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Abstract

:

The effect of the swirl clocking on three-dimensional nozzle guide vane (NGV) is investigated using computational fluid dynamics. The research reports the loss characteristics of leaned and swept NGVs and the influence of swirl clocking. The three-dimensional NGVs are built by stacking the same 2D profile along different linear axes, characterized by different angles with respect to the normal or radial direction: ε = −12° ~ +12° for the leaned and γ = −5° ~ +10° for the swept airfoils. A total of 40 models are analyzed to study the effects of lean and sweep on aerodynamic performance. To investigate the influence of swirl clocking, the analysis cases include the center of the swirl that was positioned at the leading edge as well as the middle of the passage. The prediction results show that the relationship of the changes in mass flow rate and throat area are not monotonic. Further observation confirms the redistribution of loading and flow angle under different lean and sweep angles; thus, three-dimensional design is a key influencing factor on aerodynamic performance. In the presence of swirl clocking, NGV performance is changed significantly and the findings offer new insight and opportunities to improve three-dimensional NGV airfoil design.
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1. Introduction


The Nozzle Guide Vane (NGV) of a turbine experiences a highly turbulent combustion flow with a complicated swirl structure [1,2]. The role of NGV is to turn the flow to the right angle for downstream rotor and stages while controlling the flow rate through its throat area. In addition, further cooling and structural requirements should be considered to withstand high pressure and temperature operating conditions. Therefore, this motivates researchers to develop robust approaches for improving overall efficiency by controlling flow through NGV. One of which is to implement lean and sweep angles to the NGV. Lean is a stacking-line modification in which NGV sections are moved relative to each other in the circumferential direction. For sweep, the modification applies to the axial direction. Therefore, the influence of lean, sweep and swirl on the three-dimensional aerodynamics of turbine passage is of great interest to researchers. The very early concept of radial airfoil stacking was introduced about sixty years ago. Straight lean and compound lean have been recognized as an effective way to control the reaction, loading and secondary flows [3,4,5,6,7,8,9,10,11]. It has been reported that the straight lean and compound lean can reorganize the vortices and reduce the secondary flow loss. As a result, the secondary flow loss decreased remarkably by using appropriate leaned blades [12,13,14,15,16]. The sweep commonly occurred because the meridional passage of the main annulus is not typically at a constant radius, whereas the NGV is stacked on a near radial line in the meridional views. The secondary flow structure and the pressure distribution of the NGV passage are closely linked so that the sweep angle affects the secondary loss mechanism [17,18]. However, the sweep angle may simply shift the loss from the endwall region to mid-span [19,20]. The potential impact and limitation of the understanding were reviewed as the technology developed [21,22]. It has been almost twenty years since the advanced computational fluid dynamics (CFD) and experimental approach have been brought into turbomachinery research. Comprehensive results from experiments and CFD are reported to enhance the understanding of the root cause [3,4,5,6,7,9,10,11,12,13,14,15,17,18,19,20,21,22,23,24,25,26,27,28,29]. Furthermore, the design optimization approach is being applied to offer more complicated control of design parameters [8,16,30].



While the previous research on lean and sweep reported its influence on three-dimensional aerodynamics of airfoil passage, there is rarely any report in conjunction with swirl clocking. Similarly, the research on the swirl effect on NGV aerodynamic performance [21,23,24,25,26] did not consider the lean and sweep. The present study aims to investigate the influence of the three-dimensionality of NGV on the turbine stage considering more realistic operation conditions. Therefore, a 1.5 stage turbine with three-dimensional NGV airfoil is modeled for simulating the swirl clocking. A series of CFD is conducted to (1) confirm the findings from early research and (2) reveal the further understanding of the impact of swirl clocking on the stage performance. A parametric geometry is created for the present study. The parameters to vary the NGV geometry are the angles of lean (+12 ~ −12, Δ = 6°), compound lean (+12 ~ −12, Δ = 6°), and sweep (+10 ~ −5, Δ = 5°). In addition, the study extended to include the swirl clocking by positioning the swirl core at the leading edge and passage center of NGV. For the analysis, the variation of the shape of NGV is achieved by using in-house tools. Then, the produced airfoil geometries are transferred to TurboGrid (Version 19.2 R2, ANSYS Inc., Canonsburg, PA, USA) to generate computational grids. In CFX (Version 19.2 R2, ANSYS Inc., Canonsburg, PA, USA), the properties of combustion gas and total to static pressure ratio are applied for the calculation. Uniform inlet total temperature and adiabatic walls are assumed. To model turbulence, SST (Shear Stress Transport) is selected with an inlet freestream turbulence intensity of 5%. In total, 108 cases are analyzed for the present investigation.




