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Abstract

:

Due to machining techniques and dust deposition, gas turbine upstream slots and vane roots are always filleted, significantly affecting the cooling performance of the endwall. The effects of upstream slot fillet and vane root fillet on the cooling performance of the gas turbine endwall were investigated by solving the three-dimensional Reynolds-averaged Navier–Stokes (RANS) equations with the shear stress transport (SST) k–ω turbulence model. The results indicate that the velocity distribution of the slot coolant is effectively changed by introducing the upstream slot fillets. Among the four cases, the largest adiabatic cooling effectiveness was obtained for the case with two similar fillets, with a 42% increase in effective cooling area compared to the traditional slot. At MFR = 0.75%, the horseshoe vortex is weakened by the introduction of the vane fillet with a small radius, with a 53% increase in effective cooling area compared to the baseline. However, the vane fillet with a large radius makes the boundary layer flow separately prematurely, decreasing the cooling performance. The lateral coverage of the coolant jet from the filmhole embedded in the vane root fillet is greatly enhanced by increasing the vane root fillet radius. However, the streamwise coverage is decreased and the thermodynamic loss is increased.
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1. Introduction


The turbine inlet temperature (TIT) is gradually increasing due to the pursuit of higher levels of thermal efficiency and output power. As a result, TIT is now beyond the thermal limit of state-of-the-art superalloy. Furthermore, to reduce NOx emissions, a design with more uniform temperature distribution at the combustor outlet is supplied, increasing the endwall thermal load. Therefore, the aerodynamics and thermal performance of the endwall is of great significance and must be investigated.



Many researchers have investigated the influence of endwall secondary flow [1]. According to Wang et al. [2], the velocity of airflow is reduced near the leading edge (LE) of the blade. Therefore, a horseshoe vortex is generated and its downstream branches produce strong convection. Furthermore, close to the endwall, the secondary flow is greatly affected by a strong three-dimensional flow separation [3]. As summarized by Goldstein et al. [4], horseshoe vortex, passage vortex, and corner vortex all have a significant contribution to the thermal performance of the endwall. For the gas turbine, the compressor delivers a relatively high-pressure coolant at the interface between the turbine and the combustor to provide sealing and prevent the mainstream ingestion [5]. As a result, a film cooling layer is created, which effectively protects the endwall surface covered by the coolant injection. Basically, the cooling jet from the upstream slot is greatly impacted by crossflow. Chowdhury et al. [6] investigated the influence of the mass flow ratio of the coolant to the mainstream utilizing pressure-sensitive coating technology (PSP). The results show that increasing the mass flow ratio can improve endwall cooling performance by preventing the development of the horseshoe vortex.



It has been discovered that the upstream configurations significantly affect aerodynamic and thermal performance. As far as endwall cooling is concerned, Gao et al. [7] claimed that when the blowing ratio increases, the magnitudes of adiabatic cooling effectiveness increase, but the growing slope decreases. Furthermore, it was found that the convergent slot increases the local adiabatic cooling effectiveness by improving the momentum of the coolant and limiting secondary flow. However, the heat transfer is also improved at the same time [8]. According to Du et al. [9], the adiabatic cooling effectiveness in the upstream region is greatly increased by the introduction of the contoured upstream slot. However, the normal upstream slot attains a relatively high adiabatic cooling effectiveness on the endwall. A misaligned slot was investigated experimentally by Kim et al. [10] and the findings show that the misalignment and the increased heat transfer caused by the flow mixing both lead to a higher thermal load. In addition, the negative slot incidence angle tends to have a great impact on the cooling performance of the endwall, as noted by Zhang et al. [11].



Many studies showed that the heat transfer performance of the endwall is also influenced by near-endwall structures [12]. It was found that a part of the coolant flow is swept across the endwall towards the corner of the suction side, intensifying the thermal load near the pressure side endwall [13]. Furthermore, the near-endwall ribs could effectively prevent the coolant from migrating from the pressure side to the suction side, improving the endwall adiabatic cooling effectiveness [14]. The non-axisymmetric endwall profiling was introduced by Rose [15] and it was proved to significantly reduce the pressure non-uniformity. Babu et al. [16] employed numerical methods to investigate the pressure-side boundary layer growth mechanism under the impact of a non-axisymmetric contouring endwall with purge flow and discovered that endwall contouring can provide highly efficient endwall protection. According to Mensch et al. [17], endwall contouring impeded the development of the passage vortex and decreased the mixing of the slot jet with the mainstream.



