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ABSTRACT 

For the film cooling of turbine blade, an accurate estimate of the temperature distribution along the turbine blade 
surface is very important. Many of the existing studies did not consider the solid region or the internal cooling passages, 
and the boundary conditions for these areas are provided directly. However, the heat transfer of external mainstream flow 
and internal cooling, solid and fluid are highly coupled. The presence of internal flow will significantly affect the film 
cooling heat-transfer characteristics downstream. In this study, a multi-layer coupled numerical simulation method for the 
simulation of internal and external cooling heat transfer is developed. The numerical simulation is divided into two stages. 
The first stage is the whole domain simulation. Coarse grid is used to determine the flow and heat transfer at the interfaces. 
In the second stage simulation, the inlet, outlet and cooling passenge are removed. Only the mainstream and solid area are 
considered. Comparing with the experimental data of C3X blade, it is found that the multi-layer method can reduce the 
simulation and experimental errors from 6% to 2.5%. The general trend of calculated blade surface temperature and heat 
transfer coefficient distribution are consistent for the two simulation methods. It proves that the application of the multi-
layer method can improve the prediction accuracy of numerical simulation with limited computing resources. 

INTRODUCTION 
With the continuous increase of the mainstream inlet temperature, the temperature has far exceeded the melting point 

temperature of the blade material. Reasonable cooling technology must be used to cool the blade to ensure the normal 
operation of the blade. Blade cooling can be divided into internal cooling and external film cooling[1]. To avoid the direct 
impact of high-temperature gas on the surface of the blade, cooling air is injected from the inside of the blade to the outside 
surface through the film holes, forming a protective layer between the blade surface and hot mainstream. 

Most of the research studied the film cooling on a flat plate[2]. The geometric structure of flat film cooling is simple, 
which is suitable for verifying and calibrating the simulation results of film cooling effectiveness and heat transfer 
coefficient. The film cooling effectiveness is mainly related to the blowing ratio[3] and density ratio[4,5] of the coolant to 
the mainstream, the shape and position of the film holes[6-8], and the number of film holes rows. However, many current 
researches focus on flat plates or regular curved plates with simple geometric structure[9]. Leylek and Zerkle[10] used a 
standard k-ε turbulence model to simulate the streamwise-angled hole at 35°on flat plate for DR=2, and L/d of=1.75 and 
3.5. The coolant enters the film holes from cooling plenum, they presented coolant velocity and temperature data at the 
hole exit. However, the coolant enters the film holes directly from a large plenum instead of using a real blade cooling 
plenum. Because of the simplification of the geometric model and the reduction of the number of holes, this generally does 
not consume large amount of computing resources. At present, there are few numerical simulations or experiments related 
to real engine blades, but in order to obtain real blade surface data, it is necessary to simulate the blade under actual 
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operating conditions. In the past studies, some real full-coverage blade did not consider the cooling plenum and the film 
holes, and directly define the boundary conditions at the exit hole for numerical simulation. However, the external 
mainstream and the internal coolant will affect each other in the real working conditions of the blade. The flow distribution, 
velocity distribution, and temperature distribution of each film holes are different. It is difficult to predict boundary 
conditions to use empirical formulas at the exit of film holes. The external mainstream and the internal coolant are coupled 
with each other. If one of the boundary condition is changed, the other will also change. Bohn et al.[11] simulated a leading 
edge film-cooled vane with conjugate conduction. The film holes perpendicular to the surface of the blade instead of having 
a certain angle like the actual turbine blade. Grag and Rigby[12] simulated the film-cooled blade included the actual cooling 
plenum and film holes, and the profiles such as momentum and temperature at the hole exit were given. In order to 
accurately calculate the heat transfer coefficient, film cooling effectiveness and other parameters, it is necessary to calculate 
the whole part including the coolant flowing from the plenum and then injected into the mainstream through discrete holes. 
For real blades with hundreds of film holes, generating reliable grid is often complicated and computationally expensive, 
and it will largely affect the computational efficiency. Grag[13] didn’t consider the film holes and cooling plenum in the 
numerical calculation, and inputted the flow characteristics of the coolant to the hole exit. The method of giving the 
boundary conditions directly at the hole exit will produce errors in the calculation results. 

In addition, there are few researches on numerical simulation of real blades with solid domain. Experiments or 
simulations using adiabatic boundary conditions can simplify the experimental process or improve calculation efficiency, 
but the definition of adiabatic film cooling effectiveness can’t truly reflect the cooling effect of engine blades. Albert et 
al.[14] proposed another parameter to evaluate the effect of film cooling—comprehensive film cooling effectiveness. By 
matching the biot number (Bi) and the heat transfer coefficient ratio (hf/hi) to be similar, the comprehensive film cooling 
effectiveness can be achieved similar to that under real working conditions. Heidmann et al.[15] used real blades with 
cooling plenum and film holes to perform numerical simulation. The research found that the shaped holes provide a 
reduction in heat flux through higher film effectiveness and lower heat transfer coefficient. The simulation with a complete 
calculation domain can better predict the phenomenon of lateral expansion of the film. However, the simulation did not 
consider the heat conduction effect, and the surface of the blade is an adiabatic boundary condition. 

