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Abstract. The physics of 3D flows on rotating blades is currently one of the most 

important research fields related to wind turbines. Although many authors have studied 

the phenomenon thoroughly and they have proposed meaningful physical explanation 

of the mechanism which triggers the onset of the rotational augmentation, a universal 

correlation between rotor geometry, operating conditions and centrifugal pumping 

effects has not been derived yet. For instance, all the proposed corrections for rotational 

stall delay within 1D codes have demonstrated fairly good accuracy but in limited 

operating range or for specific airfoils or rotor geometries. In the present work the 

authors applied a consolidated methodology, based on the use of accurate CFD 3D 

models and of an inverse BEM code, to thoroughly analyze the differences in terms of 

rotational augmentation effects between the two widely known NREL Phase VI and 

Phase II HAWTs. This choice was made precisely since both the rotors used the S809 

airfoil for the active part of the blade, had equal radial dimensions and the operating 

conditions were approximately the same. Thus, the substantial difference between the 

rotors was the fact that the Phase VI blade was twisted and tapered while the Phase II 

one had constant chord and pitch along the radial direction. In this way, the possible 

influence due to the twist and taper of the blade on the physics of the centrifugal 

pumping could be highlighted more easily. The CFD models were developed in Ansys 

Fluent and validated against experimental measurements available in the literature. The 

inverse BEM code, already implemented in a previous work, allowed the authors to 

extrapolate and compare sectional data obtained through the CFD simulations. The post-

processing of the results demonstrated the strong influence of the twist and taper of the 

blade on the dynamics of the rotational augmentation. These results lead the way for a 

better understanding of the relation between rotor geometry and centrifugal pumping 

physics.  

1.  Introduction 

Since the first observations by Himmelskamp on rotational augmentation [1], a wide literature has 

developed about this phenomenon, which is of utmost importance for HAWTs. Comprehension and 

evaluation of the influence of the complex 3D radial flows on rotating blades is indeed essential for fluid 
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dynamic and structural design of wind turbine rotors. Many works [2 – 6] highlighted that the dominant 

cause of rotational augmentation was due to the change in pressure distribution on the suction side of 

the rotating blades with respect to the pure 2D one. Specifically, the augmentation seemed to be due to 

a strong pressure reduction on the suction side of the inboard part of the blade under separated flow 

conditions. In incipient stall conditions the depressurization could lead to a downstream shift in 

separation point location as well. Taking advantage of high fidelity CFD simulations, actually, recent 

works [7 – 14] have confirmed the aforementioned hypothesis. Particularly, in [13, 14] the authors 

proposed a generalized centrifugal pumping mechanism governed by the onset of a strong centrifugal 

vortex in the inner portion of the blade where a precise balance between centrifugal and Coriolis forces 

occurred. This vortical structure triggered a strong depressurization of the suction side of the blade 

involving both the boundary layer and the inviscid outer layer. The development of this strong vortex 

was responsible for a delay in the 3D stall angle under incipient stall condition and for a consistent 

reduction of the separation bubble thickness in deep stall regime.  

Many authors proposed corrections to take into account the augmentation of lift and drag coefficients 

within simplified 1D design codes like the ones based on blade element momentum (BEM) theory or 

vortex lattice (VL) methodology. However, even the most recent works evidenced a lack of generality 

of the current stall delay models. Kabir et al. [15] evaluated the effect of different airfoil characteristics 

extrapolation methods for the S809 airfoil and they compared the results with those obtained from 3D 

CFD computations through an inverse BEM method. They demonstrated that the BEM codes, even if 

corrected with the existing stall delay models, could not predict the correct distribution of the airfoil 

characteristics along the blade. Ouakki and Arbaoui [16] investigated three different stall delay models 

with further corrections to improve the prediction capabilities on NREL Phase VI and MEXICO rotors. 

They concluded that the lack of generality of stall delay models is mainly due to the assumptions about 

the physics of the centrifugal pumping. By means of a Machine-Learning-Based methodology, Kabir et 

al. [17] implemented a new stall delay model. They found that the proposed model led to a good 

prediction of the lift coefficient while the drag coefficients were over-predicted. This was probably due 

to the effect of rotation on drag which depended on the airfoil shape. Burgos Tafur et al. [18] proposed 

a calibration method for rotational augmentation models using the NREL Phase VI rotor as 

CFD/experimental benchmark. The novel formulation resulted in improved lift and drag coefficients 

prediction. However, the author themselves recognized the necessity of further investigation in order to 

generalize the methodology, particularly for larger rotors. Using the UNIFI experimental turbine, 

recently developed by Università degli Studi di Firenze, Papi et al. [19] evaluated the impact of post-

stall extrapolation methods with particular attention on the stall delay effects. The results showed that 

the impact of the methodology was significant therefore the designers should pose more attention to a 

wise selection of the method used for post-stall extrapolation. Elgammi and Sant [20] developed a new 

stall delay algorithm which was embedded in a free-wake vortex model to estimate the aerodynamic 

loads on the NREL Phase VI rotor. The results demonstrated encouraging agreement with the 

experimental measurements, however the authors pointed out that further research is still required to 

apply the new stall delay algorithm to different wind turbine rotors in order to cover a wide range of 

operational conditions. 