Many researchers have explored the potential of leading-edge contours in mitigating the adverse effect of secondary flow on turbine aerodynamic performance. In a low-speed cascade wind tunnel, Sauer et al. [18] conducted experiments on a turbine profile designed for highly loaded low-pressure turbines. The results revealed that the leading-edge bulb intensified the suction side branch of the horseshoe vortex while simultaneously weakening the passage vortex. This beneficial effect led to a significant reduction of 50% in endwall loss. Secondary flow appears to alter the heat transfer characteristics of the turbine endwall; therefore, the leading-edge contour draws the attention of researchers to endwall heat transfer. Shih and Lin [19] examined the influence of leading-edge airfoil fillet on flow and heat transfer numerically. Three fillet designs were simulated, and the findings revealed that fillets decrease heat transfer by more than 30% on the endwall.



There have been studies on vane leading-edge fillets, but due to manufacturing constraints, it is more likely for the fillets to be present around the perimeter of the vane root. To establish a foundation for endwall cooling design, the study of how the slot coolant affects the cooling performance of the endwall needs to be expanded. Considering engineering reality, to provide more effective protection for the endwall, this paper investigates the effects of slot fillet and root fillet on the cooling performance.




2. Computational Method and Validation


2.1. Geometrical Model


The vane profile studied in this paper is adopted from the experiments carried out by VirginiaTech University [20]. The linear cascade is obtained by stretching this vane profile. The slot located 77 mm upstream of the vane stagnation point has an injection angle of 45°. The coordinate system and top view of the model are depicted in Figure 1. L (370 mm) is defined as the distance between the trailing edge of the vane and the slot. The layout of the cooling structure and vane profile are shown in Figure 2. Moreover, to study the impact of the slot coolant more clearly, the film holes near the leading edge are removed. The boundary conditions and specific geometric parameters of the simulation are displayed in Table 1.




2.2. Numerical Method


The ANSYS CFX was employed to solve the steady Reynolds-averaged Navier–Stokes (RANS) equations. Adiabatic non-slipping wall boundary and structured grids are adopted in the simulation. The gas in the simulation is set as ideal gas. To guarantee the orthogonality of the grids, the O-type grid is used for the regions around the vane surface. To accurately predict the wall heat transfer, the first cell thickness of the wall is refined to guarantee that the y+ values are smaller than 1.0. The intake section length is 0.75 times the length of the axial chord to generate a fully developed boundary layer flow. To prevent backflow, the outlet section’s length is 1.2 times the length of the axial chord length. The grids adopted in the computation are displayed in Figure 3. To achieve the specified mass flow ratio, a mass flow inlet with a 45° injection angle with respect to the endwall was installed at the slot entry.



The ratio of the film coolant mass flow rate to the mainstream mass flow (MFR) is defined as:


MFR = Mc/M∞



(1)




where Mc is the coolant mass flow and M∞ is the mainstream mass flow. The fluid/fluid interface was employed at the slot exit to connect the slot injection and the passage’s mainstream. To produce fully developed turbulent inlet conditions corresponding with the experiment, an inlet imposed with the total pressure and total temperature is situated 0.75 axial chords upstream of the vane leading edge. During the steady-state simulation, the temperature difference between the mainstream and the coolant is kept at 40 K, which implies that the mainstream is set at 333.19 K and the coolant is set at 293.15 K.



The precision of the convective and viscous terms is of the second order. When the root mean square residuals of the governing equations reach a level of 10−5 and the flow imbalance rate for intake and output is less than 0.1%, it is determined that the steady computation is convergent.