2. Computational Model and Approach


A nozzle guide vane of the first stage turbine of an industrial gas turbine is used as a baseline configuration for CFD validation. The airfoil at 50% span height is shown in Figure 1. The NGV has an axial chord of 123.6 mm at 50% span height and a total of 48 airfoils around the annulus. The height of the airfoil is 157.20 mm at the leading edge (LE) and the NGV exit angle is 71.2° at 50% span height. The total to total pressure ratio is 1.86 and the stage efficiency is 91.8%. The inlet Reynolds number is 1.32 × 106 and the exit Mach number at design condition is 0.77 at mid-span height.



The computational domain is shown in Figure 2, which starts from 0.6 Cax upstream of the leading edge (LE) and ends at 0.1 Cax downstream of the trailing edge. The principal geometric parameters of the NGV and boundary conditions utilized in this research are shown in Table 1.



The definition of total to total isentropic efficiency in this paper is


   η t  =    h  02   −  h  01      h  02 ′   −  h  01      



(1)




where    η t    is total to total isentropic efficiency, h is static enthalpy, respectively.


   C p  =        p  01    ¯  −  p  02       0.5  ρ 2   u 2 2     



(2)




where Cp is total pressure loss coefficient, p0 is total pressure, ρ is density and u is velocity.


  Q =  C Q     Ω 2  −  S 2     



(3)




where CQ = 0.25, S is the absolute value of the strain rate (s−1) and Ω is the absolute value of vorticity (s−1).



For this systematic parametric study, a total of 40 NGV configurations applying straight lean, compound lean and sweep angles are constructed. The baseline model has straight lean = 0°, and sweep = 0°. The parametric geometry is based on the baseline NGV configuration. The geometrical representation of NGV consists of a total of 11 sections including hub, mean and tip. Each cross section of the airfoil represented by the pressure side (PS) and suction side (SS) is designed using the Pritchard 11-parameter method [31]. The baseline NGV geometry uses a simple radial stack around the NGV trailing edge with no lean and sweep. By changing the shape of stacking line, a new NGV model is obtained.



The other 39 NGVs are constructed by applying different straight lean, compound lean and sweep. In the case of straight lean models, the stacking lines are leaned in the circumferential direction (Figure 3a). The compound lean has an elliptical tangential stacking profile within the angle inclination at both end-walls (Figure 3a). Positive and negative straight lean angles are applied to study its influence and the same approach is applied to the airfoils with compound lean angles. The sweep is defined as the deviation of the stacking axis of the airfoil from a line perpendicular to the axisymmetric stream surface in the meridional view (Figure 3b). As summarized in Table 2, the sweep angle chosen for the present investigation is in the range of −5° ~ +10°. For lean angle, a slightly wider range angle of −12° ~ +12° is selected. These lean angles provide sufficient geometry variation to drives the changes in aerodynamic characteristics including loading, secondary flow and mass-flow distribution. Figure 4 shows the overlapped cross-sectional geometries of four selected three-dimensional NGV airfoils.



The computational domain and mesh (5 × 106 nodes) and the station number of the turbine stage are shown in Figure 2 and Figure 5, respectively. The steady-state calculations were conducted using the commercial CFD package, CFX, which solves the Reynolds-averaged Navier–Stokes equations using a finite-volume, node-centered approach with high-resolution schemes for convective fluxes and implicit time integration. The k-ω SST turbulent is used and under the no-slip wall conditions. A periodic boundary condition is applied in the circumferential interface. The mixing plane approach is adopted to the interfaces between stator and rotor as shown in Figure 5. The boundary layer is resolved by achieving the y+ of approximately 1 throughout the domain as required to resolve the near-wall region and to avoid the use of wall functions. The difference in NGV efficiency predictions due to mesh density is in the order of 10−4. Figure 6 compares numerical and experimental results in terms of the surface pressure distribution and total pressure loss at vane exit (z/Cax = 1.1). Figure 6 shows good agreement between predicted and measured data.



To study swirl clocking, the swirl intensity which is characterized by swirl number, SN (the ratio of the axial momentum flux and a characteristic radius [32]) is implemented for the present study. The applied inlet swirl profile and clocking positions (Figure 7) are representing a swirl number of approximately 0.5. The overall analysis matrix is shown in Table 3.


