view configurations. Thus, the temperature 

distribution configuration described in section 4 has been obtained. The figures below show 

the cooling configuration in more detail. 
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Figure 5.1: Isometric view of the vane (by AUTODESK 3DS Max)  

 

Figure 5.2: Top view of the vane (by AUTODESK 3DS Ma
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Figure 5.3: Cross section view of the vane (by AUTODESK 3DS Max) 

 

Figure 5.4: Glass-modeled vane (by Siemens NX 12.0)
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Figure 5.5: Glass-modeled vane (by Siemens NX 12.0) 

 

Figure 5.6: Engineering Drawing (by Siemens NX 12.0)
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6. FLOW CHECK TEST ANALYTICAL CALCULATION /1-D ANALAYSIS 

RESULTS 

 

     In the geometric model of the vane with cooling configuration, it is necessary to get 

information about the characteristic of the fluid. Therefore, in the test laboratories, under 

certain conditions, the flow characteristic of the fluid in the channels is revealed. As a result 

of these measurements, the actual mass flow (�̇�𝑎𝑐𝑡𝑢𝑎𝑙) in the fin is calculated at certain 

pressure ratios. Obtaining these values in advance gives illuminating information about the 

compatibility of the configuration on the system before thermal paint tests. 

 The quantities used to define these values are described below; 

 

6.1 Discharge coefficient:  

     In a nozzle or other constriction, the discharge coefficient (also known as 

coefficient of discharge or efflux coefficient) is the ratio of the actual discharge to the 

theoretical discharge, the ratio of the mass flow rate at the discharge end of the nozzle 

to that of an ideal nozzle which expands an identical working fluid from the same 

initial conditions to the same exit pressures [11]. 

      

                                          𝐶𝑑 =
�̇�𝑎𝑐𝑡𝑢𝑎𝑙

�̇�𝑖𝑑𝑒𝑎𝑙
                                              (6.1) 

 

�̇�𝑎𝑐𝑡𝑢𝑎𝑙 = 𝐹𝑙𝑜𝑤 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 

�̇�𝑖𝑑𝑒𝑎𝑙 = 𝐼𝑑𝑒𝑎𝑙 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚, 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑏𝑦 𝐹𝑙𝑜𝑤 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 
 

The ideal flow through the system is calculated as follows depending on the flow functions; 

 

                                                        �̇� = ∬𝜌𝑉.⃗⃗  ⃗ 𝑑𝐴 = ∑𝜌𝑉𝐴                                      (6.2) 

 

  Using isentropic relations and ideal gas law, it is expressed in terms of total conditions and 

Mach number or pressure ratio; 

 

                                                              �̇� =
𝐴�̂�𝑓𝑡

𝑃𝑡

√𝑅𝑇𝑡
                                                 (6.3)
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                                                             �̂�𝑓𝑡 = 𝑀
√

𝛾

(1+
𝛾−1

2
𝑀2)

𝛾+1
𝛾−1

                                    (6.4) 

                                                     �̂�𝑓𝑡 = √
2𝛾

𝛾−1
(

 𝑃𝑠

 𝑃𝑡

2
𝛾⁄
−

 𝑃𝑠

 𝑃𝑡

(𝛾+1)/𝛾
)                            (6.5) 

 

  For the five different pressure ratios stated in the table, in order to find the actual flow rate, it 

is necessary to make a discharge coefficient (𝐶𝑑)  assumption by using the correlations (Idris, 

2005). Below are the quantities and tables used in the correlations; 

 

➢ Long orifice effects: 

Long orifice data have been presented by Lichtarowitz et al. [19], and are plotted in 

Figure 6.1 for a basic 𝐶𝑑:𝑅𝑒:𝑟 = 0.60. It means that the effect of Re, radius, and 

minimum value of L/d gives an initial value of  𝐶𝑑 = 0.60 for the graph.  

    The discharge coefficient with long orifice effect is written as; 

 

                                         𝐶𝑑:𝑅𝑒:𝑟:𝐿 = 1 − g + g. 𝐶𝑑:𝑅𝑒:𝑟                                     (6.6) 

Applying the same approach as radius effect, the g factor is, 

 

                    g = [1 + 1.3𝑒−1.606(𝐿 𝑑⁄ )2] (0.435 + 0.021
𝐿

𝑑
)                            (6.7) 

  

 

Figure 6.1: Effect of orifice L/d on Cd
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➢ Pressure ratio effects: 

Previous studies have shown that discharge coefficient increases with increased 

pressure ratio across the orifices and reaching a plateau at the high pressure ratio. The 

effects of pressure ratio on discharge coefficient have been investigated by Deckker 

and Chang, Perry , and Hay and Spencer . Figure 6.2 shows the discharge coefficients 

of their studies, which are plotted against the pressure ratio and curve fitted to an 

exponential equation.  