Based on the above analysis, the present study provides such a method, which can not only perform comprehensive 
simulation of the entire blade, but also consider important structural details. In addition, it does not occupy too much 
computing resources, and obtains the calculation results with higher accuracy and higher resolution. 

NUMERICAL METHODOLOGY 
The method of internal and external heat transfer with the multi-layer coupling is to divide the numerical calculation 

into two stages. Firstly, the overall structure of the blade adopts relatively coarse grid to complete the numerical simulation 
analysis. But it should be ensured that the total number of grids used is grid indenpendence. Secondly, extract the local 
heat transfer and flow information of the interest area from the overall calculation result in the first stage, and then input it 
into the second stage calculation of the interest area as the boundary condition. Because the calculation area of the second 
stage is smaller, denser grid can be used for calculation, and more structural details can be considered to improve the 
resolution of simulation analysis. 

In order to verify the accuracy of the multi-layer numerical simulation method, this paper selects NASA C3X vane 
model used by Hylton et al.[16]. This series of experiments is rare in the public literature using metal vanes, and the 
experimental data is relatively complete. It is usually used to verify the effectiveness of the fluid-solid coupling method. 

 

Figure 1 C3X vane geometry model             Figure 2 Computational domain division 
As shown in Figure 1, C3X vane adopts external film cooling and internal convection cooling. There are five rows 

film holes on the leading edge, two rows film holes on the pressure side and suction side, and there are ten radial through 
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holes inside the vane. The film holes located on the leading edge, pressure surface and suction surface are supplied with 
air by three independent cooling plenums. Detailed parameters of the C3X vane geometry are shown in Table 1. 

Table 1 Geometrical configuration of C3X vane 
parameters value 

Vane height [mm] 77.22 
Vane spacing [mm] 117.73 
True chord [mm] 144.93 

Rows of holes (leading edge/downstream) 5/2/2 
Hole diameter [mm] 1 

Inclination angle of film hole(leading edge/pressure 
surface/suction surface) [°] 

45/20/35 

Compound angle of film hole(leading edge/downstream) [°] 90/0/0 
Hole pitch-to-diameter 4 

Hole spacing-to-diameter(leading edge/downstream) 7.5/3 
Fig.2 shows the division of the complete computational domain into three parts, which is convenient for simplifying 

the model in the second stage. These three parts are the inlet section, the three cooling plenums, and the outlet section. The 
computational domain also includes the main fluid domain, solid domain and ten radial cooling through holes. 

  

 
(a) Computational domain in the first stage      (b) Computational domain in the second stage 

Fig 3 Computational domain of two-stage calculation  

 

Fig 4 Boundary information transfer surface calculated in two stages 
In the first stage of the numerical simulation, a complete computational domain model is used, including inlet section, 

outlet section and three independent cooling plenums shown in Fig 3(a). The advantage of the complete computational 
domain is that it can contain integral parts, taking into account the actual cooling plenum. However, the computational 
domain is too large, it is impossible to accurately simulate local details such as that around the film holes, and there are a 
large amount of grid, consuming a great deal of computing resources. The second stage calculation is to remove inlet 
section, outlet section, and the three cooling plenums, and the rest remain unchanged part from the first stage calculation 
shown in Fig 3(b). The total number of grids in the two stages calculation are consistent, which can more intuitively 
compare the impact of multi-layer method on the accuracy of numerical simulation. The purpose of this paper is that under 
the same computing resources, the multi-layer coupling method can improve the accuracy of the calculation. 
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As shown in Fig 4, the two stages calculation rely on five boundaries for information transfer of flow and heat transfer. 
There are the interface between the inlet section and the middle mainstream domain, the interface between the outlet section 
and the middle mainstream domain, and the interface between the three cooling plenums and the inlet of the film holes. By 
transferring the flow and heat transfer information of these five interface, the boundary conditions of the mainstream and 
coolant inlet for the second stage calculation are provided. 

The boundary conditions of the numerical simulation adopt the 34135 working condition in the NASA research 
report[16]. The mainstream inlet uses the pressure inlet boundary condition, and the total inlet temperature is 700K. The 
coolant use mass flow inlet boundary conditions in the three cooling plenums. The operating pressure is 101325Pa. By 
controlling the mass flow rate and temperature of coolant inlet, it is ensured that pressure ratio of the leading edge coolant 
inlet to the mainstream inlet is 1.02, and the temperature ratio is 0.75. The pressure ratio of the coolant inlet on the pressure 
surface and suction surface to the mainstream is 1.1, and the temperature ratio is 0.65. Both sides of the computational 
domain are translational periodic boundary conditions, and the remaining surfaces are adiabatic wall. The detailed boundary 
conditions of the mainstream and coolant are shown in Table 2 and Table 3. 

