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Abstract

:

The influence of film-hole position on internal and external heat transfer was investigated using Computational Fluid Dynamics (CFD). A simplified geometry of an integrated configuration of a ribbed channel, film hole and mainstream passage is modeled to represent a turbine internal and external cooling scheme. The proposed configurations with nine different positions of film holes are parameterized to conduct a series of CFD calculations at a target blowing ratio of 0.8, 1.1 and 1.7. Since the present study is taking a comparative approach, CFX with SST models is applied as a primary tool and the results are compared with Fluent solver for selected cases (total 36 cases). Among the proposed nine positions, the film holes located in the separated flow region of a ribbed channel showed considerable enhancement in film effectiveness with minimum reduction and potential improvement in internal heat transfer. The finding offers a design opportunity to enhance internal as well as external heat transfer.
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1. Introduction


Since cooled turbine airfoil was introduced for gas turbine application, there is a continuous effort to improve the performance of film cooling. Thanks to these efforts, novel and innovative designs of film holes are proposed and some are implemented in real applications. The early investigations [1,2,3,4,5] focused on a single film injected to the mainstream flow. The measured velocity field characterized typical interaction between film and mainstream flow such as lift-off and penetration of mainstream flow as a function of blowing ratio. The geometric parameters defining the shape and aligning angle of film holes were also found to be sensitive to the film performance. As an example, the ratio of length to diameter (l/D) significantly influences flow physics and film performance. It is reported that film performance improved as the l/D decreased from 4 to 1.75 [6].



In application of film cooling to a turbine airfoil, the position of the film hole is subject to the heat load on the turbine airfoil surface. Therefore, it is often determined irrelevant to the internal geometry of the cooling passage. Occasionally, the film hole intersects with rib turbulators. Since the flow through the internal cooling passage of the ribbed channel is highly vortical, the position of film extraction will also influence the interaction with mainstream flow, hence film cooling performance.



The influence of two film-hole positions (the middle and immediate downstream of a 90° rib) on the heat transfer of a ribbed channel was investigated experimentally [7]. Placing the film hole in the immediate downstream of the rib (at s/D = 1, the ratio of the distance between the film hole and rib to the hole diameter) enhanced the heat transfer as the flow accelerated in the vicinity of the extraction hole and also reduced the separation region in the downstream of the rib. It should be noted that the bleed flow rate was set at 1.25% per film hole for uniform bleed condition. Similar results were reported in a series of experiments on angled (60° and 90°) V and Λ shaped ribs at the bleed flow rate of 1.2% and suction ratio of 6 [8,9]. Among the proposed configurations, a film hole positioned in the immediate downstream (s/D = 4.5) of the ribs showed enhanced heat transfer compared with those in the middle of the ribs and upstream (s/D = 10.5) of the next adjacent rib. One exception was observed for a Λ shaped rib with the film hole positioned in the middle of the ribs. In this case, the trend was reversed so that the film hole in the upstream of the ribs showed higher heat transfer than others.



Furthermore, the influence of the film hole position relative to the rib on film effectiveness was measured in various combinations of a 45° rib and film-hole location [10]. The film hole also had a 45° compound angle and was positioned at s/D = 2~7. The results showed that the average effectiveness of the film positioned in the upstream of the rib was higher than the other two positions (middle and downstream of the rib) for a blowing ratio of 1.0 and 2.0. For the blowing ratio of 0.5, a film hole positioned in the middle of ribs showed the highest film effectiveness. However, there was no clear trend of film effectiveness from the different alignment of 45° ribs. Further measurements of the similar relative positions, the downstream (s/D = 1) and middle (s/D = 2) of 45° ribs, reported that the lateral average film effectiveness of the film hole in the middle of the ribs had the highest values for BR = 0.5, and 1.0. However, for BR = 2.0, the highest values were shown when the film hole was positioned in the downstream of the rib [11]. In another experimental study [12] on the configuration of a 60° rib with three film positions (downstream, middle and upstream of the rib), the regional average effectiveness increased as blowing ratio increased (BR = 0.4~0.8). Among the three relative positions (s/D = 1, 1.5, 2) of the film hole, the film positioned in the middle of the ribs (s/D = 1.5) showed the lowest film effectiveness.