  S N =   ∫  u ¯   w ¯   r 2  d r   ∫ R   u ¯  2  r d r    



(4)








3. Results


3.1. Stage Performance with and without Swirl Clocking


Figure 8 compares the stage efficiencies of a total of 108 cases analyzed for the present study. For comparison, the results of straight lean with sweep are collected in Figure 8a, and compound lean with sweep are shown in Figure 8b, respectively. The baseline airfoil geometry (lean angle = sweep angle = 0°) of NGV is highlighted using a solid green-colored triangle. The variation in lean angle (±12°) is noted in the figure. The changes in sweep angle (−5° ~ +10°) is distinguished by different colors. Finally, the case of swirl center aligned at the leading edge of NGV is expressed using a dotted line. The dash-dotted line is used to represent the alignment of the swirl center in the middle of passage (between leading edges). In Figure 8a, the group of the triangle symbols in solid line shows the highest efficiency. These are the cases without swirl (No swirl) but showing the influence of lean and sweep angles to stage efficiency. Both positive lean and sweep angles improve stage efficiency but negative angles reduce the efficiency. The improvement due to the positive sweep angle (+10°) is the highest (0.127%p) when there is no lean angle applied to the airfoil. A similar observation can be made for the influence of lean angle as the improvement due to positive lean angle (+12°) is the highest (0.174%p) without sweep angle. However, the influence of lean angle is less sensitive to compound lean cases shown in Figure 8b. This characteristic makes compound lean more robust design choice as known. An increase in sweep angle still improves the stage efficiency.



By introducing the swirl clocking, the trend of stage efficiency is changed dramatically (Figure 8). The two swirl clocking positions representing the core of the combustor exit swirl are aligned at (1) the leading edge of NGV and (2) the center of the passage. First of all, the stage efficiency is reduced significantly in general. The maximum reduction is about 1.362%p for the model of SL12 SP10 compared to the no-swirl case. For straight lean cases, in Figure 8a, the stage efficiency curves with a swirl at passage center are simply shifted down. However, the trend with a swirl at leading edge is reversed. The detailed three-dimensional flow field will be followed to explain the difference in loss mechanism.



The models with compound lean angles shown in Figure 8b are less sensitive to the lean angle in the presence of swirl clocking compared to straight lean. However, the influence of the lean angle is recognizable when the swirl center is positioned at the leading edge. The variation in sweep angle influences the stage efficiency in a similar way to the straight lean.



It will also be important to monitor the change in the throat area due to lean and sweep, as it will influence mass flow rate. Figure 9 shows the comparison between the throat area and mass flow rate of all cases. It is interesting to observe that the increase in throat area is not always the cause of the increase in mass flow rate. The slopes of normalized mass flow rate and throat area are different in many cases, except Figure 9d of the straight lean with sweep angle. Nevertheless, the mass flow rate increases as lean and sweep angles increase. Therefore, the increase in stage efficiency of straight lean airfoils is influenced by lean and sweep angles. With compound lean (Figure 9c,d), the variations in throat area and mass flow rate are much smaller than that of the straight lean. This will be one of the reasons for less variation in the stage efficiency due to the lean and sweep.




3.2. Effect of Straight Lean, Compound Lean and Sweep


There are early studies to investigate the influence of lean and sweep angles on turbine aerodynamics [21,22]. Prior to discuss about its combined effect and also swirl clocking, it will be worthwhile to observe the influence of straight lean, compound lean and sweep on the flow field of turbine passage. Figure 10 shows the distribution of total pressure loss coefficient varying those angles. The straight lean of +12° model shows reduction in loss at lower endwall region while the loss is increase near the upper endwall compares to the baseline model. The compound lean model with the same +12° minimizes the loss at the upper endwall region. By applying the sweep angle (10°), the level of loss near the upper endwall region is reduced but the wake is widely spread than the baseline model. The same trend is also observed for the swept airfoils with straight and compound lean angles.



