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ABSTRACT 

For pursuing higher performance, extremely high inlet temperature is given for prior gas turbine design. This results 

in a relatively high level of thermal load to the hot component beyond the thermal limit of the nickel-base super-alloy. The 

ceramic matrix composite (CMC) with low density and high thermal resistance, is always regarded as the potential thermal 

structure material for the state of art gas turbine and aero-engine. Nowadays, many studies concerning the endwall adiabatic 

film cooling have been performed within past several decades. However, the conjugate heat transfer analysis of anisotropic 

thermal conduction in the air-cooling CMC endwall is still not established. The finite element model (FEM) coupled with 

Three-dimensional (3D) Reynolds-averaged Navier–Stokes (RANS) equations with Realizable K-epsilon turbulence model 

have been solved to conduct the simulation the endwall overall film cooling performance with the anisotropic thermal 

conductivities. In the present research, a single film hole coolant jet was investigated. The cases with the angle γ, between 

the principle direction of thermal conductivity and the coolant stream-wise changing within 0°, 30°, 45°, 60°, 90°, were 

simulated with ratio of principle direction of thermal conductivity to other thermal conductivities R. The numerical results 

shows that CMC with anisotropic thermal conductivities has a greater influence on the endwall overall cooling performance 

relative to the conventional super-alloy. The lateral overall cooling is substantially enhanced by increasing the the angle 

between the principle direction of thermal conductivity and the coolant stream-wise. This can be accounted for the lateral 

thermal conduction inside the CMC endwall is promoted with the augmentation of the laterally inclined angle γ from 0° 

to 90°. As a result, the endwall achieves the most uniform overall cooling effectiveness with the γ=90°. Moreover, the 

thermal conductivities ratio R has great influence on the heat flux distribution inside the CMC endwall,changing the overall 

cooling effectiveness distribution. Smaller thermal conductivities ratio R helps to obtain larger lateral overall cooling 

effectiveness and more uniform distribution profile. In addition, upstream area of the film injection hole is more sensitive 

to the variation of the laterally inclined angle γ and thermal conductivities ratio R. This is because the thermal conduction 

inside the solid domain dominating the upstream endwall heat transfer. However, the flow structure has marginal effects 
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on the upstream endwall. These results provide further understanding of the CMC endwall cooling performance and aid 

towards improved design of the efficient CMC endwall cooling system. 

1 INTRODUCTION 
Because of the upsurge energy consumption and developing the environmental industry, gas turbine engine as the prime 

thermal engine is set to work at an increasing temperature for superior performance. The increase of the thermal load results 

in the tremendous growth of the operating temperature to hot components, giving rise to thermal failures[1]. Nowadays, 

film cooling has become the principal cooling technology in turbine engine cooling[2]. Many kinds of shaped hole have 

been widely implemented in the state of art gas turbine and aero-engine ccoling within the past half century. 

Both of the adiabatic effectiveness (η) and gas side to coolant side heat transfer coefficient ratio ( /g ch h ) are regarded 

as the criterion for hot component cooling. Nevertheless, the surface temperature of hot component is dominated by the 

conjugated effect, involving internal cooling and thermal conduction. external cooling. Albert et al. [3,4] dispayed the 

analogy parameters analysis on basis of the simplified one-dimensional conjugate model. This is because the thickness of 

the hot components is relatively smaller than other dimensions. Consequently, Nathan et al. [5] proposed the conjugate 

analysis model as follows: 
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The expression above clearly exhibits all relevant dimensionless parameters, which influencing values of  . Biot 

number Bi  describes the thermal resistance ratio between the hot gas convection and solid domain thermal conduction. 

Adiabatic effectiveness   represents the dimensionless adiabatic wall temperature. /g ch h  is the gas side to coolant side 

heat transfer coefficient ratio.  represents the warming of the coolant in the internal passages. Many researchers 

conducted studies to reveal the mechanism of the conjugate heat transfer performance based on the super-alloy. The 

expression above has a good predicting accuracy compared to the experiments. 