2.3. Turbulence Model


Using the same vane, references [9,21] both adopted the SST k–ω turbulence model. To guarantee the credibility of the predicted results, the numerical method was studied in ref. [21] by adopting four turbulence models (standard k–ε, RNG k–ε, standard k–ω, and SST k–ω turbulence models). For a blow ratio M of 0.3, Figure 4 presents a quantitative analysis of area-averaged (the region is shown in Figure 1) adiabatic cooling effectiveness for the experimental model. The blowing ratio (M) is defined as:


  M =       ρ   c     V   c      /      ρ   ∞     V   ∞        



(2)




where     ρ   c     and     ρ   ∞     are the densities of the coolant and mainstream fluid, respectively, and     V   c     and     V   ∞     are the velocities of the coolant and the main flow, respectively. As shown in Figure 4, the standard k–ε model, standard k–ω model, and RNG k–ε model overestimate the adiabatic film cooling effectiveness at the higher blowing ratio. The above three turbulence models underestimate the adiabatic film cooling effectiveness at the lower blowing ratio. The SST k–ω turbulence model agrees well with the experimental results. Therefore, the SST k–ω turbulence model is utilized in the numerical simulation. In the experiment, the blowing ratio is used, but most current studies on purge flow adopt the mass flow ratio. Therefore, except for the numerical method validation part, MFR is used in the subsequent numerical studies.



The adiabatic cooling effectiveness definition (  η  ) is given as:


  η =       T   ∞   −   T   a w      /      T   ∞   −   T   c        



(3)




where     T   a w     is the wall adiabatic temperature,     T   ∞     is mainstream temperature and     T   c     is coolant temperature.




2.4. Grid Independence


In order to verify grid independence, 4.5 million, 7 million, 9 million, and 11 million grids are used. The meshes are refined at the same ratio along the x, y, z directions. In addition, the first layer grid cell of the wall is kept similar to maintain the proper y+. Table 2 provides the comparison of the results obtained by the four grids. The area of the leading edge is consistent with the area selected in the experiment shown in Figure 1. As the results show, the relative change rate of the average adiabatic cooling effectiveness is less than 0.5 percent when the grid number reaches 9 million. Therefore, the 9 million grids are selected in the numerical simulation.





3. Results


3.1. Influence of Slot Fillet


Due to the severe operating environment and the thermal loads that gas turbines withstand, upstream slot are susceptible to being rounded due to ablation and ash accumulation. Therefore, this section investigates the effect of slot fillet on endwall cooling performance. Figure 5 depicts the schematic of the slots with fillets in section A. The position of section A is shown in Figure 1. In Figure 5, R is 1% of the vane height, and W is set as 10 mm.



The transverse average adiabatic cooling effectiveness depicted in Figure 6 indicates that the cases with fillets provide better adiabatic cooling effectiveness than conventional structures. The adiabatic cooling effectiveness distributions of case 1 are better than other cases. The cooling performance on the upstream endwall (0 < x/L < 0.8) is changed significantly by the introduction of the slot fillet. Nevertheless, the cooling performance of downstream regions (0.8 < x/L < 1.0) is rarely impacted by the slot fillet configuration. Figure 7 shows the distribution of the adiabatic cooling effectiveness. The coverage of the slot coolant on the endwall is uneven. The coolant is confined to a narrow area downstream and there is a clear tendency to migrate towards the suction surface side. Therefore, the cooling flow has poor coverage of the leading-edge regions and the pressure side endwall. Furthermore, increasing the MFR significantly improves the coverage of the coolant. Figure 8 shows the distribution of the adiabatic cooling effectiveness difference δ, which is defined as:


  η =   η   s   −   η   0    



(4)




where     η   s     is the local adiabatic cooling effectiveness and     η   0     is the baseline corresponding adiabatic cooling effectiveness. Through comparison, in case 1, there is an obvious blue zone near the leading edge and the boundary of the coolant coverage region, indicating that the spread of the coolant is strengthened by the introduction of the fillets with the same radius. In contrast, in case 2 and case 3, there are some red regions near the leading edge, indicating that the cooling effectiveness in this area is reduced. This shows that the fillet of slot strengthens the flow separation. At the same time, the blue region is much smaller than that of case 1. The slot fillets have little effect on the cooling characteristics in other places. Among them, the coverage of the coolant in case 1 reaches the maximum.