In Figure 11, the circumferentially averaged parameters of flow rate, exit flow angle and total pressure loss coefficient are compared at the exit plane of NGV. The comparison is intended to confirm the findings from the previous researches [5,19,20,23]. Straight lean angle is varied from +12° to −12° with the interval of 6°. Figure 11a–c shows the influence of straight lean angle of +12°, 0° (baseline model) and −12°. The positive lean of 12° (red-colored line) makes more mass flow rate passes through the lower half of the span height so that it leads to under turning of the exit flow. Considering the exit metal angle near the trailing edge in the region of span height of 15% is 70°, it concludes less total pressure loss as shown in Figure 11c. However, the trend is reversed in the upper half of the span height. The observation is changed when the negative lean of 12° (blue-colored line) is applied. For the compound lean, Figure 11d–f, the benefit of the lean angle applies to the lower and upper regions of the span height and keep the flow field of the mid-span region similar to the baseline airfoil. In comparison of positive and negative compound lean models, the positive 12° leaned model (red-colored line) showed reduced loss at the lower and upper regions of the span height. As the results show, the compound leaned airfoil is expected to be more robust design to de-sensitize the overall loss mechanism in turbine passage. For the cases only with sweep angle, Figure 11g–i show the characteristics of the NGV passage flow. The positive sweep angle of 10° increases mass flow rate through the lower 30% of span height and it produces a similar effect as it was observed from the positive straight lean angle of 12°. However, there are two main differences as (1) the location of the highest total pressure loss coefficient is moved upward slightly from lower endwall region and (2) the loss is not high as it was for the positive straight lean angle of 12° in the upper endwall region.



These changes in the flow field are also associated with the changes in the airfoil loading. Figure 12 shows the radial variations of the static pressure distributions of the baseline NGV and blade at 10%, 50% and 90% span heights. It will be regarded as a reference in comparison with other models. The loading distributions of negative and positive 12° of straight lean models are compared in Figure 13. The negative lean angle contributes to make bigger radial changes in the loading distribution while the positive lean angle moves the loading toward the front of the axial chord of the airfoil. The compound leaned NGV shows different characteristics in loading distribution as shown in Figure 14. The positive compound leaned model put more loading in the mid-span region but the negative angle allocated a higher loading towards the upper and lower endwalls. Interestingly, the positive sweep redistributes the loading more toward the front of the airfoil while the negative sweep keeps the loading similar to the baseline but shows slightly higher gradient along the radial direction as compared in Figure 15. Finally, the loading distributions of the two models with maximum and minimum efficiencies are compared in Figure 16.




3.3. Combined Effect of Lean with Sweep


The influence of the combined angles of lean and sweep on aerodynamic characteristics is compared in this section. The comparison is made for the combination of maximum positive (+12°) and negative (−12°) lean angles with sweep angles of 0° and +10°. Figure 17 shows the comparison of circumferentially averaged mass flow rate, exit flow angle, and total pressure loss coefficient due to the combined effect of the straight lean with sweep. It is interesting to observe that the radial variations of the presented parameters are similar to the trend of the individual influence of lean and sweep angles. The superposition of the two effects is what can be seen in the comparison. This trend and comparison are seen also in Figure 18 where the combined effects of compound lean and sweep are compared for the selected angles. Figure 19 shows the static pressure distributions at 10%, 50% and 90% span heights. Comparing Figure 13b and Figure 14b shows the loading distribution by adding the sweep angle of +10°. As observed already, the positive sweep tends to increase the loading at the lower endwall. This influence is added to the combined models as expected. The loading is slightly increased at 10% span height by adding the sweep angle of +10°.



The present data observation provides useful insights on how each of the combined angles of straight and compound lean and sweep influence the aerodynamics characteristics.




3.4. Effect of Swirl Clocking


As observed in Figure 8, the application of the swirl clocking to 3D NGV changed the stage performance characteristics quite dramatically. The two swirl clocking positions are introduced, one at the center of the leading edge and another shifted half of the pitch in the clockwise direction (front view); hence, at the center of passage 1. Figure 20 visualizes the development of vorticity and interaction with passage flow due to the swirl clocking. When the swirl core is aligned to the leading edge of NGV, Figure 20b,e, the vortex (red-coloured) stays on the suction side of NGV and then it is pushed towards the upper endwall (this can be observed from the rear view) as it flows downstream. The development of the counter vortex (blue-colored) is also observed near the upper endwall. From the surface oil flow trajectory, the stagnation lines at the leading edge of both NGVs are strongly deflected toward the pressure side. Figure 20c,f show the vortex structure when the swirl core is aligned at the center of passage 1. The combustor exit swirl remains strong through the center of the passage. The counter vortex is also stronger than the swirl center at the leading edge. The stagnation lines of the leading edge of both NGVs are deflected toward the pressure side. Stronger downwash flow is observed on the pressure surface from the oil flow trajectory. As shown in the results, a stronger vortex on the suction surface of NGV1 is also observed in Figure 20f. These will contribute to increasing secondary flow loss of the cases with the swirl clocking at the passage center.