Fiber reinforced ceramic matrix composites presents priority in thermomechanical properties and integrating design. 

Specifically, ceramic matrix composite (CMC) with low density and high thermal resistance, has been regarded as the 

potential thermal structure material for the state of art gas turbine and future aero-engine. Thus, the thermomechanical 

analysis is essential to the application of CMC for the components with severe thermal loadings [6]. The conjugate heat 

transfer performance of the CMC component by using internal cooling and film cooling need deep-going studies in 

particular. The anisotropic thermal conductivities totally change the thermal conduction process. Consequently, the overall 

cooling effectiveness will also be significantly affected by the anisotropic thermal conductivities due to variation of the 

Biot number Bi  according to the theory by Nathan et al. [5] 

Based on the theory by Nathan et al. [5], adiabatic effectiveness   is a kay factor for the obtaining the representative 

overall cooling effectiveness. Bunker indicated that the hole shape is the can directly help to improve the design of the 

shaped film hole. So far a lot of studies were conducted to developing a kind of higher efficient film cooling hole. Over the 

past decades, several diffuser shaped holes are proposed in a large scale of open literatures [7]. For exploring the potential 

of shaped hole, Bunker [8] raised that “Film Cooling—Is there hope?” in 2013. One of the answers implys that that novel 

shaped hole is still sharing great importance in turbine cooling, the relevant research is still going forward. 

Bunker [9] ranked the geometry performance for several shaped film holes. Eight main critical factors were involved to 

evaluate the potential performance of the shaped hole. Eventually, the laid-back fan shaped hole attains the highest grade 

among all kinds of shaped film holes. 

Within past two decades, numerous studies involving the conjugate heat transfer have already been conducted on basis 

of the fundamental composite cooling model. Panda and Prasad [10] combined the internal impingement and film cooling 

to investigate the conjugate heat transfer performance with a flat plate. To reveal the how the thermal barrier coating 

affected the overall cooling effectiveness, Ramachandran and Shih [11] mplemented a TBC plate to study the composite 

cooling performance with rib-enhanced internal cooling at engine and laboratory condition. They indicated that the 

controlling distribution of Biot number at mainstream side and coolant side was of great importance, then this approach 

was validated by a series of numerical simulations. 

Overall, majority of the conjugate heat transfer studies are conducted based on super-alloy with isotropic thermal 

conductivities. However, the composite cooling performance of the CMC component rarely has been studied. In pursuit of 

revealing the influence of the anisotropic thermal conductivities on the overall cooling effectiveness, the CMC endwall 

were adopted in the current study to explore the overall cooling performance with the anisotropic thermal conductivities. 

2 METHODOLOGY 

2.1 Geometrical Model 

https://cn.bing.com/dict/search?q=criterion&FORM=BDVSP6&cc=cn
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Over past 50 years, a lot of researches have already been performed about the shaped hole film cooling performance. 

Many novel shaped film holes were invented and studied. The laid-back fan shaped hole is recognized as the best film hole 

design. Nevertheless, how to design a superior laid-back fan shaped hole for the CMC Endwall is a big challenge . 

 
  Figure 1 Schematic of the film Hole 

A typical laid-back fan shaped film hole is utilized in this study as shown in Fig. 1. Table 1 lists the detailed geometrical 

geometrical parameters of the laid-back shaped hole。Fig.2 shows the simulated configuration and domain, including fluid 

passage, coolant chamber and the CMC Endwall. In the present research, the X, Y and Z-axis are the mainstream, lateral 

and vertical orientation, respectively. 