There are still many remaining parameters to be investigated for better understanding of the internal and external heat transfer due to the relative position of the film hole. For this purpose, CFD will be a useful and economical tool prior to initiating a series of further experimental investigations.



Numerous studies on a simplified single film hole on a flat plate were implemented using Reynolds-averaged Navier–Stokes (RANS) equations [13,14,15,16,17,18,19,20]. While the RANS model can predict the fundamental flow structure of a counter-rotating vortex pair as film flow interacts with mainstream flow, it typically underpredicts its spanwise spreading. However, RANS is practical in many cases because of its relatively low computational efficiency and cost. On the other hand, the large eddy simulation (LES) can predict the detailed vortical structures such as a counter-rotating vortex pair, horseshoe vortices, spiral vortices [21] and hairpin vortices [22]. In addition, LES performs well in predicting the spanwise and centerline adiabatic effectiveness as it captures the trajectory and spanwise spreading of film correctly [23]. LES simulates turbulent mixing driven by the shear of mainstream and film flow more accurately [24]. Turbulent eddies are highly anisotropic, and the length scales of small eddies decrease near the wall. Therefore, finer mesh is required for LES, which will demand more computational time. Another possible approach is to implement the LES wall model, but it would not be accurate enough to handle complex flow [25]. Detached Eddy Simulation (DES) is a reasonable alternative as it implements both LES and RANS for tackling high speed and complicated flow [26]. Such a hybrid approach was applied to resolve the structure of film-flow interaction with mainstream flow [27,28]. The capability of the high-fidelity CFD approaches such as LES and DES has been demonstrated in many applications. However, it is still challenging to adopt the tools as a part of an industrial design process.



While, the previous studies focused only on film performance or the internal heat transfer of a ribbed internal cooling channel, the present study aims to evaluate the influence of film-hole location on internal as well as external heat transfer. The total nine locations of the film hole (4 < s/D < 22) were selected for comparative study, while a simple cylindrical shape was kept for film hole geometry. For the internal cooling channel, 45° ribs are positioned on the top and bottom walls. The flow control parameters for internal and external heat transfer are (1) blowing ratio of film and (2) Reynolds number of ribbed cooling channels. For this purpose, a parametric geometry was produced for conducting the series of mesh generation and analysis. Additional studies on the sensitivity of mesh density, RANS solver and the turbulent model were conducted to demonstrate the validity of the computational approach for the present study.




2. Geometry and Computational Model


A simplified analysis model representing the ribbed internal cooling channel and the mainstream passage of external turbine airfoil flow connected by a cylindrical film hole is shown in Figure 1, and the details of geometrical parameters are listed in Table 1. The ribbed channel has a total of 13 rib segments with smooth entrance and exit regions. In the 7th rib segment from the inlet, a cylindrical film hole is positioned to extract cooling flow to the mainstream flow (representing external airfoil passage).



For comparative study, the position of the film hole is varied as shown in Figure 2. A total of 9 positions are proposed to represent possible relative locations. Although the film hole may intersect with the rib directly, such a case is not considered for the present study. The film position of DP00 is the reference for comparison, and others (DP01~DP08) were selected to estimate its influence on the internal as well as the external heat transfer. DP01, DP04 and DP07 represent the film holes positioned in the downstream of the rib, while DP02, DP05, and DP08 are positioned in the upstream of the rib. For both, the distance from the rib, s is 3D. DP00, DP03 and DP06 are positioned in the middle of the rib. These nine positions are a reasonable representation of realistic intersection scenarios. Similar positions have been investigated by Böttger et al., [9] with the focus on internal heat transfer only.