Another interesting observation from Figure 8 is that the characteristics of the stage performance are reversed when the swirl clocking is positioned at the center of the leading edge. Particularly for the straight lean of −12°, it shows higher stage performance with the swirl cockling at the leading edge than at the passage center. To understand the mechanism, Figure 21 is presented by comparing the influence of the positive and negative lean angles to the swirl clocking. It is clearly seen that the straight lean of −12° splits the combustor swirl from the leading edge so that weaker vortices are passing through the pressure and suction side of the NGV1. With maximum lean and sweep angles, the SL12 SP10 model shows minimum sensitivity to the swirl clocking (see Figure 8). Figure 22 shows the development of the vorticity depends on the swirl clocking positions. It only provides qualitative comparison but shows the strength of vortices of the two swirl clocking cases.



These findings contribute to improving the flow field characterization in the presence of a combustor swirl. Therefore, the traditional understanding and 3D design approach should be reconsidered if swirl clocking is introduced as it dominates the loss mechanism in the turbine passage.




3.5. Downstream of NGV Passages and Mixing Plane


It should be noted that the flows through passage 1 and 2 experience different inlet swirl due to the clocking positions as shown in Figure 23. This shows the combined effect of 3D NGV and swirl clocking on the total pressure loss coefficient at the exit plane of NGV. Comparison with Figure 10 provides clear observation on the influence of the swirl clocking. Although it looks complicated, the previous understanding from Figure 20 supports the analysis of the swirl interaction with 3D NGV models. A similar interaction mechanism drives the flow through the passage so that the loss is more concentrated at the upper endwall and at the center of the passage depends on swirl clocking position.



Figure 24 shows the comparison of circumferentially averaged total pressure loss coefficients for passage 1 (blue-colored line) and 2 (red-colored line). The results show different loss distributions downstream of the two passages as expected from the previous observation. For reference purposes, the loss distribution averaged over the two passages is also presented in a dotted black line. It proves that such an average approach is not appropriate for distinguishing the influence of the inlet swirl on each passage. The solid black line represents the loss distribution of the baseline model without inlet swirl.



The present study also aims to understand the influence of 3D NGV and swirl clocking on stage performance. Hence, the computational domain includes 1.5 stages of the turbine. Ideally, unsteady CFD applying a sliding mesh interface will be more physically representative. However, evaluating the average performance is still meaningful to support the present research interest and saves computational time to complete a large number of calculations. For these reasons, steady CFD with mixing plane interface is applied for the series of calculations. Figure 25 shows the distributions of total pressure loss coefficient at the mixing plane depends on swirl clocking positions. It still captures the key flow characteristics of NGV downstream and passes the effect of wake flow to the computational domain of the blade. As seen in the results, the loss distributions at the exit of the blade are influenced by the swirl clocking. This observation supports the value of the present study applying steady CFD with a mixing plane interface.




3.6. Stage Performance with Swirl Clocking


From Figure 8, it is interesting to observe that the stage performance is strongly influenced by the proposed swirl clocking. Detailed analysis is made for the models showing the highest stage performance at the proposed swirl clocking positions as shown in Table 4. The models performing better than others are with the largest lean (+12°) and sweep (+10°) angles, and also the one with a negative lean angle of −12°. The SP-12 SP10 model shows the highest stage performance when the swirl core is aligned at the leading edge of NGV. In Figure 21, the swirl interaction with 3D NGV was shown to explain the loss mechanism. In this section, the detailed characteristics of the key parameters are presented to confirm the findings from the previous observation.



Figure 26 shows the influence of swirl clocking on the distribution of the total pressure loss coefficient at the exits of NGV. Compared to the distributions shown in Figure 23, the loss is more widely spread as the models have a combined effect of lean and sweep. As observed in Figure 17 and Figure 18, the combined effects can be seen as the superposition of the effect of individual angles. The distorted NGV exit flow continues to influence the blade aerodynamics as shown in Figure 27 and Figure 28.