Table 1 Geometrical Parameters of the filmHole 

Parameters Value 

Cylindrical Diameter (D)/mm 5 

Pitch (p)/mm 8D 

Injection Angle/θ 30° 

Length of the Divergent part/L2 3/4L 

Lateral Inclination Angle/α 13° 

Stream-wise Inclination Angle/β 13° 

Outlet Width/Lw 2.7D 

 
Figure 2 Overview of the Simulated Configuration 

2.2 Numerical and Boundary Conditions 

ANSYS ICEMCFD is used to produce the structured hexahedral mesh and tetrahedral mesh for fluid domain and solid 

domain, respectively. The y-plus value at the fluid side wall surface is ensured below 1.0 due to the specified turbulence 

model.  

 
Figure 3 Mesh of the Simulation 
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Table 2 Boundary Conditions 

Parameters Value 

Mainstream Total Temperature/K 450 

Coolant Total Temperature /K 300 

Mainstream Turbulentce Intensity 5.0% 

Outlet pressure /kPa 

Blowing Ratio 

Mass Flow Ratio: Coolant /Mainstream 

101 

1.0 

1.3% 

Turbulence Model Realizable k-

epsilon 

Phase to Phase Fluid-Solid 

Interface 

2.3 Selection of the Turbulence Model 

The finite element model (FEM) coupled and 3D Reynolds-averaged Navier–Stokes (RANS) equations with Realizable 

K-epsilon turbulence model agree very closely with the experiments in the regions between cooling holes rows and regions 

downstream of the off-stagnation [12]. Therefore, Realizable K-epsilon turbulence model is selected to conduct the 

simulations in the presents study. 

2.4 Grid Independency 

The total number of 3.0x106, 5.0x106, 7.0x106 cell grids were implemented in the simulations. Results states that 5.0x106 

cell grids is enough to describe the aerothermal details and a further refined mes has a negligible positive influence as 

shown in Table 3. In order to reduce the demand of the computing resource, 5.0x106 cell grids was used to perform the 

numerical simulations with qualified level of resolution in temperature and temperature gradient. 

The definition of the overall film cooling effectiveness is shown as below. 

w c
T T T T ( )/          (2) 

where T∞ is the hot gas temperature, Tw and Tc are the solid wall surface temperature and coolant temperature, respectively. 

The definition of the blowing ratio is shown as below. 

c c
M V V           (3) 

where ρc, ρꝏ and Vc, Vꝏ are the density and velocity of the coolant and the hot gas, respectively. 

 

Table 3 Grid Independency Analysis 

Nodes Number 3.0x106 5.0x106 7.0x106 

ϕ 0.084 0.088 0.089 

3 Results and Discussion 

In the current study, equivalent thermal conductivities are adopted in the simulations. The principle direction of thermal 

conductivity is defined as a constant λM=10W/(m·K)，other two thermal conductivities are defined as λS. The laterally 

inclined angle between the principle direction of thermal conductivity and X-axis is γ，varying from 0°, 30°, 45°, 60°, 

90°(Y-axis). Moreover, the ratio of thermal conductivity of the principle direction to other thermal conductivities is R=λM/λS，

changing form  5、8 to 10 in the present research. In this study, the laterally inclined angle is changed by the variation of 

the principle direction of thermal conductivity. Furthermore, the secondary direction of the thermal conductivity is always 

perpendicular with the principle direction of thermal conductivity. 

3.1 Influence of the principle direction of thermal conductivity 

Overall cooling effectiveness, as a non-dimensional external wall temperature in real turbine condition, gives an overall 

effects of cooling schemes. This is because the overall cooling effectiveness is the dominated by the wall surface convection 

and the solid domain thermal conduction together. Hence, the thermal conduction has a great influence on the overall 

cooling effectiveness. 

Fig. 4 states that the thermal conductivity affacts the endwall overall cooling effectiveness significantly. For the super-

alloy, the overall cooling effectiveness distribution is intimate with the value of the thermal conductivity. The results 

indicate that the downstream region of the film hole achieves higher level of the overall cooling effectiveness for the case 

with smaller thermal conductivity. However, the maximum overall cooling effectiveness becomes slightly smaller and the 

more uniform during the thermal conductivity increasing from λM=1.25W/(m·K) to λM=10W/(m·K). Meanwhile the Biot 

number Bi becomes smaller, leading to the significant reduction of thermal resistance inside solid domain. Therefore, the 

uniformity of the endwall overall cooling effectiveness is enhanced by increasing the thermal conductivity. 