Table 2 Mainstream boundary conditions 
Boundary conditions Value 

Total inlet pressure [Pa] 305793 
Total inlet temperature [K] 701 

Turbulence intensity 6.5 
Inlet Reynolds number 6.2×106 

Inlet Mach number 0.18 
Gauge outlet pressure [Pa] 215328 

Outlet Mach number 0.75 
Outlet Reynolds number 2×106 

Table 3 Coolant boundary conditions 
Boundary conditions Value 

Leading edge coolant mass flow [Kg/s] 0.00506 
Leading edge coolant inlet temperature [K] 525 
Pressure surface coolant mass flow [Kg/s] 0.0118 

Pressure surface coolant inlet temperature [K] 476 
Suction surface coolant mass flow [Kg/s] 0.0171 

Suction surface coolant inlet temperature [K] 455 
Commercial software ANSYS FLUENT 17.0[17] were used to simulate the steady, there-dimensional, Reynolds-

averaged Navier-Stokes (RANS) case, and SST k-w turbulence model was adopted. As shown in Fig 5, this calculation uses 
ANSYS Meshing to divide the unstructured grid, and ensures that the minimum value of the grid quality is greater than 
0.1. In the first stage calculation, the inlet section and the outlet section are divided into structured grids, and the middle 
mainstream domain is divided into unstructured grids. In order to meet the requirements of the SST k-w turbulence model, 
the first layer of the vane surface should be y+≤1.0. The dimensionless parameter y+, fiction velocity  are defined as： 

 

 

Δy means the distance between the first layer and second layer grid,  means the wall shear stress. 

 
(a) Mesh in the first stage 
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(b) Mesh in the second stage 

Fig 5 Computational mesh of two-stage calculation 
In order to ensure the data prediction accuracy, it is necessary to verify the grid independence of the first stage 

calculation. Taking the average surface heat transfer coefficient value under the 34135 working condition as a reference, 
the results of 4 million, 6.2 million, 8.6 million and 23.5 million grids were compared. As shown in the Fig 6, when the 
number of grids exceeds 8.6 million, the heat transfer coefficient value were almost unchanged. In order to achieve a 
balance between the calculation time and the accuracy, the calculation of the first stage adopts the grid number of 8.6 
million. 
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Fig 6 Grid independence verification 

RESULTS AND DISCUSSION 
As shown in Fig 7, it is the contour of temperature in the pressure and suction side of the vane. The surface of the vane 

is distributed in band shape, and there is wave-shaped temperature distribution shape at the trailing edge. Moreover, the 
lowest temperature region appears on the pressure side and suction side immediately downstream of the film holes. On the 
one hand, it is downstream of the film holes and there are many internal cooling channel at this position. On the other hand, 
it may be caused by calculation errors. After the complete computational domain have simulated, the boundary information 
of the five interfaces mentioned above are exported, so that the boundary information can be imported for the second stage 
calculation. 

 



6 

Fig 7 The vane surface temperature distribution of the first stage complete computational model 
For the second stage detailed computational model, except for the ten radical cooling channels, the other boundary 

conditions are imported from the first stage results. This calculation method can improve the speed of convergence and 
calculation efficiency in the second stage detailed model. 

In the second stage calculation result shown in Fig 8, the vane surface temperature distribution is more uniform, and 
the temperature span is smaller than the first stage calculation. The low temperature region is significantly reduced 
downstream film holes on the pressure surface and suction surface. This is consistent with the temperature distribution span 
of the vane surface in the actual fluid-solid coupled working condition. Because vane belong to high thermal conductivity 
material, the vane surface temperature distribution will not show obvious coolant film trace due to the high thermal 
conductivity characteristic. It can help us get more realistic information about aerodynamics and heat transfer of turbine 
vanes in actual working conditions. 

 

Fig 8 The vane surface temperature distribution of the second stage detailed computational model 
The choice of C3X vane as the verification of the internal and external heat transfer with the multi-layer coupling 

method is to consider that C3X vane has a large amount of experimental data for reference. What’s more, C3X vane is used 
as a verification case of the classic fluid-solid coupling calculation. Fig 9 shows the temperature distribution at the mid 
span of the C3X vane. Due to the limitations of the experimental measurement methods at that time, the location of film 
holes on the pressure surface to the leading edge and then to the film holes on the suction surface was not measured. So the 
numerical simulation compares the part of the film holes on the pressure surface to the trailing edge and then to the film 
holes on the suction surface. According to Fig 9, it can be seen that the two numerical calculations are almost the same in 
the trend of the temperature distribution, which are also basically the same as the trend of the experimental data. It is 
indicated that the boundary information transferred is accurate in the two stages calculation, and there is no major change 
in the calculation results due to the change of geometric model. What’s more, the error is greatly reduced between 
simulation and experiment in the second stage detailed model results, especially in the downstream of the film hole on the 
pressure surface. The maximum error between simulation and experiment is reduced from 6% to 2.5%, which proves that 
the application of multi-layer method can greatly improve the accuracy of calculation under the condition of limited 
computing resources. 
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Fig 9 Dimensionless temperature distribution at 
the mid span of the vane 
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Fig 10 Dimensionless pressure distribution at 
the mid span of the vane 