The distribution of the dimensionless effective cooling area (      A   c    ¯   ) is depicted in Figure 9, which is defined as:


      A   c    ¯  =     A   c    /    A   p      



(5)




where     A   c     is the area of the endwall where η > 0.1 and     A   p     is the area of the endwall from the slot exit to the trailing edge of the vane. The results suggest that the case with slot fillet obtains larger coolant coverage than that of the case without the slot fillet. The case 1 achieves the largest overall adiabatic cooling effectiveness in comparison with the baseline due to the uniform film cooling coverage. The results indicate that case 1 achieves a 42% higher effective cooling area in comparison with the baseline. Compared with case 1, case 2 and case 3 have less effect on improving the adiabatic cooling effectiveness.



As shown in Figure 10, section B passes through the stagnation point. Section C is through the midpoint of two stagnation points. The two-dimensional streamline and turbulent kinetic energy distributions in section B are depicted in Figure 11. It is demonstrated that in case 1, the horseshoe vortex moves downstream. Meanwhile, the horseshoe vortex is drastically reduced in comparison with the baseline. The velocity distribution in section B is displayed in Figure 12. In case 1, the fillets with the same radius accelerate the boundary layer flow by changing the flow velocity. The slot fillets change the speed direction of the coolant near slot outlet, making the direction of the coolant more consistent with the mainstream. Therefore, the horse vortex moves downstream, leading to an expansion of the coolant coverage. In addition, the velocity at the slot outlet in case 2 and case 3 is lower than that in case 1. The velocity of the downstream boundary layer fluids in case 2 and case 3 is lower.




3.2. Influence of Slot Fillet


Due to the limit of machining technology, rounded corners are unavoidable at the intersection of two walls, such as at the vane root. Therefore, the impact of the vane root fillet on the cooling performance of the endwall is examined in this section. The model is displayed in Figure 13. The vane root fillet radius is defined as Rt, and 1% of the vane height is defined as R0.



The transverse average adiabatic cooling effectiveness is depicted in Figure 14. It is shown that the adiabatic cooling effectiveness of the endwall presents a different variation pattern with the increase in MFR. At MFR = 0. 5%, the fillet radius has little impact on the cooling performance on the endwall. The case with the normal slot obtains the largest adiabatic cooling effectiveness of the endwall. However, the performance is different at MFR = 0. 75%. In detail, the increase in the fillet radius leads to a decrease in the adiabatic cooling effectiveness. Yet, for the leading-edge region (0 < x/L < 0.2), the introduction of the fillet still improves the cooling efficiency in comparison with the baseline. The introduction of the large vane fillet (2R0) obviously worsens the cooling performance of the mainstream region (0.2 < x/L < 0.8).



Figure 15 illustrates the adiabatic cooling effectiveness on the endwall and Figure 16 shows the dimensionless effective cooling area. From the results, it is obvious that MFR has a significant influence on the cooling performance of the endwall. The coverage of the coolant at the endwall is uneven. The slot coolant is confined to a narrow area downstream and there is a clear tendency to migrate towards the suction surface side. Therefore, the cooling flow has poor coverage of the leading-edge regions and the endwall near the pressure surface. The increase in MFR significantly improves the coverage area of the slot coolant. At MFR = 0.5%, the adiabatic cooling effectiveness near the leading edge is reduced by the introduction of the fillet. However, at MFR = 0.75%, the uncooled area near the leading edge and the pressure side is significantly limited by the introduction of the fillet, with a 53% increase in effective cooling area compared to the baseline. For the cases of Rt = R0 and 0.5R0, the coverage area of the coolant is increased slightly compared with the baseline.