3.7. Straight Lean (SL+12 SP0, SL-12 SP0 and SL-12 SP10) with Swirl Clocking


To analyze the influence of swirl clocking to 3D NGV, the aerodynamic characteristics of the three models with positive (+12°) and negative (−12°) straight lean angles with and without sweep (+10°) are compared in detail. These are the models with green and black-colored symbols as shown in Figure 8. The stage performances of these three models are changed by the swirl clocking, especially for the model with a negative (−12°) straight lean angle. As shown in Figure 29, the circumferentially averaged total pressure loss coefficients are compared at the exits of NGV and blade. The comparison confirms the influence of negative lean angle (−12°) explored in Figure 21.




3.8. Compound Lean with Swirl Clocking


The SL12 SP10 model showed the highest stage efficiency with no swirl and its performance is less sensitive to the swirl clocking (see Figure 8). Therefore, it is an interesting model to investigate further. For this purpose, the comparison of circumferentially averaged mass flow rate, exit flow angle, and total pressure loss coefficient with swirl clocking is shown in Figure 30. It reflects the vortex formation through the passage shown in Figure 22. With swirl clocking at the leading edge (red-colored lines), spanwise variations of the parameters are more uniform than the results with swirl at passage center and also without swirl. However, the averaged performance is very much the same as shown in Figure 8.



By extending the observation to the compound lean models, it provides better insight into the differences in stage performance. The CL12 SP10 model shows the highest stage efficiency with the proposed swirl clocking (see Figure 8). There is no dramatic change in the stage efficiency as is observed with straight lean models. Furthermore, the lean angle is not sensitive to the stage efficiency except in the cases with swirl clocking at the leading edge. However, the sweep angle is sensitive to the stage efficiency. The mass flow rate and exit flow angle are more uniform and consistent with the two swirl clocking positions as shown in Figure 31. The trends can also be compared with the SL12 SP10 model (see Figure 30). Overall, it can be stated that the compound lean is more robust than the other models, meaning it is less sensitive to the operating conditions.





4. Conclusions


The present study aims to investigate the influence of swirl clocking on turbine stage performance. A total of 108 CFD cases are analyzed to investigate the independent and combined effects of lean, and sweep angles on turbine aerodynamics. Furthermore, the study is extended to consider the influence of swirl clocking. The key findings are summarized as follows.




	
The influence of combined angles of lean and sweep inherits their individual effects.



	
Positive lean and sweep (SL12 SP10 model) shows improved stage performance of +0.208%p with no swirl and +0.101%p with swirl clocking positioned at passage center against the baseline configurations.



	
Negative lean with sweep (SL-12 SP10 model) shows the enhanced stage efficiency of +0.277%p with swirl clocking positioned at the leading edge compared to the baseline model.



	
Compound lean is less sensitive to the swirl clocking while straight lean is strongly influenced.








The present study reveals that there is a strong influence of swirl clocking on the turbine stage performance with 3D NGV. Therefore, designers are asked to consider realistic operating conditions and reflect the findings from the present study to the future design and performance improvement. In terms of robust design, compound lean can be the favored choice for turbine designers even for the presence of swirl and swirl clocking.



For future research, its impact on heat transfer applying inlet temperature profile, cooling flow and unsteadiness will be necessary to provide more comprehensive aerothermal design guidelines.
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Figure 1. Nozzle guide vane profile. 






Figure 1. Nozzle guide vane profile.
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Figure 2. Computational domain and surface mesh distribution. 
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Figure 3. Definitions of lean and sweep angle: (a) Circumferential view—Straight lean angle and compound lean angle; (b) Meridional view—Sweep angle. 
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Figure 4. Airfoil profiles of spanwise direction: (a) SL0 SP0; (b) SL0 SP10; (c) SL12 SP0; (d) CL12 SP0. 
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Figure 5. Swirl center location and measurement plane. 
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Figure 6. Comparison of surface pressure distribution of NGV. 






Figure 6. Comparison of surface pressure distribution of NGV.



[image: Energies 14 05503 g006]







[image: Energies 14 05503 g007 550] 





Figure 7. Swirl vector at inlet plane: (a) Swirl at LE; (b) Swirl at passage center. 






Figure 7. Swirl vector at inlet plane: (a) Swirl at LE; (b) Swirl at passage center.



