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Abstract

:

The influence of the HS (hot streak) and unsteady wake on the overall cooling performance of a rotor blade was studied in this paper. The results show that: (1) Both the magnitude and temperature of the HS gradually drops down as it passes downstream of the vane passage. (2) Within one stator period, the highest cooling performance of the blade can be observed at the initial time points, when the LE (leading edge) of the blade turns towards the trailing edge of the vane. (3) The lowest cooling performance of the blade can be observed at the time point 0.5 T, when the LE of the blade turns towards the center of the vane passage. (4) Surface temperatures in areas with unfavorable local heat flow are usually higher than the temperature of the coolant. The additional TBCs may exert adverse effects on heat dissipation from the substrate metal to the mainstream, which has a negative effect on the improvement of the overall cooling effectiveness of the coated blade. (5) Within a stator period, a relatively higher overall cooling effectiveness increment due to the coating can be observed at the relative location with lower cooling performance. Consequently, the additional TBCs are beneficial for decreasing the surface temperature difference and thus controlling the thermal stress under the HS inlet condition.
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1. Introduction


To achieve higher performance and efficiency, the gas temperature of the turbine stage inlet far exceeds the melting point of the metal material [1,2]. To protect the blades in such harsh running conditions, thermal protection technologies are always needed in the blade design, which usually include internal and external cooling. External cooling is divided into film cooling and thermal barrier coating (TBC) technology [3,4,5].



For a film-cooled blade, coolant forms a protective cooling film over the blade surface to reduce the surface temperature. For a coated blade, additional TBCs can reduce blade temperature gradients without reducing the gas turbine efficiency. The blade cooling performance can be improved by the combination of film cooling and TBC technologies. Bohn [6] conducted numerical simulations on the cooling performance of the Mark II vane with internal cooling and TBCs. Their research showed that the SS (suction side) of the vane results in a relatively higher increment of the overall cooling effect. For the film-cooled blade with coatings, the coatings prevent heat transfer to the substrate metal in most parts of the blade. In the negative local heat flux components, the coatings hinder the heat dissipation of the substrate metal surface, which is harmful to the improvement of the cooling performance. Shi [7] researched the comprehensive effects of multi-layer TBCs on the cooling performances of C3X vane with film cooling; they concluded that the additional thermal barrier coatings can both reduce the surface temperature of the blade and have the opposite effect.



The high-pressure turbine stage is located at the exit of the combustion chamber. Due to the combined effects of the combustion chamber structure, combustion and the cooling arrangement, significant circumferential and radial temperature gradients can be observed at the exit of the combustion chamber [8,9]. The high-temperature core is called the “hot streak” [8,9]. Feng [8,9] reviewed the research progress on HS migration inside the gas turbine stage. Griffini [10] studied the cooling performance of turbine blades with film cooling under the HS effect. They concluded that the HS exerted the greatest influence on the LE of the vane heat load distribution when the HS directly faces the LE of the vane. Shang [11] studied the influence of the HS on the turbine blade heat load distribution. They concluded that the HS significantly increased the non-uniformity of the heat load distribution over the blade surface. Shi [12] studied the effect of the HS on the overall cooling performance of the turbine vane additional TBCs and film cooling. They concluded that TBCs could reduce the influence of the hot streaks on the overall cooling performance. A large number of studies have shown that the migration of the HS is mainly affected by the separation of the hot and cold gas flow, secondary flow, buoyancy and rotor–stator interaction inside the turbine stage [13,14,15,16]. Due to the rotor–stator interaction, the HS may occur at any circumferential location. Therefore, reasonable matching of the HS circumferential position and the “clocking effect” between blade rows is expected to improve aerodynamic efficiency and reduce heat load to a certain extent [13]. Jenny [13] studied the influence of unsteady rotor–stator interaction on the HS migration in the turbine stage. They concluded that HS would cause a high heat load on the blade surface of the high-pressure turbine stage. Zhou [14] studied the comprehensive effect of the HS and unsteady wake on the flow field of the blade passage. They concluded that the HS circumferential position influences the interactions between the HS and the unsteady wake [14].