For CFD, hexahedral mesh is generated by using Ansys Meshing (version 19.2 R2, ANSYS Inc., Canonsburg, PA, USA). The details of surface mesh are presented in Figure 3. The near wall mesh is highly dense to ensure that y+ values are smaller than 1.0 to capture the growth of the boundary layer. For calculation, the selected mesh size is a total of 58.2 million elements (14.6 million for external flow passage as well as the film hole, and 43.6 million for the ribbed channel) based on the mesh sensitivity study.



For boundary conditions, total pressure and temperature are set at the inlet of mainstream and ribbed channel flow, and pressure outlet for its exit. The pressure at the inlet of the ribbed channel is adjusted to achieve target blowing ratios (BR) of 0.8, 1.1 and 1.7 (the equivalent bleed flow rates are 0.58%, 0.35%, 0.33%, and suction ratios are 2.0, 1.4, 1.2), while the inlet pressure of the mainstream flow is kept constant. Regarding heat transfer, constant wall temperature is applied to the ribbed channel and the adiabatic wall for the mainstream domain. Table 2 summarizes the boundary conditions.




3. Mesh, Solver and Turbulence Model Sensitivity


For the validity of the mesh density and turbulence model, further CFD calculations were carried out prior to the study on the influence of the film-hole position. Two CFD solvers of Ansys (CFX and Fluent, Version 19.2 R2, ANSYS Inc., Canonsburg, PA, USA) were used for comparison, and a pressure-based coupled solution scheme was applied. The geometric configuration and boundary conditions were based on the experiment of Sinha et al. [6] as shown in Figure 4. The inclination angle of the film hole was 35° to the mainstream flow, and the cooling flow was fed from the bottom of the plenum. Figure 5 shows the computational domain and selected hexahedral mesh for the analysis. The convergence criterion was set to achieve the minimum RMS residuals of 1 × 10−4; however, the iterations were continued until the residuals were fully stabilized.



As a part of the sensitivity study, the effect of width of the mainstream flow domain was also investigated. As shown in Figure 6, the dimensionless temperatures, Equation (1) near wall are compared between the 3D and 7D widths of the mainstream flow domain. The difference looks very minimal referring to Figure 6c; however, it was clearly observed that the case of the 3D width confines the downstream flow as observed in Figure 7. As the result, the width of the mainstream flow domain of 7D was selected for the rest of the analysis.


  D i m e n s i o n l e s s   T e m p e r a t u r e =   T −  T c     T c  −  T m     



(1)




where, Tc is coolant inlet temperature and Tm is mainstream inlet temperature.



To investigate the sensitivity of mesh density, six different sizes of mesh were produced as listed in Table 3. X1 is baseline mesh and X2 represents its double size. It is well understood that the interaction of film and mainstream flow is governed by the density ratio (DR) and the blowing ratio (BR). The definitions are:


   DR =    ρ j     ρ m      ,   BR =    ρ j   u j     ρ m   u m      



(2)




where, ρj is density of cooling jet, ρm is density of mainstream flow, uj is velocity of cooling jet, um is velocity of mainstream flow.



Among the available data (Sinha et al. [6]), the measurements of DR = 2.0 with BR = 0.5 and 1.0 were compared with present predictions. Figure 8a shows the centerline adiabatic effectiveness, which is defined as:


  η =    T  a w   −  T m     T c  −  T m     



(3)




where Taw is adiabatic wall temperature. For present calculation, the near wall temperature is used.



For BR = 0.5, the prediction using Fluent solver with realizable k-ε model (X8) matches with the measured data better than CFX solver with SST model. It should be highlighted that the increase in mesh density (X8) improved prediction compared with coarser mesh (X1) as shown in Figure 8a, but only for the immediate downstream region of film (x/D < 5). For further downstream of x/D > 10, the prediction using the coarser mesh (X1) followed the measured data well. It is also interesting to observe both CFX and Fluent solvers with the SST model largely overpredict the centerline effectiveness for most of the region. Among the predictions of CFX and Fluent solvers with SST model at different mesh densities, CFX solver show little difference compare to Fluent solver. As the BR increases to 1 (Figure 8b), the none of the combinations of the selected solvers and turbulence models did a good job, especially for the immediate downstream (x/D < 5) of the film hole. Only Fluent solver with realizable k-ε model started following the trend after x/D > 6 and eventually matched the values after x/D > 15.