[image: Energies 14 05503 g007]







[image: Energies 14 05503 g008 550] 





Figure 8. Comparison of stage efficiencies: (a) Straight lean; (b) Compound lean. 
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Figure 9. Variation of throat area and mass flow rate of the 3D NGVs: (a) Sweep with straight lean angle; (b) Straight lean with sweep angle; (c) Sweep with compound angle; (d) Compound lean with sweep angle. 
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Figure 10. Distributions of total pressure loss coefficient at NGV exit, z/Cax = 1.06 (rear view): (a) SL0 SP0; (b) SL0 SP10; (c) SL12 SP0; (d) SL12 SP10; (e) CL12 SP0; (f) CL12 SP10. 
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Figure 11. Comparison of circumferentially averaged static pressure, exit flow angle, and total pressure loss coefficient due to the straight lean, compound lean and sweep: (a) Static pressure with straight lean; (b) Flow angle with straight lean; (c) Total pressure loss with straight lean; (d) Static pressure with compound lean; (e) Flow angle with compound lean; (f) Total pressure loss with compound lean; (g) Static pressure with sweep; (h) Flow angle with sweep; (i) Total pressure loss with sweep. 
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Figure 12. Loading distribution of NGV loading at 10, 50 and 90% span heights. 
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Figure 13. Comparison of NGV loading due to the straight lean angle: (a) Span height 10%; (b) Span height 90%. 
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Figure 14. Comparison of NGV loading due to the compound lean angle: (a) Span height 10%; (b) Span height 90%. 
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Figure 15. Comparison of NGV loading due to sweep angle: (a) Span height 10%; (b) Span height 90%. 
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Figure 16. Comparison of NGV loading of the models with maximum efficiency (SL0 SP0 No swirl) and minimum efficiency (SL-12 SP-5 No swirl) model: (a) Span height 10%; (b) Span height 90%. 
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Figure 17. Comparison of circumferentially averaged mass flow rate (a), exit flow angle (b), and total pressure loss coefficient (c) due to the straight lean with sweep. 
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Figure 18. Comparison of circumferentially averaged mass flow rate (a), exit flow angle (b), and total pressure loss coefficient (c) due to the compound lean with sweep. 
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Figure 19. Comparison of NGV and Blade loading distributions of SL12 SP10 (a) and CL12 SP10 (b) models. 
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Figure 20. Comparison of vortex structure due to the swirl clocking−SL0 SP0 model (Baseline): (a) No swirl (front view); (b) SW@LE (front view); (c) SW@PC (front view); (d) No swirl (rear view); (e) SW@LE (rear view); (f) SW@PC (rear view). 
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Figure 21. Swirl clocking interaction with passage flow−the influence of straight lean angle: (a) SL12 SP0 No swirl; (b) SL12 SP0 SW@LE; (c) SL12 SP0 SW@PC; (d) SL−12 SP0 No swirl; (e) SL−12 SP0 SW@LE; (f) SL−12 SP0 SW@PC. 
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Figure 22. Comparison of vortex structure due to the swirl clocking−SL12 SP10 model: (a) SL12 SP10 No swirl; (b) SL12 SP10 SW@LE; (c) SL12 SP10 SW@PC. 
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Figure 23. Total pressure loss coefficient at vane exit, z/Cax = 1.06 (rear view): (a) SL0 SP0 SW@LE; (b) SL0 SP0 SW@PC; (c) SL12 SP0 SW@LE; (d) SL12 SP0 SW@PC; (e) CL12 SP0 SW@LE; (f) CL12 SP0 SW@PC; (g) SL0 SP10 SW@LE; (h) SL0 SP10 SW@PC. 
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Figure 24. Comparison of circumferentially averaged total pressure loss coefficients for passage 1 and 2. 
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Figure 25. Total pressure loss coefficient at the inlet and exit of blade (rear view), Baseline NGV: (a) Blade inlet, No swirl; (b) Blade inlet, SW@LE; (c) Blade inlet, SW@PC; (d) Blade exit, No swirl; (e) Blade exit, SW@LE; (f) Blade exit, SW@PC. 






Figure 25. Total pressure loss coefficient at the inlet and exit of blade (rear view), Baseline NGV: (a) Blade inlet, No swirl; (b) Blade inlet, SW@LE; (c) Blade inlet, SW@PC; (d) Blade exit, No swirl; (e) Blade exit, SW@LE; (f) Blade exit, SW@PC.
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Figure 26. Total pressure loss coefficient at vane exit, z/Cax = 1.06 (rear view): (a) SL12 SP10 SW@LE; (b) SL12 SP10 SW@PC; (c) SL−12 SP10 SW@LE; (d) SL−12 SP10 SW@PC; (e) CL12 SP10 SW@LE; (f) CL12 SP10 SW@PC. 
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Figure 27. Total pressure loss coefficient at blade exit at z/Cax = 1.2 (rear view): (a) SL12 SP10 No swirl; (b) SL12 SP10 SW@LE; (c) SL12 SP10 SW@PC; (d) SL−12 SP10 No swirl; (e) SL−12 SP10 SW@LE; (f) SL−12 SP10 SW@PC; (g) CL12 SP10 No swirl; (h) CL12 SP10 SW@LE; (i) CL12 SP10 SW@PC. 