   The curve that shows pressure ratio effect is represented by; 

 

                               𝐶𝑑:𝑅𝑒:𝑟:𝐿:Π = 1 − ℎ + ℎ. 𝐶𝑑:𝑅𝑒:𝑟:𝐿                                 (6.8) 

The ℎ factor equation is; 

 

                          ℎ = (
 𝐶𝑑:𝑅𝑒:𝑟:𝐿−0.6

0.263
) (𝐶1,Π − 𝐶2,Π) + 𝐶2,Π                           (6.9) 

Where ; 

                               𝐶1,Π = 0.8454 + 0.3797𝑒−0.9083Π                            (6.10) 

                               𝐶2,Π = 6.6687𝑒0.4619Π−2.367Π0.5
                                (6.11) 

 

 

Figure 6.2: Effect of pressure ratio on C
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      As a result, necessary assumptions have been made and a MATLAB code 

based on equations and pressure ratios has been created, resulting in desired 𝐶𝑑 

and �̇�𝑎𝑐𝑡𝑢𝑎𝑙  values for the table. 

Table 2: Flow Check Test Results 

𝑇𝑎𝑚𝑏 [K] PR [-] 𝑃1 [bar] 𝑃2 [bar] MFR [g/s] Cd [-] 

293.15 1.05 0.969 0.923 1.00 0.80 

293.15 1.10 1.015 0.923 1.42 0.81 

293.15 1.15 1.061 0.923 1.71 0.81 

293.15 1.20 1.108 0.923 1.94 0.81 

293.15 1.25 1.154 0.923 2.08 0.81 

7. CFD ANALYSIS 

 

     CFD analysis will be carried out in the “Ansys” program to verify the MATLAB code to 

determine the turbine cooling air requirement. CFD analysis is very important as it will give 

us a prediction for experimental studies. Comparison will be made depending on the boundary 

conditions of the code with the CFD analysis whose accuracy has been demonstrated. 

 

7.1 CFD Analysis Preparation 

 

• Geometry 

      The CFD analysis to be made, the exact dimensions of the geometry created for 

the study were transferred to the “Ansys” program. Within the analysis, 3-D geometry 

will be used. The geometry basically consists of 3 main duct systems, as shown in the 

cooling configuration. In the TE section, 3 grooves were applied in order not to spoil 

the characteristics of the applause and to regulate the mass flow to be added to the 

main stream. The first channel is approximately 20 mm long for the curvilinear, 

adiabatic, and hydrodynamic inlet zone, since the refrigerant is the channel through 

which the refrigerant will enter the system and the cylinder is simulated for cooling 

calculations. The second and third sections were prepared for analysis, straight and 

adiabatically. 
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• Mesh 

     Mesh is created primarily for the geometry that provides the exact measurement of 

the analysis to be made. Tetrahedral mesh consisting of triangular and quadrangular 

elements is constructed in places where there is no entrance and exit regions of this 

geometry. Since the fluid characteristic is turbulent at the inlet section of the fluid, 5-

layer inflation with a first boundary layer thickness of 0.007 mm is given, the 

hydrodynamic inlet region must have a 𝑦+ value of less than 1.  

     Since the inlet and outlet areas of the fluid are very critical, the element sizes in 

these parts are about 0.2 mm. The quality of the thrown mesh was followed from 

skewness and orthogonal quality values. As is known, the maximum skewness value 

should be close to 0.90. The minimum orthogonal quality value should be close to 

0.10. 

    In the images below, the area where the inflation is thrown, as well as the mesh 

structure is seen. 

 

 

Figure 7.1: Mesh structure thrown into fluid domain 
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Figure 7.2: Inflated edges at the inlet region 

 

Table 3: Quality and inflation values 
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Table 4:Nodes and elements  statistics 

 

 

7.2 CFD Analysis Results 

 

     Analysis results resolved with “Ansys CFD Post” module were simulated. Internal and 

external surface temperature distributions, internal and external flow lines, internal and 

external pressure and velocity results are visualized. 