One of the reasons for the lack of generality of the stall delay models is due to the fact that the 

complexity of the centrifugal pumping mechanism depends also on the geometrical features of the blade. 

Airfoil shape, twist and taper laws strongly affect the centrifugal pumping mechanism in terms of 

intensity and distribution of the rotational augmentation effects. In order to thoroughly investigate the 

specific influence of twist and taper of the blade, the authors applied a combined methodology [21] 

based on accurate CFD 3D models and on an inverse BEM code (iBEM). The iBEM allowed to 

extrapolate the sectional aerodynamic characteristics of the two widely known NREL rotors, Phase VI 

and Phase II, from the CFD simulation results therefore supporting the classic CFD post-processing. 

The choice was made specifically to separate out the contribution of the airfoil type from that of the 

geometrical shape of the blade. The Phase VI was indeed a two bladed, twisted and tapered rotor [22] 

while the Phase II [23] is a three bladed rotor with constant chord and pitch. Both the rotors made use 
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of the S809 airfoil for the active part of the blade and presented equal diameter and operating conditions. 

Details of both rotors are provided in the next section. The results demonstrated that, despite the rotors 

were subjected to the same operating conditions (very similar local speed ratio) and they use the same 

S809 airfoil, the shape of the blade in terms of geometrical twist and taper distribution had a strong 

impact on the centrifugal pumping dynamics with quite different distribution and intensity of the 

rotational augmentation effects. This provided an explanation for the difficulty in generalizing the stall 

delay models even for the same airfoil and indicated that these models should somehow introduce a 

dependency between forces augmentation and geometrical shape of the blade to improve their accuracy 

and reduce the lack of generality. 

2.  Materials and methods 

The methodology used for the investigation carried out in this work is based on the use of accurate CFD 

3D simulations coupled to a semi-automated inverse BEM code. The converged CFD simulation 

provides the normal and tangential forces for each radial section pre-defined during the CAD generation 

as showed in Fig. 1.  

 

 

 

Figure 1. Phase II (top) and Phase VI (bottom) rotor blades with sections pre-defined at CAD level 

 

The iBEM code imports the CFD sectional forces and iterates the 1D algorithm to obtain local AoA, lift 

and drag coefficients related to the CFD results. The aerodynamic characteristics, obtained as so, can be 

considered inherently 3D and much closer to the real characteristics of the rotating blade compared to 

the pure 2D airfoil data. A review of the procedure is shown in Fig. 2. Here, a and a’ are the axial and 

tangential induction factors, related to the application of the actuator disk model within the BEM theory, 

F is the Prandtl's tip loss factor which is set equal to 1 since the CFD 3D loads provided, inherently take 

into account the 3D tip effects. For the same reason, no further corrections are applied as the 3D physics 

of the sections is already contained in the axial and tangential CFD forces used in the procedure. More 

details can be found in [21, 24] where the methodology has been validated on the NREL Phase VI rotor. 

Since the procedure applied was the same for both the rotors, only specific details about the CFD model 

implementation of the Phase II turbine are presented hereinafter. In both cases the blade was divided 

into 16 sections for both the CFD model and the iBEM one. This number of sections was found to be a 

good compromise after a sensitivity study [21]. All the insights about the Phase VI rotor are available 

in [21, 24]. Instead, Geometrical detail comparisons of the rotors are pointed out in the next section. 

2.1.  Phase II – Phase VI geometrical details 

The difficulties evidenced by the literature review reported above about the possibility to implement 

reliable stall delay models is certainly due to the complexity of the 3D fluid dynamic mechanism which 

is triggered under separated flow conditions. Since the lack of generality of the centrifugal pumping 

models has been evidenced from one rotor geometry to another, one of the possible reasons for this can 

be related to the influence of the geometrical shape of the blade. Type of airfoil, twist and taper features 
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could lead to important differences in the centrifugal pumping mechanism. This in turn means that rotors 

with equal dimensions, operating conditions and airfoil type can experience different rotational effects 

depending on the geometrical shape of the blade. In other words, the intensity and the distribution of the 

force augmentation can involve different areas of a rotating blade with different intensities due to 

geometrical features, such as twist and taper, even if the radial dimensions and the operating conditions 

are the same. 