To investigate further, adiabatic effectiveness and 3D vorticity structures colored by dimensionless temperature are compared in Figure 9 and Figure 10. For BR = 0.5, it is observed that the Fluent solver with realizable k-ε with higher density mesh (X8) predicted smaller flow separation at the entrance of the film hole and also the shear region at the immediate exit of the film hole than the SST model. For the same size of mesh density (X8), the calculations using two turbulence models of realizable k-ε and SST showed recognizable differences in predicting 3D vorticity structure. From the prediction using CFX solver with SST model (Figure 9c), there were also noticeable differences in 3D vorticity structure and its size compared to the Fluent solver. The similar trend in predicting 3D vorticity structure can be seen for BR = 1 (Figure 10) as well. In comparison of Figure 10b,c, CFX solver with SST model predicted the larger vorticity structure better than Fluent results. The additional separation at the upstream edge of the entrance of the film hole is seen only with Fluent solver (Figure 10a,b).



From above, it is obvious that density of mesh is strongly influencing the prediction. Furthermore, Figure 11 shows comparing normalized temperature at the film-hole exit and velocity at the film-hole inlet among the six different mesh densities. Beyond the mesh size of X8 (eight times denser than baseline, X1), it is clearly observed that the monitoring parameters are converging. Therefore, the mesh density of X8 was selected for the rest of the analysis.



Regarding the selection of the solver and turbulence model, no obvious conclusion can be drawn from the observation. The realizable k-ε model works better than the SST model for BR = 0.5 but not for BR = 1.0; it only follows the trend after x/D > 6 and matches the values after x/D > 15. Therefore, CFX with both SST and Fluent with realizable k-ε models were applied to investigate the influence of film hole position for comparison purpose.




4. Results and Discussion


4.1. External Film Heat Transnfer


The nine positions of a cylindrical film hole in the 7th rib segment for the present study is shown in Figure 2. The boundary condition of the inlet of the ribbed cooling channel is adjusted to achieve target blowing ratios (0.8, 1.1 and 1.7) of the film hole positioned at DP00 while the boundary condition of the mainstream flow is fixed. Therefore, it is expected to see some variation of blowing ratio among the nine positions of film holes at each target blowing ratio. Figure 12 shows these variations of the blowing ratio of each film-hole position. It is noticeable that the trend of blowing ratios of film holes close to the left-side wall (DP03, DP04 and DP05) are reversed compared to the film holes in the middle (DP00, DP01 and DP02) as well as those close to the right-side wall (DP06, DP07 and DP08). For the target BR = 0.8, 1.1 and 1.7 referenced to DP00, the variations are in the range of +19%~−15%, +30%~−14%, +42%~−16%, respectively. Since film effectiveness is sensitive to blowing ratio, its influence is expected to be observed in film cooling performance.



In Figure 13, Figure 14 and Figure 15, the distribution of adiabatic effectiveness of each film location at three different blowing ratios is compared. Figure 13 presents the effectiveness of three film holes positioned in the middle of the ribbed channel, DP00, DP01 and DP02. The distribution shows non-symmetric contours as the flow though the film hole is highly distorted by the effect of the vortical flow structure of the ribbed channel. As blowing ratio increases, the flow through the film hole lifts off so that there is less film coverage in the downstream region. The overall trend is similar for the other film positions shown in Figure 14 and Figure 15. However, the level of film effectiveness of DP03, and DP04 positioned close to the left-side wall is higher than others. Even at the blowing ratio of 1.1, the two film holes perform better. At the highest blowing ratio of 1.7, all three films lift off eventually.