With the increase of the inlet temperature of the gas turbine, the influence of the HS on the aerodynamic and heat transfer mechanism inside the gas turbine becomes more and more complicated [15,16,17,18]. Research on the HS migration phenomenon inside the turbine stage has not only determined the design of the cooling arrangement of the turbine cascade, but also the consumption of coolant which is critical to the overall aerodynamic performance of the gas turbine [15,16]. Being under the direct effect of the HS, the combination of film cooling with TBC technologies has become a development trend in cooling arrangement designs for the first stage of gas turbines [15,16]. However, most of the current literature only focuses on the influence of the HS on the cooling performance of the uncoated vane or blade, and few studies have focused on the coated blade [17,18]. Based on these viewpoints, unsteady numerical simulation has been applied to the gas turbine stage with rows of the NASA C3X guide vane and a VKI rotor blade in this study. The HS is located at the center of the guide vane passage. The influence of the HS and unsteady wake on the overall cooling performance of four different time points within one stator period have been studied to reveal the influence of the HS on TBC insulation and overall cooling performance of the coated blade.




2. Materials and Methods


2.1. Mesh Generation and Calculation Techniques


In this paper, the single-stage turbine cascade was used as the physical model of calculation [19]. The computational domain contained one stator vane, two rotor blades and their surrounding fluid domains. The computational domain extended 1.5 Cax upstream of the stator vane and 1.5 Cax downstream of the rotor blade [20]. The stator vane was an internally cooled C3X vane, as seen in Figure 1. The main geometric characteristics of the C3X vane and the VKI blade are shown in Table 1. Ten cylindrical cooling channels were arranged inside the C3X vane [19,21].



The central coordinates of the 10 cooling channels are shown in references [19,20]. Three cylindrical cooling channels were mounted on the LE, pressure side (PS) and SS of the VKI blade [22]. The diameter of the cooling channels is shown in Table 2.



In order to study the effect of HS on the thermal insulation performance of the TBCs, a layer of thermal barrier coating with a thickness of 0.52 mm was installed on the external surface of the substrate metal of the two rotor blades [23,24]. The material properties are shown in Table 3.



The computational domain and mesh are shown in Figure 2, respectively. The left and right sides of the calculation domain were set as the boundary conditions of the rotation period [19]. The upper and lower sides were set as the insulation wall surfaces. In this paper, the experimental working condition Case 4521 from the literature [19] was selected as the verification and reference working condition. The total inlet pressure of the gas was 213.286 kPa, with a uniform turbulence intensity Tu of 8.0%. The mass average total temperature of the hot gas was 818 K [19].



The temperature profile of the HS was fitted with a polynomial, as seen in Figure 3 [20]. In Figure 3, the normalized temperature ratio θ was the temperature ratio between the circumferentially averaged temperature and the mass-averaged temperature of the mainstream. For the rotor blade, the mass flow rate of the coolant was about 3% of the mainstream [25]. The temperature of the coolant was 50% of the mainstream [25]. In addition, the mass flow of coolant of the LE, SS and PS cylindrical cooling channels were 40%, 35% and 25% of the total coolant, respectively [26]. The boundary conditions of C3X internal cooling channels were consistent with Case Run 157 [19].