As shown in Fig 10, the calculation results of the two stages are basically consistent with the experimental data, and 
the calculation results of the second stage are closer to the experimental results. There is high speed region at 40% chord 
length of the suction surface, which is downstream of the film holes on the suction surface. The pressure gradient before 
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and after this position is large, which is easy to induce transition. Therefore, there is relatively large error between 
simulation and experiment at this position. 
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Fig 11 Dimensionless heat transfer coefficient distribution at the mid span of the vane 
The heat transfer coefficient distribution trend of the two stage numerical simulation is roughly the same as the 

experimental data, and error on the suction surface is smaller. The part of the pressure surface close to the trailing edge has 
a large error, which may be due to the different arrangement of the film holes on the pressure surface. Because NASA 
research report[16] on C3X did not mention the specific position of the film holes along the vane height, the position of 
the film holes in the numerical simulation may deviate from the experiment. As shown in Fig 12, heat transfer coefficient 
is more sensitive to the position covered by the coolant film. The leading edge has a higher heat transfer coefficient due to 
the impact of mainstream. The part where heat transfer is enhanced is distributed around the film hole. The heat transfer 
coefficient decreases at the position where coolant film cover downstream of film holes, and the heat transfer coefficient 
increases at the position without coolant film coverage. 

 

Fig 12 Heat transfer coefficient contour and coolant streamline diagram 
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Fig 13 Part of the suction surface temperature 
distribution in the two stages calculation  

Fig 14 Part of the pressure surface temperature 
distribution in the two stages calculation 

As shown in Fig 13 and Fig 14, the temperature between the film holes is high in the first calculation. However, the 
coolant film has the ability to expand laterally in the second calculation. The film holes from the first row on the suction 
surface and pressure surface can cover the high temperature region between film holes. What’s more, it can be combined 
with coolant from the second row of holes to cover the downstream region between the second row film holes. The pressure 
surface temperature distribution also has a large difference between the film holes in the two stages calculation. The second 
calculation can more truly reflect the lateral expansion of coolant film in the three-dimensional complex flow and heat 
transfer process. The high temperature between the film holes on the pressure surface is more obvious, mainly because the 
film cooling effectiveness on the pressure surface is lower than that of the suction surface. 

CONCLUSIONS 
In the numerical simulation of the real blades with solid and cooling plenum domain, the internal and external with 

multi-layer method can obtain more actual and accurate data. What’ more, it solves the problem of limited computing 
resources and improves accuracy and speed of the calculation. The specific conclusion can be summarized as: 

(1) The internal and external coupling is very important for the numerical simulation of the turbine blades. However, 
if the complete calculation domain is directly simulated under the condition of limited computing resources, the calculation 
result deviates greatly from the experimental value, and the flow and heat transfer details in the smaller parts cannot be 
captured; 

(2) The second stage of calculation reduces the maximum error of temperature distribution from 6% to 2.5%. The 
temperature distribution, pressure distribution, and heat transfer coefficient distribution trends of the two stages calculation 
are consistent, which proves the accuracy of the boundary information transfer within the two stages calculation; 

(3) The main reason for the error between the simulation and experiment of the heat transfer coefficient is that heat 
transfer coefficient is sensitive to the position of coolant film. Because NASA research report on the C3X vane experiment 
did not clearly specify the location of the film holes, certain deviation in the distribution of film holes between simulation 
and experiment might exists, resulting in a large deviation in the heat transfer coefficient; 

(4) Comparing the results of the two stages calculation, it is found that the coolant film calculated in the second stage 
calculation not only expands in the flow direction, but also has the ability to predict the lateral expansion, which more truly 
reflects the phenomenon of lateral expansion of the film cooling in the three-dimensional complex flow and heat transfer 
process. Therefore, the temperature between the film holes in the second stage calculation is lower than the result of the 
first stage calculation. 

NOMENCLATURE 
DR density ratio, /  

L length of film hole 

d film hole diameter, [mm] 

h heat transfer coefficient, [W/m2K] 

h0 reference heat transfer coefficient, [W/m2K] 

P pressure, [Pa] 

P0 total pressure of mainstream, [Pa] 

Cax axial chord of vane, [mm] 
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 wall-normal distance normalized by inner length scale 