Therefore, centerline values are not meaningful for quantitative comparison due to the non-symmetric distribution of adiabatic effectiveness. Instead, laterally averaged values of effectiveness (locations are shown in Figure 16) are compared as shown in Figure 17. It is clearly seen that DP03 and DP04 are showing outstanding variations among the nine film hole locations. For BR = 0.8, DP04 shows the highest effectiveness locally, x/D < 2, but it achieves the best performance over the entire region for BR = 1.7. However, the trend is changed for BR = 1.1. DP03 records higher values for the most of the region except the immediate downstream of the film hole, x/D < 1.5. DP04 shows higher effectiveness than DP03 in the region of x/D < 1.5 (refer to Figure 15). Overall, DP04 records the highest effectiveness for BR = 1.7, and DP03 shows promising performance for BR = 0.8 and 1.1.



For comparison purposes, the predictions using Fluent solver are also presented in Figure 18. The Nusselt number distributions are not quite similar in trend as well as level compared to the CFX solver (refer to Figure 15). As shown in Figure 19, the laterally averaged values show very monotonic variation only by the effect of blowing ratio unlikely what has been observed from the prediction using CFX solver.



As noted earlier, there is high vortical flow in the ribbed channel. The 3D vortex structure shown in Figure 20a provides evidence of the swirling flow at the entrance of the film holes of DP03 and DP04. To investigate further on the characteristics of DP03 and DP4, especially for the interaction between the mainstream and film flow, the dimensionless temperature (Equation (1)) contours at various streamwise locations are observed as shown in Figure 20b–f. First of all, the concentration of film flow in the downstream can be clearly seen together with its interaction with mainstream flow. For BR = 0.8 and 1.1, the radius of film flow of DP04 is smaller and well-attached to the surface compared to DP03, but it is diluted earlier (1 < x/D < 5) than DP03. For BR =1.7, both films lift off immediately. Referring to Figure 12, the individual blowing ratios of DP04 are higher than DP03 at BR = 1.7; therefore, it is observed that the film flow of DP04 lifts off faster than DP03.



The regionally averaged value of adiabatic effectiveness is also compared in Figure 21. The overall trend shows that the effectiveness is decreasing as blowing ratio increases. DP03 is showing enhanced performance among nine positions for the given blowing ratio. The performance of DP04 is still strong except for BR~1.5, while DP05 shows improved performance in the specific blowing ratio of 1.5. This confirms that the DP03, DP04 and DP05 located close to the left-side wall have potential to achieve enhanced film effectiveness.



Discharge coefficient is one of the important parameters for designing the film hole and to characterize the film performance. The discharge coefficient (   C d  )   is the ratio of the ‘ideal’ mass flow rate (     m i   ˙   ) and actual flow rate (     m a   ˙  )   through the film hole:


   C d  =      m a   ˙       m i   ˙     



(4)







The ideal flow is based on an isentropic, one-dimensional expansion of the cooling flow from the ribbed channel total pressure, pt, to the main flow static pressure, ps. For the present study, this ideal mass flow was calculated using the Bernoulli equation [29]:


     m i   ˙  = A   2 ρ    p t  −  p s       



(5)




where, A is area, ρ is density.



Figure 22 shows the distribution of the discharge coefficient of the film hole at each position as blowing ratio varies. The results are also compared to the measured data with and without the rib (smooth channel) [30,31]. The clear difference is that the discharge coefficients of nine film holes are less sensitive to the blowing ratio in the range of 0.5~2.5. It should be noted that the ratio of rib pitch to hole diameter (p/D) of the selected references [30,31] is 4, which is much smaller than the present configuration, p/D = 26.3.