Figure 27. Total pressure loss coefficient at blade exit at z/Cax = 1.2 (rear view): (a) SL12 SP10 No swirl; (b) SL12 SP10 SW@LE; (c) SL12 SP10 SW@PC; (d) SL−12 SP10 No swirl; (e) SL−12 SP10 SW@LE; (f) SL−12 SP10 SW@PC; (g) CL12 SP10 No swirl; (h) CL12 SP10 SW@LE; (i) CL12 SP10 SW@PC.



[image: Energies 14 05503 g027]







[image: Energies 14 05503 g028 550] 





Figure 28. Comparison of vortex structure due to the swirl clocking—Blade passage: (a) SL12 SP10 No swirl; (b) SL12 SP10 SW@LE; (c) SL12 SP10 SW@PC; (d) SL−12 SP10 No swirl; (e) SL−12 SP10 SW@LE; (f) SL−12 SP10 SW@PC; (g) CL12 SP10 No swirl; (h) CL12 SP10 SW@LE; (i) CL12 SP10 SW@PC. 
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Figure 29. Comparison of circumferentially averaged mass flow rate, exit flow angle, and total pressure loss coefficient due to swirl clocking: (a) SL12 SP0—NGV; (b) SL−12 SP0—NGV; (c) SL−12 SP10—NGV; (d) SL12 SP0—Blade; (e) SL−12 SP0—Blade; (f) SL−12 SP10—Blade. 
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Figure 30. Comparison of circumferentially averaged mass flow rate (a,d), exit flow angle (b,e), and total pressure loss coefficient (c,f) of the SL12 SP10 model due to swirl clocking. 
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Figure 31. Comparison of circumferentially averaged mass flow rate (a,d), exit flow angle (b,e), and total pressure loss coefficient (c,f) of the CL12 SP10 and CL−12 SP10 model due to swirl clocking. 
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Table 1. NGV geometric parameters and boundary conditions at 50% span height.
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	Parameters
	Unit
	NGV
	Blade





	Airfoil count
	-
	36
	71



	Axial chord, Cax
	mm
	123.6
	113.2



	Exit metal angle, β
	°
	71.2
	56.5



	Tip clearance
	mm
	-
	2.2



	Inlet total pressure
	Bar
	22
	-



	Inlet total temperature
	K
	1873
	-



	Stage pressure ratio, p01/p02
	-
	1.86
	-



	Exit Mach number, M2
	-
	0.77
	-



	Inlet Reynolds number, ReCax
	-
	1.32   ×   106
	-



	Span height to axial chord, Hspan/Cax
	-
	1.43
	2.69
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Table 2. Lean and sweep angle range.
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	Parameter
	Abbreviation
	Angle Range





	Straight lean angle (εs)
	SL
	−12°, −6°, 0°, +6°, +12°



	Compound lean angle (εc)
	CL
	−12°, −6°, 0°, +6°, +12°



	Sweep angle (γ)
	SP
	−5°, 0°, +5°, +10°
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Table 3. 3D NGV geometry combination matrix.






Table 3. 3D NGV geometry combination matrix.





	Straight Lean (°)
	Sweep (°)
	Swirl





	−12, −6, 0, 6, 12
	−5,0,5,10
	No swirl, swirl at LE, swirl at passage center



	Compound Lean (°)
	Sweep (°)
	Swirl



	−12, −6, 0, 6, 12
	−5,0,5,10
	No swirl, swirl at LE, swirl at passage center
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Table 4. Highest stage performance models at proposed swirl clocking.
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Swirl Clocking




	
Type of Model

	
No Swirl

	
Swirl @LE

	
Swirl @Passage Center






	
Straight Lean with Sweep

	
SL12 SP10

	
SP-12 SP10

	
SL12SP10




	
Compound Lean with Sweep

	
CL12 SP10

	
CL12 SP10

	
CL12 SP10
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