Δy height of first layer of grid 

x x-coordinate 

 friction velocity 

 wall shear stress 
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ABSTRACT 

For the film cooling of turbine blade, an accurate estimate of the temperature distribution along the turbine blade 
surface is very important. Many of the existing studies did not consider the solid region or the internal cooling passages, 
and the boundary conditions for these areas are provided directly. However, the heat transfer of external mainstream flow 
and internal cooling, solid and fluid are highly coupled. The presence of internal flow will significantly affect the film 
cooling heat-transfer characteristics downstream. In this study, a multi-layer coupled numerical simulation method for the 
simulation of internal and external cooling heat transfer is developed. The numerical simulation is divided into two stages. 
The first stage is the whole domain simulation. Coarse grid is used to determine the flow and heat transfer at the interfaces. 
In the second stage simulation, the inlet, outlet and cooling passenge are removed. Only the mainstream and solid area are 
considered. Comparing with the experimental data of C3X blade, it is found that the multi-layer method can reduce the 
simulation and experimental errors from 6% to 2.5%. The general trend of calculated blade surface temperature and heat 
transfer coefficient distribution are consistent for the two simulation methods. It proves that the application of the multi-
layer method can improve the prediction accuracy of numerical simulation with limited computing resources. 

INTRODUCTION 
With the continuous increase of the mainstream inlet temperature, the temperature has far exceeded the melting point 

temperature of the blade material. Reasonable cooling technology must be used to cool the blade to ensure the normal 
operation of the blade. Blade cooling can be divided into internal cooling and external film cooling[1]. To avoid the direct 
impact of high-temperature gas on the surface of the blade, cooling air is injected from the inside of the blade to the outside 
surface through the film holes, forming a protective layer between the blade surface and hot mainstream. 

Most of the research studied the film cooling on a flat plate[2]. The geometric structure of flat film cooling is simple, 
which is suitable for verifying and calibrating the simulation results of film cooling effectiveness and heat transfer 
coefficient. The film cooling effectiveness is mainly related to the blowing ratio[3] and density ratio[4,5] of the coolant to 
the mainstream, the shape and position of the film holes[6-8], and the number of film holes rows. However, many current 
researches focus on flat plates or regular curved plates with simple geometric structure[9]. Leylek and Zerkle[10] used a 
standard k-ε turbulence model to simulate the streamwise-angled hole at 35°on flat plate for DR=2, and L/d of=1.75 and 
3.5. The coolant enters the film holes from cooling plenum, they presented coolant velocity and temperature data at the 
hole exit. However, the coolant enters the film holes directly from a large plenum instead of using a real blade cooling 
plenum. Because of the simplification of the geometric model and the reduction of the number of holes, this generally does 
not consume large amount of computing resources. At present, there are few numerical simulations or experiments related 
to real engine blades, but in order to obtain true real(Corresponding to Comments 3) of Reviewer 1) blade surface data, 
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it is necessary to simulate the blade under actual operating conditions. In the past studies, some real full-coverage blade 
did not consider the cooling plenum and the film holes, and directly define the boundary conditions at the exit hole for 
numerical simulation. However, the external mainstream and the internal coolant will affect each other in the real working 
conditions of the blade. The flow distribution, velocity distribution, and temperature distribution of each film holes are 
different. It is difficult to predict boundary conditions to use empirical formulas at the exit of film holes. The external 
mainstream and the internal coolant are coupled with each other. If one of the boundary condition is changed, the other 
will also change. Bohn et al.[11] simulated a leading edge film-cooled vane with conjugate conduction. The film holes 
perpendicular to the surface of the blade instead of having a certain angle like the actual turbine blade. Grag and Rigby[12] 
simulated the film-cooled blade included the actual cooling plenum and film holes, and the profiles such as momentum and 
temperature at the hole exit were given. In order to accurately calculate the heat transfer coefficient, film cooling 
effectiveness and other parameters, it is necessary to calculate the whole part including the coolant flowing from the plenum 
and then injected into the mainstream through discrete holes. For real blades with hundreds of film holes, generating reliable 
grid is often complicated and computationally expensive, and it will largely affect the computational efficiency. Grag[13] 
ignored didn’t consider(Corresponding to Comments 5) of Reviewer 1) the film holes and cooling plenum in the 
numerical calculation, and inputted the flow characteristics of the coolant to the hole exit. The method of giving the 
boundary conditions directly at the hole exit will produce errors in the calculation results. 

In addition, there are few researches on numerical simulation of real blades with solid domain. Experiments or 
simulations using adiabatic boundary conditions can simplify the experimental process or improve calculation efficiency, 
but the definition of adiabatic film cooling effectiveness can’t truly reflect the cooling effect of engine blades. Albert et al. 
(Corresponding to Comments 4) of Reviewer 1) [14] proposed another parameter to evaluate the effect of film cooling—
comprehensive film cooling effectiveness. By matching the biot number (Bi) and the heat transfer coefficient ratio (hf/hi) 
to be similar, the comprehensive film cooling effectiveness can be achieved similar to that under real working conditions. 
Heidmann et al. (Corresponding to Comments 4) of Reviewer 1) [15] used real blades with cooling plenum and film 
holes to perform numerical simulation. The research found that the shaped holes provide a reduction in heat flux through 
higher film effectiveness and lower heat transfer coefficient. The simulation with a complete calculation domain can better 
predict the phenomenon of lateral expansion of the film. However, the simulation did not consider the heat conduction 
effect, and the surface of the blade is an adiabatic boundary condition. 