To estimate the influences of the HS on the aerothermal and TBC insulation performance of the blade, an unsteady numerical calculation was conducted with the commercial code ANSYS FLUENT 18.2 [17]. Both the mainstream and coolant were defined as the ideal compressible gases [18]. The molecular viscosity and thermal conductivity of the gas were controlled as a function of temperature [19]. The specific heat capacity of the gas was fitted with a temperature polynomial. The k-ε model was used to solve the turbulence model. The governing equation was handled by the space discrete method of the finite volume method [19]. The pressure and velocity coupling were handled with the SIMPLE algorithm [21]. To estimate the influences of the rotor–stator interaction, the rotor–stator interface was handled with a sliding mesh method. A total of 128 physical time steps were selected for each stator period [19]. In addition, 20 steady sub-iteration steps were selected for each physical time [19]. Three mesh systems were handled to validate the experimental results [21]. The dimensionless temperature distributions along the mid-span are shown in Figure 4. The maximum deviations between calculated values of different meshes were smaller than 5%. As all the mesh systems had been validated with experimental results, the medium-mesh was selected for simulation. The local mesh refinement method was applied in the boundary layer mesh. The value of y+ of the grids in the region close to the blade surface was below 2 for the medium mesh model. In order to improve the calculation accuracy, the residual levels of the continuity equation, the momentum equation and the energy equation were reduced to 10−5, 10−5 and 10−8, respectively. The convergence history of the normalized pressure and temperature ratio were monitored and recorded during the unsteady numerical simulation, as seen in Figure 5. It can be observed that the profiles were periodic over time after 4 stator periods, which indicates the convergence of the unsteady simulation.




2.2. Thermal Parameter Definition


In this paper, Formulas (1)–(4) are used to define thermal parameters, as seen in Figure 6.



	(1)

	
Overall cooling effectiveness      φ   :









   φ =    T ∞  −  T w     T ∞  −  T c      



(1)







	(2)

	
Overall cooling effectiveness   (  φ  T B C   ) :  








    φ  T B C   =    T ∞  −  T  T B C      T ∞  −  T c      



(2)





The above two parameters were used to analyze the overall cooling performance of the uncoated and coated rotor blade.



	(3)

	
The local heat flux reduction δq due to the TBCs:








   δ q = q −  q  T B C     



(3)





Local heat flux reduction (δq) could be analyzed due to the influence of TBCs on the heat flux drop.



	(4)

	
Overall cooling effectiveness increment due to the TBCs       δ ϕ    :









   δ ϕ =      ϕ  T B C   − ϕ  ϕ    × 100 %   



(4)







Overall cooling effectiveness increment       δ ϕ     could be analyzed due to the influence of TBCs on the metal temperature.





3. Discussion


3.1. Influence of HS on the Overall Cooling Performance of the Metal Blade


Within a stator period, four different time points were examined to study the effect of the HS. At the initial time points (0 T), the LE of the blade turned towards the trailing edge of the vane. At the time point 0.5 T, the LE of the blade turned towards the center of the vane passage. At the other two time points, the LE of the blade moveed close to the SS and PS of the stator vane, respectively. Figure 7 shows the comparison of the total temperature distribution in the mid-span of the stage at different time points. It can be observed that the magnitude of the HS gradually narrowed down as it passed downstream of the vane passage. In addition, the gas temperature of the HS decreased as it passed downstream of the vane passage. At the initial time point, the temperature field near the wall surface was affected by the unsteady wake. At the time point 0.25 T, the influence region of HS was located on the suction side of the leading edge of the vane. At the time point 0.5 T, the influence region of the HS turned towards the pressure side of the leading edge. At the time point 0.75 T, the influence region moved further downstream near the trailing edge of the blade. Figure 8 shows the comparison of the overall cooling effectiveness distribution on the blade surface at different time points. In this work, four different time points within one stator period were studied to reveal the influence of the HS and the wake. Consequently, the distance was relatively far between different locations of the stator and blade. Due to the high speed of revolution, the influence of the unsteady wake lasted for only a short period of time within one stator period. Consequently, the influence of the wake was far less than that of the HS. The influence of the unsteady wake on the overall cooling performance of the blade was more notable at the initial time points. Due to the convective heat transfer between the high temperature mainstream and low temperature blade surface, the gas temperature of the unsteady wake was relatively lower than that of the mainstream. Consequently, a relatively higher cooling performance could be observed at the initial time points. The influence of the unsteady wake lasted for only a short period of time. At the time point 0.25 T, the overall cooling effect decreased on both sides of the blade, especially on the SS. In addition, a further reduction of the overall cooling effect could be clearly seen at the time point 0.50 T, especially in the region far away from the film cooling rows. At the time point 0.75 T, the overall cooling effectiveness of the blade began to increase, especially on the suction side of the blade.