The overall film cooling effectiveness is defined as. 
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where h  is the endwall surface heat transfer coefficient,   is the thickness of the endwall,   is the  thermal 

conductivity of the endwall solid material. 

 
Figure 4 Overall Cooling Effectiveness for the Super-Alloy with Different Thermal Conductivities 

Fig. 5 lists the overall cooling effectiveness distribution for different laterally inclined angle γ with a constant thermal 

conductivities ratio as R=5. The overall cooling effectiveness shows a great variation with the laterally inclined angle γ 

changing from  0° to 90°(Y-axis). For the case with γ=0°, the principle direction of thermal conductivity is parallel to the 

stream-wise direction and the coolant jet. The stream-wise thermal direction is enhanced and the lateral thermal direction 

is limited. Consequently, the well-cooled region with high level of the overall cooling effectiveness enlarges along the 

stream-wise direction. Conversely, the lateral overall cooling effectiveness extension is significantly reduced. The well-

cooled region expands laterally with the increase of the laterally inclined angle γ. Meanwhile, the overall cooling 

effectiveness along the stream-wise direction is greatly decreased. For the case with γ=90°, the principle direction of 

thermal conductivity is perpendicular to  the stream-wise direction. The lateral thermal conduction is promoted, however, 

the stream-wise thermal conduction is weakened. As a result, the overall cooling effectiveness enlarges laterally, and the 

downstream region obtains the decreasing overall cooling effectiveness. More importantly, the upstream region attains the 

decreasing overall cooling effectiveness due to the reduction of the stream-wise thermal conduction. In addition, when the 

principle direction of thermal conductivity is perpendicular to the thickness direction (Z Axis), the overall cooling 

effectiveness is greatly increased, especially near the film hole. This is because Biot number Bi becomes smallest relative 

to other cases. Thus the thermal resistance decreases significantly when principle direction of thermal conductivity is 

perpendicular to the thickness direction. Hence, the internal cooling has an increasing impact on the overall cooling 

effectiveness near the film hole. 

 
Figure 5 Overall Cooling Effectiveness for Cases with Different Laterally Inclined Angle γ (R=5) 

Fig. 6 demonstrates the laterally averaged overall cooling effectiveness for different laterally inclined angle γ (R=5). The 

center of the film hole is defined as X/D =0. The comparison illustrates that the variation of the laterally inclined angle γ 

significantly affacts on the overall cooling effectiveness at the upstream and nearby area of the film hole. There is no 

coolant jet at the upstream region (-19<X/D<-8), therefore the thermal conduction has the dominant effect on the local 

conjugate heat transfer performance. The conjugate heat transfer at the nearby region of the film hole is dominated by the 

thermal conduction、internal cooling and film cooling together. However, for conventional super-alloy endwall, the 

thermal resistance is biggest constraint in the conjugate heat transfer performance in general. With the laterally inclined 



https://cn.bing.com/dict/search?q=parallel&FORM=BDVSP6&mkt=zh-cn
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angle γ changing from 0° to 90°(Y-axis), the laterally overall cooling effectiveness expansion is gradually enhanced. 

Therefore, the upstream overall cooling effectiveness (-19<X/D<-8) and nearby area (-8<X/D<7) is greatly influenced by 

the laterally inclined angle γ.  