4.2. Internal Heat Transfer of Ribbed Channel with Film Extraction


It is reported that film extraction in the ribbed channel promotes heat transfer locally. Hence, the position of the film hole will influence the internal heat transfer. Figure 23 compares the normalized Nusselt number of ribbed channels with film extraction at nine locations for BR = 0.8. Referring to the distribution of DP00, the high heat transfer region shown in the immediate downstream of the rib is reduced significantly for DP06 and DP08. It is also noticeable that the Nusselt number distribution in the high heat transfer region of DP07 is affected as the film hole is positioned close to the region. Contrarily, the high Nusselt number region is less influenced by DP04, DP03 and DP05 as the positions are farther away from the high heat transfer region and are also located in separated flow near the corner of left-side wall. Compared to DP00, the normalized Nusselt number values of DP01 and DP02 in the high heat transfer region are slightly lower. For further reference, the heat transfer distribution of the ribbed channel without film extraction is also presented in Figure 23. Comparing it with DP00, there is recognizable enhancement in the high heat transfer region of DP00.



In Figure 24, the predictions of DP00 using two solvers are compared at three different blowing ratios. It is clear that the trends are similar but not the values. In general, Fluent solver underpredicts heat transfer compared to CFX.



Figure 25a shows the comparison of Nusselt number normalized by the value of DP00 for the nine film hole locations. It should be noted again that the blowing ratio of each film hole varies against the reference position of DP00 for each target blowing ratio. In this comparison, most of the data points are below the values of DP00. Only DP01, DP03, DP04 and DP05 show slightly higher values than DP00 for BR < 1.0 and BR > 1.5. Further comparison with the Dittus–Boelter correlation is shown in Figure 25b. A similar trend can be observed from the comparison.



Since the blowing ratio is referenced to the mainstream flow, it does not represent the flow extraction from the ribbed channel flow. Therefore, additional parameters of bleed flow ratio and suction ratio (SR) are introduced for further comparison.


  B l e e d   f l o w   r a t e    %  =      m f   ˙       m c   ˙     



(6)




where,      m f   ˙    is mass flow rate of film and      m c   ˙    is mass flow rate of cooling flow of the ribbed channel.


  S u c t i o n   r a t i o ,   S R =    u f     u c     



(7)




where, uf is the mean velocity of film flow and uc is the mean velocity at the inlet of the ribbed channel.



For the target blowing ratios (BR = 0.8, 1.1 and 1.7), the equivalent bleed flow rate, Equation (6) and suction ratio, Equation (7) are 0.58%, 0.35%, 0.33% and 2.0, 1.4, 1.2, respectively. Figure 25c shows the comparison based on suction ratio (SR). It should be noted that the highest blowing ratio (BR = 1.7 of DP00) corresponds to the lowest suction ratio (SR = 1.2 of DP00).



Figure 26 presents the predicted results of the normalized average Nusselt number based on the Reynolds number of ribbed channels. For comparison, the experimental data of 30°, 45°, 60° ribs without film extraction [32,33] are included. The first data set without film extraction [33] shows the increase in heat transfer as the angle of the rib increases from 30° to 60°. Another set [32] also shows the same effect due to the increase of the angle of the rib. However, the slopes of the two data sets are different as the Reynolds number increases. The measured data of a 60° rib with film extraction [8] are included for further comparison. For the similar nine film positions of the present study, the experiments were conducted by varying suction ratio through the film hole while the Reynolds number of ribbed channels was kept constant. The red colored triangles shown in Figure 26 represent the data at nine film hole locations for the Reynolds number of 30,000. Since the data are scattered among the two data sets without film extraction [32,33], it is not obvious to declare if there is heat transfer enhancement with film extraction [8]. Interestingly, the measured data of a 45° rib without film extraction [3] overlaps with the present predicted values in the range of the Reynolds number, 78,000~95,000.



In an attempt to compare the influence of the film hole position on internal and external heat transfer, the variations of the normalized Nusselt number as well as film effectiveness due to the velocity ratio of mainstream (um) and cooling (uc) flow are presented in Figure 27. The Nusselt number and film effectiveness are normalized against the values of DP00. There are max 5% and 2% variations in the normalized average Nusselt number and film effectiveness among nine positions of film holes at three blowing ratios. Based on the observation, the films positioned at DP03 and DP04 show potential to achieve net increase in both internal and external heat transfer.