Figure 9 shows the comparison of the overall cooling effectiveness profiles at different time points. It can be observed that the profiles of the overall cooling effectiveness followed the analogous change rules at different time points. On the SS, a local maximum could be seen in the area near 0.20 Cax, which is near the film cooling rows. Further downstream, the overall cooling effectiveness began to drop to the local minimum at the trailing edge. On the PS of the blade, a regional maximum was seen near the hysteresis line. Further downstream, another local maximum located at the region close to the −0.40 Cax, close to the PS film cooling rows. In addition, relatively lower values could also be observed on the trailing edge of the PS. At the initial time points, the overall cooling effect of most areas of the blade was better. At the time point 0.25 T, the overall cooling effectiveness of both the PS and SS of the blade decreased, but the SS decreased more significantly than the PS. Compared with that of the initial time points, the overall cooling effect decreased from 0.419 to 0.382 at −0.40 Cax in the mid-span. On the SS of the blade, the value decreased from 0.632 to 0.585 at 0.20 Cax of the mid-span. At the time point 0.50 T, a further reduction of the overall cooling effect was seen in most parts of the blade surface. Compared with that of the time point 0.25 T, it is clear that the values decreased from 0.382 to 0.314 at −0.40 Cax in the mid-span, while from 0.585 to 0.556 at 0.20 Cax of the mid-span. At the time point 0.75 T, the overall cooling effectiveness began to increase, especially in the region far away from the film cooling rows on SS. Compared with that of the time point 0.50 T, it is clear that the values increased from 0.314 to 0.353 at −0.40 Cax in the mid-span, while from 0.556 to 0.616 at 0.20 Cax in the mid-span.



In summary, the highest cooling performance of the blade could be observed at the initial time points of each stator period, when the LE of the blade turned towards the trailing edge of the vane. The lowest cooling performance of the blade could be observed at the time point 0.5 T, when the LE of the blade turned towards the center of the vane passage. At the time point 0.75 T, the overall cooling effectiveness began to increase until the initial state of the blade was returned to.




3.2. Influence of HS on the Insulation Performance of Coating


Figure 10 shows the local heat flux distribution on the blade surface at different time points. It can be observed that there was relatively higher local heat flux density on the LE of the blade, especially on the region upstream of the film cooling rows. The values gradually decreased on the region downstream the film cooling rows. In addition, negative values were seen downstream of the film cooling rows. It is noted that film cooling is mainly for reducing heat transfer by forming a cooling film on the surface of the blade. In the area where the local heat flow was negative, the surface temperature of the blade was higher than the surface temperature of the coolant. Therefore, the coolant directly cooled down the blade surface. For the uncoated blade, this phenomenon is beneficial for reducing the surface temperature of the blade. For the coated blade, a relatively higher substrate metal surface temperature may be adverse to the overall cooling performance improvement. At the initial time points, the local heat flow was relatively lower in most areas of the blade, especially on the end wall area near the tip of the blade. At the time point 0.25 T, the influence region of the HS was located at the SS of the leading edge. Therefore, it could be seen that the local heat flux in these areas had improved, especially in the areas near the hub. On the region downstream of the SS film cooling rows, the magnitude of negative local heat flux region increased, which indicated that the direct cooling effect of the film cooling increased with the increase of surface temperature. At the time point 0.5 T, the influence region turned towards the pressure side of the leading edge. There was a significant increase in the local heat flux in those areas. On the SS of the blade, the magnitude of the negative local heat flux region decreased with the decrease of surface temperature. At the time point 0.75 T, the effect of the HS decreased over the blade surface. Therefore, the local heat flux began to decrease in most parts of the blade surface.