The pressure coefficient distributions of the vane and endwall are shown in Figure 17. The pressure coefficient (    P  ¯   ) is defined as:


    P  ¯  = ( P −  P out  ) / (  P in    *  −  P out  )  



(6)




where P is the local static pressure, Pout is the outlet static pressure, and Pin* is the inlet total pressure. The results suggest that there is a sizable high-pressure area close to the leading edge. The converse pressure gradient consumes the momentum of the boundary layer flow which leads to separation of the flow. There is also a high-pressure area at the slot outlet, and the non-uniformity of the pressure distribution at the slot outlet leads to the uneven distribution of the slot coolant. Most of the coolant flows out from the position far away from the vane leading edge. At MFR = 0.75%, the introduction of the fillet significantly limits the area of the high-pressure regions. Furthermore, the reduction of the fillet’s radius markedly shrinks the high-pressure region. In addition, the reduction of the high-pressure area near the leading edge delays the separation of the boundary layer, leading to a decrease of the uncovered area on the endwall. Because of the decrease of the pressure non-uniformity, the coverage of slot coolant spreads, improving the cooling performance near the leading edge.



As the static pressure coefficient distributions in section C show in Figure 18, there are a large low-pressure area upstream of the horseshoe vortex and a high-pressure area close to the leading edge. Both of them contribute to the stagnation of flow near the leading edge. At MFR = 0.5%, the high-pressure region near the leading edge slightly shrinks at a large radius (Rt = 2R0). However, the increase of the fillet radius makes the boundary layer flow separate in advance. At MFR = 0.75%, increasing the fillet radius enlarges the high-pressure area near the leading edge and the low-pressure area upstream. Therefore, the area affected by the horseshoe vortex migrates upstream, greatly reducing the coolant coverage.



The velocity distribution in section C is presented in Figure 19. The results indicate that the thickness of the boundary layer of the mainstream gradually increases with the development of flow. Meanwhile, the velocity of flow gradually decreases as the airflow approaches the obstacle (vane). Influenced by the high-pressure region near the leading edge, the coolant velocity in section C is reduced obviously. The flow boundary layer is thickened after mixing with the slot coolant, causing a separation, known as the horseshoe vortex. In addition, due to the limit of the horseshoe vortex, the flow area of the upper layer of the fluid is shrunk obviously. This leads to an increase in the airflow speed. It can be seen from Figure 19 that at MFR = 0.5%, the boundary layer is thinner near the downstream slot. Because of the non-even pressure distribution, almost no coolant flows out at section C. This is the reason why the direction of the slot coolant is closer to the wall. At MFR = 0.75%, the radial component of the coolant velocity at the slot outlet is larger, generating a large separation vortex downstream. At MFR = 0.5%, there is almost no coolant flow at section C, and the position of the horseshoe vortex has little effect on adiabatic cooling effectiveness near the leading edge.




3.3. Influence of Vane Fillet


Discrete film holes are frequently used in engineering to provide specific cooling where slot coolant is seriously limited. The interaction of film holes and the fillet causes a significant influence on the flow performance near the outlet of the film holes. This section examines how the relative positions of film holes and vane root fillet affect the adiabatic cooling effectiveness on the endwall.



In the calculation, nine film holes are embedded in the endwall, like that displayed in Figure 20. The film holes are situated on an arc that is offset by a distance W from the blade profile. W is defined as 4% of the vane height. The film holes are equally spaced with an L = 57 mm distance between them. The diameter of the film holes is 4.6 mm and the film hole is in the same plane as the meridian surface. Figure 21 illustrates the relative position of film holes and fillet in Section D. In the calculation, MFR is 0.5%, and the blowing ratio M of the film hole coolant is set as 1.



Figure 22 depicts the adiabatic cooling effectiveness distributions on the endwall, and Figure 23 shows the transverse average adiabatic cooling effectiveness of the endwall. The film hole coolant has great streamwise coverage, attaining a great cooling performance on the pressure side of the endwall. However, the film hole coolant has little influence on the cooling performance of the upstream and other mainstream regions. Although the film holes are close to the vane, there are still narrow high temperature regions without the coverage of the film hole coolant. The film hole coolant is slightly influenced by the mainstream vortex system. Therefore, the cooling performance of the film hole coolant is more effective in comparison with the slot coolant. In addition, the cooling area of the upstream film hole coolant can cover the downstream film hole. In the downstream passage, the film hole coolant still has great coverage. In addition, the film hole coolant has a strong lateral coverage, resulting in great overall adiabatic cooling effectiveness. The increase of the fillet radius significantly improves the transverse expansion of the film hole coolant. However, the streamwise coverage area of the film hole coolant near the vane trailing edge decreases.