5. Conclusions


The influence of the film hole position on internal and external heat transfer was investigated using CFD. An integrated geometry of a ribbed cooling channel and film extract to mainstream passage was modeled to represent a turbine internal and external cooling scheme. The proposed geometric configurations of nine film holes were parameterized to conduct a series of calculations using commercial CFD packages (CFX and Fluent).



From the results of mesh density, solver and turbulence model sensitivity study based on a smooth channel with film extract to mainstream passage, it was learned that the Fluent solver with realizable k-ε model showed better agreement with the measured data than the SST model at the blowing ratio of 0.5. However, both Fluent and CFX solvers did not perform well in predicting the film effectiveness at the blowing ratio of 1.0. It is a common understanding that both k-ε and SST models are inaccurate for separate flow. Since the present study is taking a comparative approach using commercial CFD tools, CFX with SST models was applied as a primary tool and compared with Fluent solver results for selected cases.



The key findings are summarized below:




	
The heat transfer of a ribbed channel with film extraction is influenced by the position of the film hole. The comparison in blowing ratios among nine film hole positions showed maximum 19%, 30%, and 42% variations at BR = 0.8, 1.1 and 1.7, respectively;



	
Among the nine positions, the film holes located in the separated flow region (DP01, DP03, DP04 and DP05) showed better internal heat transfer performance compared to the reference position of DP00 for BR < 1.0 and BR > 1.5;



	
The film holes positioned close to the left-side wall (DP03, DP04 and DP05) performed better since they showed minimum reduction in internal heat transfer but still achieved enhancement in film effectiveness;



	
In a comparison of film effectiveness, DP03 showed the best performance. In addition, DP04 and DP05 demonstrated competitive performance, except at BR~1.5;



	
Overall, the films positioned at DP03 and DP04 showed a potential to achieve a net increase in internal and external heat transfer.








For future research, it is obvious that there is a need for more accurate flow field and heat transfer measurements on the combined configuration of internal and external heat transfer passage with the film hole for comprehensive understanding and validation of CFD modeling at all levels of fidelity.
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Figure 1. Geometry of an integrated ribbed internal cooling channel, film hole and external passage. Iso view (a) and front view (b). 
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Figure 2. Parametric definition of nine film hole locations in a ribbed channel. 
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Figure 3. Mesh for the computational domain (X8). Iso view (a), detailed view of film hole (b) and side view (c). 
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Figure 4. Geometry and computational domain for sensitivity study (Sinha et al. [6]). 
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Figure 5. Mesh for sensitivity study. Iso view (a), detailed view of film hole (b) and side view (c). 
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Figure 6. Distribution of dimensionless temperature and its difference (x-z view). Width = 3D (a) and width = 7D (b) and difference between the width of 3D and 7D (c). 
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Figure 7. Comparison of dimensionless temperature at the exit of the computational domain (z-y view, x/D = 30). Width = 3D (Mesh = Narrow X1) (a) and width = 7D (Mesh = 1X) (b). 
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Figure 8. Comparison of adiabatic effectiveness [6,27]. BR = 0.5, mesh and turbulence model sensitivity (a) and BR = 1.0, turbulence model sensitivity (b). 
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Figure 9. Adiabatic effectiveness and vorticity structure colored by dimensionless temperature, BR = 0.5. Fluent, X8, Realizable k-ε (a), Fluent, X8, SST (b) and CFX, X8, SST (c). 
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Figure 10. Adiabatic effectiveness and vorticity structure colored by dimensionless temperature, BR = 1.0. Fluent, X1, Realizable k-ε (a), Fluent, X1, SST (b) and CFX, X1, SST (c). 
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Figure 11. Convergence of mesh density, BR = 0.5, CFX. Average temperature on film hole exit (a) and averaged velocity of film hole inlet (b). 
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Figure 12. Variation in blowing ratio (BR). 
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Figure 13. Distribution of adiabatic effectiveness of film hole at DP01, DP00 and DP02, CFX (x-z view). 
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Figure 14. Distribution of adiabatic effectiveness of film hole at DP07, DP06 and DP08, CFX (x-z view). 
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Figure 15. Distribution of adiabatic effectiveness of film hole at DP04, DP03 and DP05, CFX (x-z view). 
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Figure 16. Data processing for laterally averaged film effectiveness (red-colored lines). 
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Figure 17. Laterally averaged adiabatic effectiveness. BR = 0.8 (a), BR = 1.1 (b) and BR = 1.7 (c). 
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Figure 18. Distribution of adiabatic effectiveness of film hole at DP04, DP03 and DP05, Fluent (x-z view). 
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Figure 19. Laterally averaged adiabatic effectiveness, Fluent. 
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Figure 20. 3D Vortex structure and dimensionless temperature contours overlaid with velocity vector at various streamwise locations (x/D = 0.5~15), CFX. 3D vortex structure through film hole (a), x/D = 0.5 (b), x/D = 1 (c), x/D = 5 (d), x/D = 10 (e) and x/D = 15 (f). 
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Figure 21. Regional-averaged adiabatic effectiveness. 
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Figure 22. Comparison of discharge coefficients [30,31]. 
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Figure 23. Distribution of normalized Nusselt number (Nu/NuDB) in the 7th rib segment, BR = 0.8, CFX (z-x view). 
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Figure 24. Comparison of normalized Nusselt number (Nu/NuDB) in the 7th rib segment, DP00 (z-x view). 