Figure 11 shows the local heat flux decrease distribution on the blade surface at four time points. It can be observed that the distribution of the local heat flux decrease followed an analogous change rule with that of the local heat flux. Relatively higher heat flux decrease was located in those regions with larger local heat flux. The area of negative heat flux decrease was located downstream of the film cooling rows.



Figure 12 shows the comparison of the local heat flux at different time points. It was noticed that the profiles of the local heat flux followed an analogous change rule at different time points. The local maximum was seen near the stagnation line. A big shock in the profiles could be seen in the area near the film cooling rows. The area where the local heat flux was negative could be seen downstream of the film hole rows. On the LE of the blade, it could be observed that the negative region was located close to the origin point of the mid-span. On the SS of the blade, adverse values were seen in the region between 0.20 Cax and 0.20 Cax of the mid-span. On the PS of the blade, negative values could be observed at the region between −0.55 Cax and −0.45 Cax of the mid-span. In addition, the local heat flux of the trailing edge was much lower than that of the LE. Figure 13 shows the comparison of the heat flux reduction profiles at different time points. It can be observed that the profiles of the local heat flux reduction followed analogous change rules at different time points. The local maximum was seen near the stagnation line. It is clear that relatively larger values could be observed at the region upstream of the film cooling rows, while negative values were seen in the region downstream of the film cooling rows. In addition, relatively lower local heat flux reduction was seen at the area near the trailing edge.



In summary, the surface temperature of the area with negative local heat flux was always above the surface temperature of the coolant. Therefore, the coolant directly cooled the blade surface. For the uncoated blade, this phenomenon is beneficial for reducing the surface temperature of the blade. For the coated blade, the additional TBCs may exert adverse effects on the heat dissipation from the substrate metal to the mainstream, and thus have a negative effect on the increase in the overall cooling effectiveness for the coated blade.




3.3. Influence of HS on the Overall Cooling Performance of the Coated Blade


Figure 14 shows the distribution of the overall cooling effect of the coated blade at different time points. Comparing Figure 8 and Figure 14, it is obvious that the overall cooling effectiveness of the coated blade followed an analogous change rule with that of the uncoated blade. For the coated blade, the additional coatings not only improved the cooling performance over the blade surface but also decreased the surface temperature difference at different time points.



Figure 15 shows the overall cooling efficiency increment distribution for the coated blade metal surface at different time points. It is obvious that a positive increase in the overall cooling effect could be seen in most areas of the blade, especially upstream of the film cooling rows. In addition, a relatively larger increment could be seen in the areas near the hub area, especially near the cylinder channel and film cooling rows. In the area near the trailing edge, the additional TBCs exerted a relatively limited impact on the cooling effectiveness increment, especially in the area near the tip of the blade. At the initial time points, a relatively lower temperature of the external hot gas exerted a relatively limited impact on the cooling effectiveness increment for the coated blade. At the time point 0.25 T, the influence region of the HS was located at the SS of the leading edge of the vane. Consequently, a relatively larger increment of cooling effect could be noticed on the side of the coated blade. At the time point 0.5 T, the influence region of the HS turned towards the PS of the leading edge, where an obvious increment could be seen, especially in the area near the film cooling rows. Compared with that of the time point 0.5 T, the overall cooling effectiveness increment began to decrease at the time point 0.75 T.



Figure 16 shows the comparison of the overall cooling effectiveness profiles at different time points. The additional TBCs decreased the surface temperature difference at different time points, especially on the LE of the blade.



