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Abstract 

This paper supports a concerted effort towards validating an unstructured finite volume 

methodology for stress analysis of turbine blades. In this part, CFD solutions are compared 

against measured surface pressure profiles on the C3X turbine. Sensitivities of the prediction 

to inlet turbulence levels. 

The general framework of the paper describes an integrated system incorporating three 

important analysis components with respect to CAE analysis of turbine blade: CAD geometry 

handling and repair; surface and volume mesh generation for two- dimensional geometries; 

multi-physics modeling. Such a framework offers possibilities to achieving substantial 

productivity gains. Therefore, validation of the modeling techniques used is implicit to 

building confidence and trust in the use of the integrated system and film cooling techniques 

in modern gas turbines. 
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Nomenclature 

L Arc length m   Greeks 

𝑥, 𝑦, 𝑧 Cartesian 

coordinates 

- λ Material 

conductivity 

W/m.K 

HTC Heat transfer 

coefficient 

W/m
2
K 

   

K Thermal 

conductivity 

W/m.K 

 

Ma Mach number − 

P Pressure bar  

q
.
 Wall heat flux W/m

2
 Acronyms 

Re Reynolds 

number 

− 

 

PS Pressure Side  

T Temperature K SH Showerhead region  

X Surface distance m SS Suction Side 

 

 

Tg Gas temperature c
o
 TE Trailing edge 

 

 

   

Subscripts and superscripts    

2 Outlet conditions  

0 Total conditions W Wall  

1 Inlet conditions REF Reference  
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1. Introduction 

Modern gas turbine engines are designed to operate at high inlet temperatures, which are far 

beyond the allowable metal temperatures. Thus, to maintain acceptable life and safety 

standards, the structural elements need to be protected against the high thermal loads. For 

maintaining integrity, cooling techniques need to be used: They commonly consist of feeding 

by air bled from last compressor stages coupled with a massive use of film cooling. In film 

cooling technique coolant is injected into the high temperature boundary layer on the blade 

surface. Since the cooling air is bled directly from the compressor the mass flow rate passing 

through the combustion chamber decreases with a consequent loss in the total power output. 

The designer’s goal is therefore to minimize the coolant necessary to insure adequate turbine 

life. To reach this goal, considerable effort has been devoted to validate a model to be studied 

with the film cooling technique Computational Fluid Dynamics (CFD) has matured during 

recent years as a good predictive tool for this purpose.  

This paper demonstrates the application of this framework, including more specific details of 

grid, modeling parameters and boundary conditions. A necessary next step is to validate the 

underlying physical models against well-known test cases. We have chosen here to report 

computations on the NASA C3X cooled turbine vane of Hylton et al. [1,2] on which several 

computational studies have been performed (e.g. Canelli [2], Luo [3]). For this case, we also 

illustrate the sensitivity of results to inlet pressure variations with respect with four different 

models. Spalart Allmaras (SA) [4], k − w SST (SST) [5], k − w (standard) [6] and k- e [7] 

with realizability constraint [8] where illustrated in the validation process. 
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2. Model Geometry and Boundary conditions: 

                                                                                                      

 

             Figure 1 C3X Turbine vane      

2.2  Mesh generation 

Figure 2 depicts the computational grid used for calculations. It consists of three 

different parts: the mesh for the solid vane domain. The topology design and the grid 

optimization have been performed using a commercial grid generator using dynamic 

boundary conforming grids. The optimization methods used in the grid generator provide a 

fully quadrilaterals mesh that is optimized for orthogonality at the walls and within the 

domain. The dynamic boundary conforming process creates the surface grid at the same time 

it is creating the grid, allowing the points to be moved to an optimal position on the surface to 

guarantee orthogonality. In order to capture the pressure gradients in the boundary layer, a 

layer of cells is generated around the surfaces. Periodic Generic Grid Interfaces boundaries 

are used in the spanwise and pitchwise direction of the domain see Fig. 2. Periodic boundary 

conditions to allow simulation of fluid flow in real turbine and between two successive vanes.  