The limiting streamline on the endwall is presented in Figure 24 and the dimensionless circumferential velocity distribution on the endwall is shown in Figure 25. The dimensionless circumferential velocity (      V   y    ¯   ) is defined as:


       V   y    ¯    =   V   y   /     V   s    ¯    



(7)




where     V   y     is the pitchwise velocity and       V   s    ¯    is the average velocity of the slot inlet coolant. A ring region can be found near the leading edge of the vane where the streamline direction does not coincide with the mainstream. As mentioned earlier, this is because this part of the flow is part of the horseshoe vortex. In the regions near the pressure side, the limiting streamline direction is roughly parallel to the wall. However, in the middle regions of the passage, the flow has a distinct lateral component due to the pressure gradient. Furthermore, the increase of the fillet radius greatly improves the lateral component of the airflow close to the endwall. This is attributed to the fact that the airflow turns into stagnation as it approaches the fillet, increasing the local static pressure. As a result, the coolant avoids the fillet, increasing in lateral components. The thermal loss coefficient (  ψ  ) distribution in section D is depicted in Figure 26. It is defined as


  ψ = 1 −   [ 1 − (     P   o u t       p   o u t   *       )   (   κ − 1   κ     )   out     ] ⋅ [     m  ˙    ∞   ⋅   T   i n   *   +     m  ˙    c   ⋅   T   c   *   ]       m  ˙    ∞   ⋅   T   i n   *   ⋅ [ 1 − (     P   o u t       p   i n   *       )   (   κ − 1   κ     )   ∞     ] +     m  ˙    c   ⋅   T   c   *   ⋅ [ 1 − (     P   o u t       p   c   *       )   (   κ − 1   κ     )   c     ]    



(8)




where     p   i n   *    ,     p   c   *     and     m   ∞    ,     m   c     are the total pressure and mass flow at the mainstream inlet and cooling jet inlet, respectively,     p   o u t   *     is the total pressure in the fow at the outlet surface,     T   i n   *     is the total inlet temperature of the main flow and     T   c   *     is the coolant’s total temperature. Figure 26 demonstrates that the increase in fillet radius significantly aggravates the thermal loss coefficient. As seen in the last figure, increasing the fillet radius strengthens the transverse migration of air flow close to the endwall, which increases the viscous penalty between boundary layer flow and non-viscous flow regions.





4. Conclusions


The present investigation serves to analyze the effects of the slot fillet and the vane root fillet on the aerothermal performance of the turbine vane endwall. The important conclusions are summarized below.



	
The altered coolant momentum caused by the slot fillet influences the interaction of the coolant and the mainstream in the boundary layer. In case 1, the slot fillets change the speed direction of the coolant near slot outlet, making the direction of the coolant more consistent with the mainstream. The coolant performance is greatly improved by introducing the slot fillets, with an increase of 42% in effective cooling area compared to the baseline.



	
The vane fillet with a small radius delays the separation of the boundary layer flow. It is attributed to the fact that the fillet with a small radius produces a pressure gradient opposed to the horseshoe vortex driving pressure gradient. Therefore, the horseshoe vortex is weakened by the introduction of the vane fillet. However, the fillet with a large radius makes the entire boundary layer flow separate early. The fillet with a large radius decreases the cooling performance.