 
Figure 6 Laterally Averaged Overall Cooling Effectiveness for Different Laterally Inclined Angle γ 

(R=5)  

Table 4 displays area-averaged overall cooling effectiveness at the studied region (-19<X/D<30). The case with γ=60° 

attains the highest area-averaged overall cooling effectiveness. According to Fig. 5 and Fig. 6, distribution of the overall 

cooling effectiveness gradually changes with the laterally inclined angle γ changing from 0° to 90°(Y-axis). The cooling 

expansion is reduced along the stream-wise direction. Therefore, for γ=60°,it achieves a larger area-averaged overall 

cooling effectiveness relative to γ=90°. This is because the increase of the lateral overall cooling effectiveness is larger 

than the reduction of stream-wise overall cooling effectiveness. More importantly, the case with γ=0° has the smallest area-

averaged overall cooling effectiveness due to the smallest lateral overall cooling effectiveness expansion. This provide 

further understanding of the CMC endwall cooling schemes design. The lateral inclined angle γ must be investigated on 

basis of the specified anisotropic thermal conductivity and the flow structure. 

Table 4 Area-Averaged (-19<X/D<30) Overall Cooling Effectiveness for Different Laterally Inclined 
Angle γ (R=5) 

Angle γ=0 γ=30° γ=45° γ=60° γ=90° Z 轴 

�̿� 0.1280 0.1352 0.1336 0.1377 0.1341 0.1356 

Fig. 7 displays the upstream and downstream laterally averaged overall cooling effectiveness for different laterally 

inclined angle γ (R=5). For γ=0°, it attains the highest area-averaged overall cooling effectiveness, especially at downstream 

region (7<X/D<30). This can be accounted for that most of the coolant is confined within the downstream area and the 

principle direction of thermal conductivity is parallel to the coolant jet stream-wise direction. Consequently, more heat will 

be conducted along the coolant jet stream-wise direction. However, the upstream region (-19<X/D<-8) shares a proximate 

laterally averaged overall cooling effectiveness distribution. More importantly, the case with the principle direction of 

thermal conductivity perpendicular to the thickness direction has the highest laterally averaged overall cooling 

effectiveness within upstream region (19<X/D<-8). This is because the thermal resistance decreases rapidly relative to other 

cases as discussed in Fig. 5. 

https://cn.bing.com/dict/search?q=thermal&FORM=BDVSP6&mkt=zh-cn
https://cn.bing.com/dict/search?q=conductivity&FORM=BDVSP6&mkt=zh-cn
https://cn.bing.com/dict/search?q=thermal&FORM=BDVSP6&mkt=zh-cn
https://cn.bing.com/dict/search?q=resistance&FORM=BDVSP6&mkt=zh-cn
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Figure 7 The Upstream and Downstream Laterally Averaged Overall Cooling Effectiveness for γ 

(R=5)  

3.2 Influence of the ratio of thermal conductivities 

Fig. 8 demonstrates the overall cooling effectiveness for different laterally inclined angle γ and thermal conductivities 

ratio R . R  is an important parameter, which is an inherent property when the manufacturing process is determined. The 

thermal conductivities ratio R  is always specified by experiment. In actual gas turbine or aero-engine, hot components 

are always designed with different materials. For ceramic matrix composite, the different weaving techniques are 

implemented in different components due to the different operating conditions and thermal structures performance. 

Therefore, the thermal conductivities ratio R  becomes critical parameter for the CMC hot components thermal analysis. 

Overall cooling effectiveness becomes more non-uniform when thermal conductivities ratio R  increases with a 

constant laterally inclined angle γ=0°、30°、45°、60°. This is because heat flux increases along the principle direction of 

the thermal conduction due to the smaller thermal resistance compared with other directions. Meanwhile, the downstream 

overall cooling effectiveness shows a great increase. However, the upstream overall cooling effectiveness presents a 

reduction. This is because the coolant is injected into the mainstream and cool down the downstream surface. Therefore, 

the heat will be transferred within the downstream region from the solid material to the coolant jet. As a result, the 

downstream thermal conduction will be significantly enhanced when thermal conductivities ratio R  increases. 