Constant static pressure was imposed to the main inlet. As pointed before hub and tip were 

modeled with periodic condition.  

α 58.89
0
 

Ψ 72.38
o
 

Throat 3.292  cm 

Vane height 7.62  cm 

Vane spacing 11.773 cm 

Suction surface arc 17.782  cm 

Pressure surface arc 13.723  cm 

True chord 14.4  cm 

Axial chord 7.8169  cm 
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Figure 2 Numerical grid used for calculations 

2.2.1 Mesh dependency test 

Table 1 Details of the five grids used in the grid independency study 

Grid No. 
Number of 

cells 

Minimum 

area (m2) 

Maximum 

area (m2) 

Total 

Volume 

Nodes Faces 

M-1 55423 3.45x10-5 4.26x10-2 3.276x10-2 55633 175589 

M-2 177544 2.929x10-5 3.124x10-3 2.784x10-2 178217 355520 

M-3 232496 2.03x10-5 2.268x10-3 1.955x10-2 233587 462176 

M-4 310856 1.38x10-5 1.569x10-3 1.365x10-2 315856 600828 
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Figure 3 Normalized pressure distribution for Grid-dependence study 

Figure 3 shows the pressure distribution for four different meshes where the maximum 

error does not exceed 10% for all cases.M-1 where excluded for showing bad agreement with 

the experimental results.M-2 where chosen as it is the simplest mesh between the meshes in 

the acceptable range (M-2, M-3 and M-4). 

2.3  Turbulence model: 

The current study mainly makes use of one equation Spalart-Allmaras (SA) [5] turbulence 

model, two equation standard k-ε (SKE) model developed by Launder and Spalding [6] in 

1974 ,realizable k-ε developed by shih et al [7] in 1995 and two equation shear stress 

transport k-ω (KW-SST) model developed by Menter [8] in 1994. All the mentioned models 

are Reynolds Averaged Navier Stokes (RANS) based models. The equations regarding the 

Sparlat Allmaras model where explained in detail as it is the main model used in the film 

cooling diagnostic study. 

𝜕 𝜌𝑢  

𝜕𝑡
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𝜕𝑝 
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𝜕𝑝 
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2.3.1 Spalart-Allmaras (SA)  

It is a simple one equation turbulence model developed by Spallart and Allmaras [5] 

and is used extensively for turbo machinery applications. It solves the transport equation for a 

modified form of turbulent kinematic viscosity and it is not necessary to calculate a length 
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scale related to the local shear layer thickness. The transported variable in SA model is 𝝂 and 

is appears in the transport equation (2.1).  

The 𝝂    transport equation 

𝜕(𝜌𝜈   )

𝜕𝑡
+

𝜕(𝜌𝜈   𝑢𝑖 )

𝜕𝑥𝑖
= 𝐺𝜈 +

1

𝜎𝜈   
  

𝜕

𝜕𝑥𝑖
 𝜇 + 𝜌𝜈  

𝜕𝜈 

 𝜕𝑥𝑗
 + 𝐶𝑏2𝜌  

𝜕𝜈 

 𝜕𝑥𝑗
 

2

 − 𝑌𝜈 + 𝑆𝜈             (4) 

Where 𝐺𝜈 and 𝑌𝜈 are the production and destruction term of turbulent viscosity in the near 

wall region.𝜈 is the molecular kinematic viscosity and 𝑆𝜈 is the source term. 