 

• Internal and External Metal Temperature Distribution 

 

 

Figure 7.3: External metal temperature distribution at the vane surface
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Figure 7.4: External metal temperature distribution on isosurface 

 

 

Figure 7.5: Internal metal temperature distribution
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• Internal and External Pressure, Velocity Distribution 

 

 

Figure 7.6: External pressure distribution at tha vane surface 

 

 

Figure 7.7: Internal pressure distribution
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Figure 7.8: External pressure distribution on isosurface 

 

 

Figure 7.9: External Mach number distribution



 

41 

 

• External and Internal Velocity Streamlines 

 

 

Figure 7.10: External velocity streamlines at the leading side 

 

 

Figure 7.11: External velocity streamlines at the trailing side
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Figure 7.12: Internal velocity streamlines 

 

7.3 Comparison of code and CFD results 

 

     Below, the average temperature of the coolant is calculated in each channel for code and 

CFD analysis, and transferred to the graphics. In addition, the relative error between the 

analysis was calculated and the table was created. 

  These tables and graphics are shown below: 

 

 

 

Table 5: Cold gas average temperature relative error 

Duct1 Duct2 Duct3 Duct4

2.78% 10.39% 13.92% 8.21%
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Figure 7.13: Comparison of cold gas average temperature values 

 

Below, the outer metal average temperature is calculated in each channel for code and CFD 

analysis and transferred to the graphics. In addition, the relative error between the analysis 

was calculated and the table was created. 

  These tables and graphics are shown below: 

 

 

Table 6: External metal average temperature relative error 

 

 

 

Duct1 Duct2 Duct3 Duct4

10.83% 2.91% 1.41% 1.36%
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Figure 7.14: Comparison of external average metal temperature values 

 

In the following, the internal metal average temperature is calculated in each channel for code 

and CFD analysis and transferred to the graphics. In addition, the relative error between the 

analysis was calculated and the table was created. 

  These tables and graphics are shown below: 

 

 

Table 7: Internal metal average temperature relative error 

Duct1 Duct2 Duct3 Duct4

11.30% 1.02% 0.91% 1.92%
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Figure 7.15: Comparison of internal average metal temperature values
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8. LIFE ESTIMATION 

 

8.1 Stress Calculation Details 

 

     Creep damage is one of the most important flaw mechanisms for turbine blades. Creep, a 

type of plastic deformation, occurs due to high temperature and stress in the operating 

conditions of the turbine materials. The parameter that best defines creep today is the Larson-

Miller parameter. 

                                  𝐿𝑀𝑃 = 𝑇𝑚𝑎𝑥.𝑚𝑒𝑡𝑎𝑙 ×
log(𝑡𝑟)+𝐶

1000
                                              (7.1) 

  

    In the equation 𝑡𝑟creep rupture time, C is the coefficient corresponding to 20, which is 

formed by empirical-semi-theoretical correlations. The numerical value to be obtained from 

this equation will be shown in the Stress-LMP curve created for each material. The Stress-

LMP curve for the material used in the design is given in Figure 7.1. The equation in the 

graph is written in the MATLAB code, and LMP and stress values are obtained for the 

maximum metal temperature seen in vane and specified life intervals. Using these values, 

Palmgren - Minner's method, which will be explained in 7.2, has been shown to remain at the 

specified life expectancy. The life intervals to be calculated are given below: 

 

𝑁1 = 1000; 𝑁2 = 10000 ; 𝑇𝑚𝑎𝑥.𝑚𝑒𝑡𝑎𝑙 = 1348 𝐾 

 

Stress values corresponding to these life value; 

 

𝜎1 = 450 𝑀𝑃𝑎; 𝜎2 = 458 𝑀𝑃𝑎 

8.2 Life Estimation Details; 

 

• Palmgren – Miner’s Rule 

 

      Miner’s rule is one of the most widely used cumulative damage models for failures caused 

by fatigue. It is called "Miner’s rule" because it was popularized by M. A. Miner in 1945.  

Miner’s rule is probably the simplest cumulative damage model. It states that if there are k 

different stress levels and the average number of cycles to failure at the stress, 𝜎𝑖  , is  𝑁𝑖 , then 

the damage fraction, C, is 

 

                                                                     ∑
σi

Ni

I
i=1 =  C                             (7.2)       
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 where ; 

𝜎𝑖 is the number of cycles accumulated at stress . 

C is the fraction of life consumed by exposure to the cycles at the different stress levels. 

In general, when the damage fraction reaches 1, failure occurs [12]. 

 

If Palmgren Miner’s equation is calculated for calculated stress and given life values; 

 

 

Figure 8.1: LMP - Stress curve 

 

∑
𝜎𝑖

𝑁𝑖

𝐼

𝑖=1

=
450

103
+

458

104
= 0,5 < 1 

 

With this result, the desired 5000 hours have been left over. 
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