Figure 17 shows the comparison of the overall cooling effectiveness increment profiles at different time points. The local maximum was seen near the stagnation line. On the PS of the blade, the overall cooling effect increment gradually decreased until −0.4 Cax, which is near the upstream of the PS film cooling rows. Then, a rapidly decrease was seen in the area of the film cooling rows. Further downstream, the values gradually decreased until the trailing edge. On the SS of the blade, the overall cooling effectiveness increment rapidly decreased until 0.2 Cax, which was upstream of the SS film cooling rows. Then, the values first increased and then decreased until the trailing edge. A relatively larger overall cooling effect could be observed at the front of the pressure side of the blade. The additional TBCs exerted a more obvious effect on the aft of the suction side of the blade. At the initial time points, a local maximum of 0.126 could be observed close to the origin point of the mid-span. Compared with that of the initial time points, it was clear that the values increased from 0.126 to 0.129 at the time point 0.25 T. As mentioned above, a relatively lower cooling performance can be observed at the time point 0.5 T. Consequently, a local maximum of 0.212 could be observed on the origin point of the mid-span. Furthermore, it was obvious that the overall cooling effectiveness increment decreased to 0.134 at the time point 0.75 T at the same location.



In summary, a relatively lower overall cooling effectiveness increment could be observed at the initial time points, while the maximum could be observed at the time point 0.5 T. At the time point 0.75 T, the overall cooling effectiveness increment began to decrease until the initial state. On the front portion of the blade, a relatively larger increment of overall cooling effect could be noticed on the PS of the blade. At the end of the blade, the additional TBCs exerted a more apparent influence on the SS.





4. Conclusions


The influence of the HS and unsteady wake on the overall cooling performance of a rotor blade were studied in this paper. The following conclusions can be drawn:



	(1)

	
The highest cooling performance could be observed at the initial time points, when the LE of the blade turned towards the trailing edge of the vane. The lowest cooling performance could be observed at the time point 0.5 T, when the LE of the blade turned towards the center of the vane passage. Compared with that of the time point 0.25 T, it is clear that the values decreased from 0.382 to 0.314 at −0.40 Cax of the mid-span, while from 0.585 to 0.556 at the 0.20 Cax of the mid-span at the time point 0.5 T.




	(2)

	
At the area where the local heat flux was negative, the surface temperature of the blade was higher than that of the coolant. Therefore, the coolant directly cooled the blade surface. For the uncoated blade, this phenomenon is beneficial for reducing the surface temperature of the blade. For the coated blade, the additional TBCs may be harmful to heat dissipation from the metal to the mainstream, and thus harmful for the increment of overall cooling performance in the coated blade.




	(3)

	
Relatively higher overall cooling effectiveness increment due to the coating could be observed compared to locations with lower cooling performance. Compared with that of the initial time points, it is clear that the values increased from 0.126 to 0.212 close to the origin point of the mid-span at the time point 0.50 T. Consequently, the additional TBCs decreased the surface temperature difference, which is beneficial for controlling thermal stress under the hot streak inlet condition.
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Nomenclature




	
Cax

	
axial chord [mm]




	
x/Cax

	
relative chord length




	
p

	
pressure [Pa]




	
    T ∞    

	
inlet temperature [K]




	
Tc

	
temperature of the cooling gas in the cooling channel [K]




	
TTBC

	
metal surface temperature with TBC [K]




	
Tw

	
vane local wall temperature [K]




	
T∞

	
inlet temperature of mainstream [K]




	
T′

	
surface temperature outside the coating [K]




	
T

	
the stator period [s]




	
    T u    

	
uniform turbulence intensity




	
Greek Symbols




	
φ

	
overall cooling effectiveness




	
φTBC

	
overall cooling effectiveness of the coated blade




	
Δφ

	
overall cooling effectiveness increment due to coating




	
  τ  

	
TBC effectiveness




	
Abbreviations




	
NGV

	
nozzle stator vane




	
TBC

	
thermal barrier coating




	
HS

	
hot streak




	
CHT

	
conjugate heat transfer




	
LE

	
leading edge




	
PS

	
pressure side




	
SS

	
suction side
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Figure 1. (a) Computation domain; (b) Grid. 
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Figure 2. Temperature distribution. 






Figure 2. Temperature distribution.
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Figure 3. Hot streak profile. 






Figure 3. Hot streak profile.
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Figure 4. Grid independence test. 