Conversely, the upstream solid material is prone to heated by the hot gas with the increase of the thermal conductivities 

ratio R . Eventually, the upstream and downstream overall cooling effectiveness presents different variations. 

Overall shows minor variation for the case with γ=90° because of the principle thermal conductivity being parallel to 

the lateral direction. Hence, the thermal conduction along the lateral direction is enhanced. For the case with principle 

thermal conductivity being parallel to the thickness direction, Biot number Bi becomes smallest. Consequently, the 

thermal resistance is decreased significantly and the overall cooling effectiveness is enhanced remarkably compared with 

other cases. However, the downstream overall cooling effectiveness is narrowed with the enhancement of the thermal 

conductivities ratio R . 

https://cn.bing.com/dict/search?q=manufacturing&FORM=BDVSP6&mkt=zh-cn
https://cn.bing.com/dict/search?q=process&FORM=BDVSP6&mkt=zh-cn
https://cn.bing.com/dict/search?q=thermal&FORM=BDVSP6&mkt=zh-cn
https://cn.bing.com/dict/search?q=resistance&FORM=BDVSP6&mkt=zh-cn
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Figure 8 Overall Cooling Effectiveness for Different Laterally Inclined angle γ and Thermal 

Conductivities Ratio R  

Fig.9 demonstrates the distribution of the laterally averaged overall cooling effectiveness。For γ=0°、30°、45°、
60°, the cooling effectiveness shows a similar tendency from upstream to downstream region. The overall cooling 

effectiveness gradually diminishes with the enhancement of the thermal conductivities ratio R  within the upstream 

region (-8<X/D<0). However, the downstream overall cooling effectiveness nearly remains uninfluenced by the thermal 

conductivities ratio R . For the case with γ=90° and the principle thermal conductivity being parallel to the thickness 

direction, the overall cooling effectiveness almost keep unchanged when the thermal conductivities ratio R  is altered 

because of the lateral thermal conduction being fully promoted.  

Z-Axis        
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Figure 9 Laterally Averaged Overall Cooling Effectiveness 

4 Conclusion 

In the present study, the conjugate heat transfer has been conducted and discussed with the ceramic matrix composite 

endwall. The main conclusions can be drawn as below: 

 (1). The principle direction thermal conductivity has a significant influence on the thermal conduction inside the 

ceramic matrix composite. The stream-wise overall cooling effectiveness can be increased when the principle thermal 

conductivity is parallel to the stream-wise direction. However, the lateral overall cooling effectiveness will be enhanced 

when the laterally inclined angle γ is increased from 0°、30°、45°、60° to 90°. When principle thermal conductivity is 
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parallel to the endwall thickness direction. The thermal resistance of the CMC endwall is reduced. Therefore, highest level 

the overall cooling effectiveness is obtained relative to other cases. 

(2). The thermal conductivities ratio R  has a relatively higher effect on the upstream overall cooling effectiveness o (-

8<X/D<0). Nevertheless, overall cooling effectiveness of other regions almost stay uninfluenced by the thermal 

conductivities ratio R . Smaller thermal conductivities ratio R  implies a larger minor thermal conductivity and gains a 

relatively larger overall cooling effectiveness, especially within the upstream region (-8<X/D<0). This is because the lateral 

thermal conduction dominates the conjugate heat transfer without coolant jet at this region.Paper Length 

NOMENCLATURE 

Bi            Biot number  

             thmermal conductivity 

ch             heat transfer coefficient at coolant side 

gh             heat transfer coefficient at hot gas side 

             overall cooling effectiveness 
R             thermal conductivities ratio 
T   temperature 

gT   gas temperature 

wT   wall temperature 

cT   coolant temperature 

y   dimensionless first cell height at wall surface 
Greek 

         temperature increase coefficient of the coolant 
   Adiabatic cooling effectiveness 

Subscripts 
c   coolant 

g             hot gas 

w   wall condition 

i              coolant inlet 
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