Based on the above analysis, the present study provides such a method, which can not only perform comprehensive 
simulation of the entire blade, but also consider important structural details. In addition, it does not occupy too much 
computing resources, and obtains the calculation results with higher accuracy and higher resolution. 

NUMERICAL METHODOLOGY 
The method of internal and external heat transfer with the multi-layer coupling is to divide the numerical calculation 

into two stages. Firstly, the overall structure of the blade adopts relatively coarse grid to complete the numerical simulation 
analysis. But it should be ensured that the total number of grids used is grid indenpendence. Secondly, extract the local 
heat transfer and flow information of the interest area from the overall calculation result in the first stage, and then input it 
into the second stage calculation of the interest area as the boundary condition. Because the calculation area of the second 
stage is smaller, denser grid can be used for calculation, and more structural details can be considered to improve the 
resolution of simulation analysis. 

In order to verify the accuracy of the multi-layer numerical simulation method, this paper selects NASA C3X vane 
model used by Hylton et al.[16]. This series of experiments is rare in the public literature using metal vanes, and the 
experimental data is relatively complete. It is usually used to verify the effectiveness of the fluid-solid coupling method. 

 

Figure 1 C3X vane geometry model             Figure 2 Computational domain division 
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As shown in Figure 1, C3X vane adopts external film cooling and internal convection cooling. There are five rows 
film holes on the leading edge, two rows film holes on the pressure side and suction side, and there are ten radial through 
holes inside the vane. The film holes located on the leading edge, pressure surface and suction surface are supplied with 
air by three independent cooling plenums. Detailed parameters of the C3X vane geometry are shown in Table 1. 

Table 1 Geometrical configuration of C3X vane 
parameters value 

Vane height [mm] 77.22 
Vane spacing [mm] 117.73 
True chord [mm] 144.93 

Rows of holes (leading edge/downstream) 5/2/2 
Hole diameter [mm] 1 

Inclination angle of film hole(leading edge/pressure 
surface/suction surface) [°] 

45/20/35 

Compound angle of film hole(leading edge/downstream) [°] 90/0/0 
Hole pitch-to-diameter 4 

Hole spacing-to-diameter(leading edge/downstream) 7.5/3 
Fig.2 shows the division of the complete computational domain into three parts, which is convenient for simplifying 

the model in the second stage. These three parts are the inlet section, the three cooling plenums, and the outlet section. The 
computational domain also includes the main fluid domain, solid domain and ten radial cooling through holes. 

  

 
(a) Computational domain in the first stage      (b) Computational domain in the second stage 

Fig 3 Computational domain of two-stage calculation  

 

Fig 4 Boundary information transfer surface calculated in two stages 
In the first stage of the numerical simulation, a complete computational domain model is used, including inlet section, 

outlet section and three independent cooling plenums shown in Fig 3(a). The advantage of the complete computational 
domain is that it can contain integral parts, taking into account the actual cooling plenum. However, the computational 
domain is too large, it is impossible to accurately simulate local details such as that around the film holes, and there are a 
large amount of grid, consuming a great deal of computing resources. The second stage calculation is to remove inlet 
section, outlet section, and the three cooling plenums, and the rest remain unchanged part from the first stage calculation 
shown in Fig 3(b). The total number of grids in the two stages calculation are consistent, which can more intuitively 
compare the impact of multi-layer method on the accuracy of numerical simulation. The purpose of this paper is that under 
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the same computing resources, the multi-layer coupling method can improve the accuracy of the 
calculation(Corresponding to Comments 4) of Reviewer 3). 

As shown in Fig 4, the two stages calculation rely on five boundaries for information transfer of flow and heat transfer. 
There are the interface between the inlet section and the middle mainstream domain, the interface between the outlet section 
and the middle mainstream domain, and the interface between the three cooling plenums and the inlet of the film holes. By 
transferring the flow and heat transfer information of these five interface, the boundary conditions of the mainstream and 
coolant inlet for the second stage calculation are provided. 

The boundary conditions of the numerical simulation adopt the 34135 working condition in the NASA research 
report[16](Corresponding to Comments 2) of Reviewer 1). The mainstream inlet uses the pressure inlet boundary 
condition, and the total inlet temperature is 700K. The coolant use mass flow inlet boundary conditions in the three cooling 
plenums. The operating pressure is 101325Pa(Corresponding to Comments 6) of Reviewer 1). By controlling the mass 
flow rate and temperature of coolant inlet, it is ensured that pressure ratio of the leading edge coolant inlet to the mainstream 
inlet is 1.02, and the temperature ratio is 0.75. The pressure ratio of the coolant inlet on the pressure surface and suction 
surface to the mainstream is 1.1, and the temperature ratio is 0.65. Both sides of the computational domain are translational 
periodic boundary conditions, and the remaining surfaces are adiabatic wall. The detailed boundary conditions of the 
mainstream and coolant are shown in Table 2 and Table 3. 