Figure 4. Grid independence test.
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Figure 5. Convergence history. (a) Pressure ratio; (b) Temperature ratio. 
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Figure 6. Parameter definition. (a) Uncoated blade; (b) Coated blade. 
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Figure 7. Comparison of the total temperature distribution in the mid-span. (a) At t = 0/4 T; (b) at t = 1/4 T. 
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Figure 8. Comparison of the overall cooling effectiveness distribution at different time points. (a) 0 T; (b) 0.25 T; (c) 0.5 T; (d) 0.75 T; (e) 0 T; (f) 0.25 T; (g) 0.5 T; (h) 0.75 T. 
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Figure 9. Comparison of the overall cooling effectiveness profiles at different time points. (a) 25% span; (b) mid-span; (c) 75% span. 
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Figure 10. Comparison of the local heat flux distribution at different time points. (a) 0 T; (b) 0.25 T; (c) 0.5 T; (d) 0.75 T; (e) 0 T; (f) 0.25 T; (g) 0.5 T; (h) 0.75 T. 
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Figure 11. Comparison of the heat flux reduction distribution at different time points. (a) 0 T; (b) 0.25 T; (c) 0.5 T; (d) 0.75 T; (e) 0 T; (f) 0.25 T; (g) 0.5 T; (h) 0.75 T. 
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Figure 12. Comparison of the local heat flux profiles at different time points. (a) 25% span; (b) mid-span; (c) 75% span. 
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Figure 13. Comparison of the heat flux reduction profiles at different time points. (a) 25% span; (b) mid-span; (c) 75% span. 
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Figure 14. Comparison of the overall cooling effectiveness distribution at different time points. (a) 0 T; (b) 0.25 T; (c) 0.5 T; (d) 0.75 T; (e) 0 T; (f) 0.25 T; (g) 0.5 T; (h) 0.75 T. 
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Figure 15. Comparison of the overall cooling effectiveness increment distribution at different time points. (a) 0 T; (b) 0.25 T; (c) 0.5 T; (d) 0.75 T; (e) 0 T; (f) 0.25 T; (g) 0.5 T; (h) 0.75 T. 
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Figure 16. Comparison of the overall cooling effectiveness profiles at different time points. (a) 25% span; (b) mid-span; (c) 75% span. 
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Figure 17. Comparison of the overall cooling effectiveness increment profiles at different time points. (a) 25% span; (b) mid-span; (c) 75% span. 
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Table 1. Geometric characteristics of the C3X vane and VKI blade.
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	Parameters
	C3X Vane
	VKI Blade





	Axial chord length (mm)
	78.16
	80



	Blade height (mm)
	77.22
	100



	Stagger angle (degree)
	59.89
	38.5



	Inlet flow anger (degree)
	46.35
	30
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Table 2. Geometric characteristics of the cooling channels.
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Vane

	
Cooling Channels

	
Diameter (mm)






	

	
1–7

	
6.30




	
C3X

	
8–9

	
3.10




	

	
10

	
1.98




	
VKI

	
Leading-edge

	
4.5




	
Suction-side

	
6




	
Pressure-side

	
6











[image: Table] 





Table 3. Material properties.






Table 3. Material properties.





	
Material

	
Parameters

	
Value






	
Gas

	
Density (kg∙m−3)

	
Ideal gas assumption




	
Specific heat capacity (J∙kg−1∙K−1)

	
938 + 0.196 T




	
Thermal conductivity (W∙m−1∙K−1)

	
0.0102 + 5.8 × 10−5 T




	
SUB

	
Density (kg∙m−3)

	
8055




	
Specific heat capacity (J∙kg−1∙K−1)

	
438.5 + 0.177 T




	
Thermal conductivity(W∙m−1∙K−1)

	
11.2 + 0.0144 T




	
TBCs

	
Density (kg∙m−3)

	
5500




	
Specific heat capacity (J∙kg−1∙K−1)

	
418




	
Thermal conductivity (W∙m−1∙K−1)

	
1.04
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