	
The cooling performance of the film hole coolant is significantly influenced by the relative positions of the vane root fillet and the film holes. The increase of the fillet radius greatly improves the lateral component of the airflow close to the endwall. This is attributed to the fact that the airflow turns into stagnation as it approaches the fillet, increasing the local static pressure. As a result, the coolant avoids the fillet, increasing the lateral velocity component. The increase of the vane fillet radius improves the adiabatic cooling effectiveness, but aggravates the thermal loss coefficient.
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Nomenclature




	
Nomenclature

	
η0

	
baseline adiabatic cooling effectiveness




	
T∞

	
     η  ¯    

	
ρ

	
density




	
Taw

	
     η  =    

	
η

	
adiabatic film cooling effectiveness




	
A

	
area (m2)

	
     η  ¯    

	
laterally averaged adiabatic film cooling effectiveness




	
P*

	
total pressure (Pa)

	
     η  =    

	
area-averaged adiabatic film cooling effectiveness




	
M

	
blowing ratio

	
ψ

	
thermal loss coefficient




	
v

	
velocity (m·s–1)

	
Subscripts

	




	
P

	
pressure (Pa)

	
aw

	
adiabatic wall




	
T

	
temperature (K)

	
c

	
coolant




	
P

	
pressure coefficient

	
∞

	
mainstream




	
y+

	
dimensionless wall—normal height of the first cell at wall

	
out

	
outlet




	
Greek

	

	
t

	
vane root fillet




	
δη

	
adiabatic cooling effectiveness difference

	
Acronyms

	




	
ηs

	
wall adiabatic cooling effectiveness

	
MFR

	
ratio of the film coolant mass flow rate to the mainstream flow
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Figure 1. Top view of the cascade and endwall cooling structure. 






Figure 1. Top view of the cascade and endwall cooling structure.



[image: Machines 11 00729 g001]







[image: Machines 11 00729 g002 550] 





Figure 2. Layout of the cooling structure and vane profile in section A. 
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Figure 3. Computational grids. 
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Figure 4. Comparison of numerical prediction results of four common turbulence models and experimental results [21]. 
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Figure 5. Schematic of the slots with fillets in section A. 
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Figure 6. Laterally averaged film effectiveness on the endwall. 
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Figure 7. Adiabatic cooling effectiveness contours on the endwall. 
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Figure 8. Adiabatic cooling effectiveness difference distribution on the endwall. 
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Figure 9. Non-dimensional effective cooling area on the endwall. 
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Figure 10. Location of sections. 
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Figure 11. Turbulent kinetic energy and streamline distribution in section B. 
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Figure 12. Velocity and streamline distribution in section B. 
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Figure 13. Schematic of model. 
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Figure 14. The transverse average adiabatic cooling effectiveness on the endwall. 
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Figure 15. Adiabatic cooling effectiveness contours on the endwall for various MFRs and radius of blade root fillet. 
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Figure 16. Non-dimensional effective coverage area on the endwall. 
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Figure 17. Static pressure coefficient contours on the endwall and vane. 
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Figure 18. Static pressure coefficient and streamline distributions in section C. 
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Figure 19. Velocity and streamline distributions in section C. 
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Figure 20. The model used in the calculation. 
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Figure 21. Diagram of the film holes and fillet in section D. 
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Figure 22. The adiabatic cooling effectiveness distributions on the endwall. 
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Figure 23. The transverse average adiabatic cooling effectiveness of the endwall. 
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Figure 24. The endwall surface’s limiting streamline distributions. 
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Figure 25. The dimensionless circumferential velocity distributions on the endwall. 
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Figure 26. The thermal loss coefficient distribution in section D. 
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Table 1. Geometric parameters of the computational model and boundary conditions.
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	Parameters
	Value





	Chord length of blade C (mm)
	594



	Axial chord of blade Ca (mm)
	293



	Pitch/chord (P/C)
	0.77



	Inlet total temperature (K)
	333.19



	Inlet total pressure (kPa)
	107.64



	Outlet static pressure (kPa)
	107



	Inlet turbulence intensity
	1.0%



	Inlet angle (°)
	0



	Outlet angle (°)
	72



	Coolant inlet total temperature (K)
	293.15
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Table 2. Area-averaged adiabatic cooling effectiveness of different grid numbers.
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	Grid Numbers
	      η  ¯     





	4.5 × 106
	0.2625



	7.0 × 106
	0.2726



	9.0 × 106
	0.2742



	1.1 × 107
	0.2746
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