The constants in the SA model are 

 𝐶𝑏1=0.1355, 𝐶𝑏2=0.622, 𝐶𝜈1=7.1, 𝜎𝜈  =2/3  

𝐶𝑤1=   
Cb 1

𝑘2  +  
1+ Cb 2 

σ𝜈   
 , Cw2 =0.3, Cw3 =2.0, k=0.4187 

3. Case Description & Validation.  

3.1 NASA C3X TURBINE (Hylton 1983)  

The experimental setup of Hylton et al. [1] consists of a blade row of three equally 

cooled blades; with aIl of the testing probes placed on the center blade. Approximately 80 

thermocouples were placed around the outside of the C3X vane at midspan to determine the 

extemal temperature. Aerodynamic data is taken from 30 static pressure taps placed in small 

grooves, also distributed around the vane's external surface at midspan. Upstream 

thermocouples and pressure taps were used to determine the inlet stagnation properties, while 

exit pressure taps determined the average exit static pressure. With an inlet total pressure and 

temperature of 3.217 bar and 783 K. 

The working fluid was given ideal gas properties with a temperature dependent 

specific heat capacity, and viscosity varying according to Sutherlands Law. The vane metal 

density and specific heat capacity were set to 7200kg/m3 and 587.15 J/kg.K respectively. 

Material conductivity has been kept linearly dependent on temperature (λ = 6.811 + 0.020176 

· T), according to Hylton et al. [1]. 
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3.1.1 Blade load validation. 

The 1983 C3X test rig has been extensively exploited by Hylton to evaluate the blade 

loading in different operating conditions. An exhaustive database of measurements is 

available for the active region, including pressure, temperature and heat transfer coefficient 

distributions. All distributions are located at mid-span of the blade and values have been 

normalized to reference ones. Different turbulence models have been assessed, including 

Spalart Allmaras (SA) [5], k − w SST (SST) [6], k − w (standard) [7] and k- e with 

realizability constraint [8]. Blade load has been analyzed against experimental pressure 

distributions given by Hylton et al. [1] in their work. 

Table 2 summarizes the hot gas conditions for the case considered, the same arbitrary value 

used by Hylton et al [1]. 

Table 1 case # 4422 run #112 hot gas conditions 

Case no. Run P0 (bar) T0(K) Ma1 Re1 TU1(%) Ma2 Re2 

4422  112 3.217 783 0.17 0.54*10
6
 0.065 0.89 2.03*10

6
 

 

Fig. 4 shows the normalized static pressure distribution on the airfoil surface, for the 

case setup # 4422 run 112, with the experimental data. Results are obtained with the four 

turbulence models above mentioned. It can be noticed that there is no data given for about 

25% of surface length on either side of the leading edge. 

 

Figure 4 Normalized airfoil static pressure distribution, case # 4422 run #112. 
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Simulation is discussed with different turbulence models and validated with 

experimental results [1]. In Fig. (4) for SS (0≤X/L≤1), the pressure falls very rapidly from the 

stagnation line toward the throat, reaching a minimum value of static pressure by X/L = 0.53  

A mild adverse pressure gradient follows this minimum, and after X/L =  0.5, a soft 

acceleration arises to the trailing edge followed by a soft deceleration. 

On the PS (0≤X/L≤1), the pressure stays almost constant near P0 from the LE to about 

X/L = 0.5 and then falls off with further distance toward the TE. The calculations reveal good 

agreement with the data of Hylton et al. 

3.1.2 Sensitivity analysis 

Spalart Allmaras and k − w SST shown better agreement with the experimental data, 

so were chosen to be analyzed separately using different pressures.2.45 and 4.08 bars are 

analyzed and validated with the experimental data to ensure model sensitivity to pressure. 

Case conditions are shown in Table 3. 

Table 2 Case # 4511 & 4311 hot gas conditions. 

 

Figure 5 Case #4511 and 4311 for SSt and S-A turbelence models 

Case run P0 (bar) T0(K) Ma1 Re1 TU1(%) Ma2 Re2 

4511 144 4.08 815 0.16 0.63*10
6
 0.065 0.90 2.03*10

6
 

4311 148 2.45 802 0.17 0.39*10
6
 0.0065 0.91 1.49* 10

6
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As shown in previous figure (5) for the sensitivity analysis the model shows robust 

agreement with the experimental data of Hylton et al [1]. Spalart Allmaras turbulence model 

was chosen to complete investigation with as it has proven that it is computationally 

inexpensive and economical for large meshes. 