Table 2 Mainstream boundary conditions 
Boundary conditions Value 

Total inlet pressure [Pa] 305793 
Total inlet temperature [K] 701 

Turbulence intensity 6.5 
Inlet Reynolds number 6.2×106 

Inlet Mach number 0.18 
Gauge outlet pressure [Pa] 215328 

Outlet Mach number 0.75 
Outlet Reynolds number 2×106 

Table 3 Coolant boundary conditions 
Boundary conditions Value 

Leading edge coolant mass flow [Kg/s] 0.00506 
Leading edge coolant inlet temperature [K] 525 
Pressure surface coolant mass flow [Kg/s] 0.0118 

Pressure surface coolant inlet temperature [K] 476 
Suction surface coolant mass flow [Kg/s] 0.0171 

Suction surface coolant inlet temperature [K] 455 
Commercial software ANSYS FLUENT 17.0[17](Corresponding to Comments 1) of Reviewer 1) were used to 

simulate the steady, there-dimensional, Reynolds-averaged Navier-Stokes (RANS) case, and SST k-w turbulence model 
was adopted. As shown in Fig 5, this calculation uses ANSYS Meshing to divide the unstructured grid, and ensures that 
the minimum value of the grid quality is greater than 0.1. In the first stage calculation, the inlet section and the outlet 
section are divided into structured grids, and the middle mainstream domain is divided into unstructured grids. 
(Corresponding to Comments 1) of Reviewer 3) In order to meet the requirements of the SST k-w turbulence model, the 
first layer of the vane surface should be y+≤1.0. The dimensionless parameter y+, fiction velocity  are defined as： 

 

 

Δy means the distance between the first layer and second layer grid,  means the wall shear stress. 
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(a) Mesh in the first stage 

 
(b) Mesh in the second stage 

Fig 5 Computational mesh of two-stage calculation(Corresponding to Comments 1) of Reviewer 3) 
In order to ensure the data prediction accuracy, it is necessary to verify the grid independence of the first stage 

calculation. Taking the average surface heat transfer coefficient value under the 34135 working condition as a reference, 
the results of 4 million, 6.2 million, 8.6 million and 23.5 million grids were compared. As shown in the Fig 6, when the 
number of grids exceeds 8.6 million, the heat transfer coefficient value were almost unchanged. In order to achieve a 
balance between the calculation time and the accuracy, the calculation of the first stage adopts the grid number of 8.6 
million. (Corresponding to Comments 2) of Reviewer 3) 
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Fig 6 Grid independence verification(Corresponding to Comments 2) of Reviewer 3) 

RESULTS AND DISCUSSION 
As shown in Fig 7, it is the contour of temperature in the pressure and suction side of the vane. The surface of the vane 

is distributed in band shape, and there is wave-shaped temperature distribution shape at the trailing edge. Moreover, the 
lowest temperature region appears on the pressure side and suction side immediately downstream of the film holes. On the 
one hand, it is downstream of the film holes and there are many internal cooling channel at this position. On the other hand, 
it may be caused by calculation errors. After the complete computational domain have simulated, the boundary information 
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of the five interfaces mentioned above are exported, so that the boundary information can be imported for the second stage 
calculation. 

 

Fig 7 The vane surface temperature distribution of the first stage complete computational model 
For the second stage detailed computational model, except for the ten radical cooling channels, the other boundary 

conditions are imported from the first stage results. This calculation method can improve the speed of convergence and 
calculation efficiency in the second stage detailed model. 

In the second stage calculation result shown in Fig 8, the vane surface temperature distribution is more uniform, and 
the temperature span is smaller than the first stage calculation. The low temperature region is significantly reduced 
downstream film holes on the pressure surface and suction surface. This is consistent with the temperature distribution span 
of the vane surface in the actual fluid-solid coupled working condition. Because vane belong to high thermal conductivity 
material, the vane surface temperature distribution will not show obvious coolant film trace due to the high thermal 
conductivity characteristic. It can help us get more realistic information about aerodynamics and heat transfer of turbine 
vanes in actual working conditions. 

 

Fig 8 The vane surface temperature distribution of the second stage detailed computational model 
The choice of C3X vane as the verification of the internal and external heat transfer with the multi-layer coupling 

method is to consider that C3X vane has a large amount of experimental data for reference. What’s more, C3X vane is used 
as a verification case of the classic fluid-solid coupling calculation. Fig 9 shows the temperature distribution at the mid 
span of the C3X vane. Due to the limitations of the experimental measurement methods at that time, the location of film 
holes on the pressure surface to the leading edge and then to the film holes on the suction surface was not measured. So the 
numerical simulation compares the part of the film holes on the pressure surface to the trailing edge and then to the film 
holes on the suction surface. According to Fig 9, it can be seen that the two numerical calculations are almost the same in 
the trend of the temperature distribution, which are also basically the same as the trend of the experimental data. It is 
indicated that the boundary information transferred is accurate in the two stages calculation, and there is no major change 
in the calculation results due to the change of geometric model. What’s more, the error is greatly reduced between 
simulation and experiment in the second stage detailed model results, especially in the downstream of the film hole on the 
pressure surface. The maximum error between simulation and experiment is reduced from 6% to 2.5%, which proves that 
the application of multi-layer method can greatly improve the accuracy of calculation under the condition of limited 
computing resources. 
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Fig 9 Dimensionless temperature distribution at 
the mid span of the vane 
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Fig 10 Dimensionless pressure distribution at 
the mid span of the vane 