Figure 24. Comparison of normalized Nusselt number (Nu/NuDB) in the 7th rib segment, DP00 (z-x view).



[image: Energies 14 04689 g024]







[image: Energies 14 04689 g025 550] 





Figure 25. Comparison of normalized average Nusselt number based on blowing ratio, suction ratio and bleed flow ratio. Nu/NuDP00 vs. BR (a), Nu/NuDB vs. BR (b), Nu/NuDB vs. SR (c) and Nu/NuDB vs. Bleed flow rate (d). 
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Figure 26. Comparison of normalized average Nusselt number based on Reynolds number of ribbed channels [8,32,33]. 
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Figure 27. Comparison of normalized average Nusselt number and regional averaged adiabatic effectiveness. 
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Table 1. Geometric parameters of the film hole and ribbed channel.
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	Geometrical Parameters
	Symbol
	Value





	Passage aspect ratio
	H/W
	1



	Rib angle
	α
	45°



	Rib height to width ratio
	h/e
	1



	Rib pitch to height ratio
	p/h
	10



	Hole diameter
	D
	5 mm



	Ratio of film hole diameter to rib height
	D/h
	0.38



	Ratio of film hole vertical height to hole diameter
	l/D
	1



	Film hole inclination angle, lateral to mainstream flow direction
	β
	30°



	Film hole inclination angle, in mainstream flow direction (compound angle)
	γ
	90°
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Table 2. Summary of boundary conditions.






Table 2. Summary of boundary conditions.





	

	

	

	
BR = 0.8,

DR = 1.6

	
BR = 1.1,

DR = 1.6

	
BR = 1.7,

DR = 1.6






	
Cooling flow

	
Inlet

	
Total pressure

	
101,565 Pa

	
102,040 Pa

	
103,515 Pa




	
Total temperature

	
153.00 K




	
Outlet

	
Static pressure

	
101,405 Pa




	
Wall

	
Temperature

	
283.15 K




	
Mainstream flow

	
Inlet

	
Total pressure

	
101,555 Pa




	
Total temperature

	
302.00 K




	
Outlet

	
Static pressure

	
101,315 Pa




	
Wall

	
Adiabatic

	
-











[image: Table] 





Table 3. Meshes generated for sensitivity study.
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Width

	

	
Nodes

	
Elements






	
Narrow (3D)

	
Narrow X1

	
6.1M

	
5.6M




	
Wide (7D)

	
X1

	
5.8M

	
5.7M




	
X2

	
12.7M

	
12.5M




	
X4

	
25.2M

	
24.9M




	
X8

	
50.7M

	
50.1M




	
X16

	
78.3M

	
77.7M
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