3.2 NASA C3X TURBINE (Hylton 1988)  

The 1988 C3X vane [2] consists of a stainless steel blade and three plenums, feeding 

two rows of pressure side film cooling holes, five rows of leading edge shower head holes 

and two rows of suction side film cooling holes. This portion contained the plenum chambers 

for the injection of the colder gas and therefore was insulated from the rest of the airfoil in the 

experimental tests. A thermal insulating barrier coating was present inside the blade, to 

separate each nose region. 

 

 

 

(a) (b) 

Figure 6: comparison of (a) Hylton 1988 C3X [2] experimental setup, and (b) present study 

film cooling hole configuration. 

In the present study, plenums were removed in order to decrease the computing time defining 

the holes as mass flow inlet. The coolant (air) was discharged by different flow rate according 

to the blowing ratio percentage chosen and by different place  

3.2.1  Heat transfer validation 

After the first validation step, the analysis was focused to the HTC using several cases and 

operating conditions on the new version of the C3X vane (1988). 
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Heat transfer coefficient (HTC)  

It may be pointed out that experimentally the heat flux was calculated by Hylton et al. 

[2] on the airfoil inner surface from a finite element analysis of conduction within the airfoil. 

The HTC was then found simply dividing this heat flux by (T0 –Tw). It follows that such a 

way to compute the HTC makes this quantity very sensitive to the wall to reference 

temperature ratio. 

                                               𝐻𝑇𝐶 =
𝑞 

(𝑇0−𝑇w )
      (5) 

  Heat transfer coefficient was validated on multiple cases mentioned in table 

(4).average heat transfer coefficient was conducted and compared with the experimental data 

done by Hylton et al. There, heat transfer coefficient values have been normalized by HTC 

Ref = 1135.6W/m2K, the same arbitrary value used by Hylton et al [2].An error of 15% was 

the range of acceptance of the heat transfer validity.  

Table 3 Heat transfer validation cases. 

Case P0 (bar) T0(K) Ma1 Re1 Ma2 Re2 

45000 3.5567 696 0.19 0.76×10
6
 0.9 2.5×10

6
 

44344 2.851 701 0.17 0.54×10
6
 0.89 2.03×10

6
 

44355 2.8402 702 0.18 0.56×10
6
 0.9 2.02×10

6
 

44333 2.8293 710 0.17 0.53×10
6
 0.9 1.99×10

6
 

44303 2.1471 709 0.18 0.43×10
6
 0.9 1.52×10

6
 

 

 

Figure 7 Validation of average HTC with experimental results on SS and PS 
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Figure (7) along the SS and PS provides a comparison for the averaged heat transfer 

coefficient profile against experimental data by Hylton et al [2] showing good agreement 

with maximum error of 12 %.  

Conclusion 

Validation simulation of a representative first stator cooling vane with a turbulence models 

assessment was presented. ANSYS V14°R has been improved to predict heat transfer 

phenomenon gas turbine blade cooling: in details Generic Grid Interfacing and implicit 

conjugate heat transfer module have been developed and validated. The object oriented 

language used was found to be very flexible for implementing new modules, algorithms and 

physical models. The reference test case studied was based on the NASA-C3X. Loading 

distributions were found to be in good agreement with experiments for SA and SST 

turbulence models. Good agreement with experimental measurements was tested by changing 

the pressure inlet with smaller and bigger than the experimental data, while being normalized 

and showing good agreement with the experimental results 

 

Finally, Validation simulation showing good agreement regarding the C3X NASA turbine 

vane by using spalarat allaramas one equation turbulence model and K-W sst turbulence 

model. Future work is being implemented for film and shower head cooling regarding the 

validated model. 
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