As shown in Fig 10, the calculation results of the two stages are basically consistent with the experimental data, and 
the calculation results of the second stage are closer to the experimental results. There is high speed region at 40% chord 
length of the suction surface, which is downstream of the film holes on the suction surface. The pressure gradient before 
and after this position is large, which is easy to induce transition. Therefore, there is relatively large error between 
simulation and experiment at this position. 
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Fig 11 Dimensionless heat transfer coefficient distribution at the mid span of the vane 
The heat transfer coefficient distribution trend of the two stage numerical simulation is roughly the same as the 

experimental data, and error on the suction surface is smaller. The part of the pressure surface close to the trailing edge has 
a large error, which may be due to the different arrangement of the film holes on the pressure surface. Because NASA 
research report[16] (Corresponding to Comments 2) of Reviewer 1) on C3X did not mention the specific position of the 
film holes along the vane height, the position of the film holes in the numerical simulation may deviate from the experiment. 
As shown in Fig 12, heat transfer coefficient is more sensitive to the position covered by the coolant film. The leading edge 
has a higher heat transfer coefficient due to the impact of mainstream. The part where heat transfer is enhanced is distributed 
around the film hole. The heat transfer coefficient decreases at the position where coolant film cover downstream of film 
holes, and the heat transfer coefficient increases at the position without coolant film coverage. 
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Fig 12 Heat transfer coefficient contour and coolant streamline diagram (Corresponding to Comments 
7) of Reviewer 1) 

Fig 13 Part of the suction surface temperature 
distribution in the two stages calculation  

Fig 14 Part of the pressure surface temperature 
distribution in the two stages calculation 

As shown in Fig 13 and Fig 14, the temperature between the film holes is high in the first calculation. However, the 
coolant film has the ability to expand laterally in the second calculation. The film holes from the first row on the suction 
surface and pressure surface can cover the high temperature region between film holes. What’s more, it can be combined 
with coolant from the second row of holes to cover the downstream region between the second row film holes. The pressure 
surface temperature distribution also has a large difference between the film holes in the two stages calculation. The second 
calculation can more truly reflect the lateral expansion of coolant film in the three-dimensional complex flow and heat 
transfer process. The high temperature between the film holes on the pressure surface is more obvious, mainly because the 
film cooling effectiveness on the pressure surface is lower than that of the suction surface. 

CONCLUSIONS 
In the numerical simulation of the real blades with solid and cooling plenum domain, the internal and external with 

multi-layer method can obtain more actual and accurate data. What’ more, it solves the problem of limited computing 
resources and improves accuracy and speed of the calculation. The specific conclusion can be summarized as: 

(1) The internal and external coupling is very important for the numerical simulation of the turbine blades. However, 
if the complete calculation domain is directly simulated under the condition of limited computing resources, the calculation 
result deviates greatly from the experimental value, and the flow and heat transfer details in the smaller parts cannot be 
captured; 

(2) The second stage of calculation reduces the maximum error of temperature distribution from 6% to 2.5%. The 
temperature distribution, pressure distribution, and heat transfer coefficient distribution trends of the two stages calculation 
are consistent, which proves the accuracy of the boundary information transfer within the two stages calculation; 

(3) The main reason for the error between the simulation and experiment of the heat transfer coefficient is that heat 
transfer coefficient is sensitive to the position of coolant film. Because NASA research report on the C3X vane experiment 
did not clearly specify the location of the film holes, certain deviation in the distribution of film holes between simulation 
and experiment might exists, resulting in a large deviation in the heat transfer coefficient; 
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(4) Comparing the results of the two stages calculation, it is found that the coolant film calculated in the second stage 
calculation not only expands in the flow direction, but also has the ability to predict the lateral expansion, which more truly 
reflects the phenomenon of lateral expansion of the film cooling in the three-dimensional complex flow and heat transfer 
process. Therefore, the temperature between the film holes in the second stage calculation is lower than the result of the 
first stage calculation. 

NOMENCLATURE 
DR density ratio, /  

L length of film hole 

d film hole diameter, [mm] 

h heat transfer coefficient, [W/m2K] 

h0 reference heat transfer coefficient, [W/m2K] 

P pressure, [Pa] 

P0 total pressure of mainstream, [Pa] 

Cax axial chord of vane, [mm] 

 wall-normal distance normalized by inner length scale 

Δy height of first layer of grid 

x x-coordinate 

 friction velocity 

 wall shear stress 
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