 

 

Figure 2. Flowchart of the iBEM algorithm with CFD 3D data input 

 

In light of this, in this work, the authors analyzed and thoroughly compared the two widely known 

NREL Phase II [23] and Phase VI [22] rotors which were extensively subjected to experimental 

measurements. The rotors had equal diameter and they were tested under the same wind and rotational 

speed conditions, therefore they worked with the same tip speed ratio λ and local speed ratio λr. The 

main geometrical features of the rotors along with the essential operating conditions are reported in 

Tab.1. Beside the aforementioned differences about the twist and taper of the two rotors, Tab.1 and Fig. 

1 evidence the different root-to-hub connection. The active span of the blade for the Phase VI is smaller 

of approximately half a meter with respect to the Phase II. The transition region is instead quite larger 

in the Phase VI, according to the geometrical data reported in [22, 23]. This could have an impact in the 

fluid dynamic behavior of the inner part of the blade. However, at equal radial position, the active 

sections of the blades work under the same operating condition in terms of local speed ratio therefore 

the comparison is significant. The twist and taper features of the rotors are reported in Fig. 3 (top). In 

blue the Phase II data, in red the phase VI data. Obviously, Fig. 3 highlights the completely different 

shape of the blades. However, in Fig. 3 (bottom) the sectional distribution of the chord to radius ratio 

(c/r) for the two blades shows that the single sections have quite similar c/r values.  
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Table 1. Phase II – Phase VI geometrical features and operating conditions 
   

 Phase II Phase VI 

Number of Blades 3 2 

Rotor diameter 10.06 m 10.06 m 

Blade profile S809 S809 

Blade pitch 12° (constant) 3° (at tip) 

Twist 0° variable 

Chord 0.4572 m (constant) variable (0.732 – 0.358 m) 

Root extension 0.723 m 1.257 m 

Geometrical transition 0.365 – 0.723 m 0.66 – 1.257 m 

Active blade span 4.303 m 3.773 m 

BEM section span 269.12 mm 235.67 mm 

Rotational speed 72 r/min 72 r/min 

Air density 0.9793 kg/m3 1.225 kg/m3 

Wind speed range 6 – 20 m/s 6 – 25 m/s 

CFD-iBEM section dimensions 268.94 mm 235.81 mm 

 

 

 

Figure 3. Comparison of the twist and taper radial distribution (top) and sectional distribution of 

the chord to radius ratio (right). Blue Phase II, red Phase VI. 
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The chord to radius ratio is widely recognized as an important parameter in the rotational 

augmentation models [2, 8, 15, 16, 17, 18, 20]. Indeed, most of 3D correction models are based on the 

chord to radius ratio. In light of the c/r comparison reported in Fig. 3, the impact of c/r on correspondent 

blade sections should be fairly limited. Thus, the effect of c/r on the centrifugal pumping on the same 

sections of the two rotors should be less important than the effect of the strong twist difference. In other 

words, the blade sections should have a similar fluid dynamic behavior with respect to c/r. This would 

suggest that the chord radial distribution do not have a strong impact on the centrifugal pumping 

mechanism between the two rotors. Actually, it will be shown hereinafter, that the main effect of the 

chord seems to be related to the Reynolds number therefore to the rotational augmentation indirectly as 

well. 

2.2.  Phase II CFD model details 

The methodology used for the implementation of the CFD 3D model of the Phase II rotor was 

approximately the same as that reported in references [21, 24] for the Phase VI, since the operating 

conditions and the dimensions of the turbines were the same. The entire CFD process was developed 

using Ansys 2023R1 CFD tools. Specifically, the Phase II geometry and the computational domain were 

generated in Ansys SpaceClaim. In this case it was decided to simulate a one third periodic domain in 

order to reduce the computational effort while keeping the same level of accuracy of a full computational 

domain. This approach was widely validated in the literature [8, 9, 10, 11, 12, 16, 25, 26]. The 

computational domain along with the boundary types are shown in Fig. 4. 

 

 

Figure 4. Phase II CFD domain and boundary type definitions 

 

The computational mesh was generated in Ansys Fluent Meshing which provided the capability to 

accurately control the global and local refinement to obtain high quality polyhedral grids. The mesh size 

controls used for the Phase II blade were the same of the Phase VI which led to grid independent results. 

However, a check for the grid sensitivity was carried out for the Phase II as well by comparing the 

calculated torque as the blade surface resolution and inflation layers dimensions varied. The results of 

the independency study are not reported here so as to not overburden the discussion. Specifically, a 

maximum face size control of 10 mm was applied to the blade surface along with a curvature size 

function to accurately resolve the leading edge region. The mesh was then coarsened smoothly toward 

the hub surface with a maximum surface size control of 20 mm on the hub. For the volume mesh, a last-

ratio inflation algorithm was used to generate 15 prism layers on the entire rotor with a growth rate of 

1.1, a transition ratio of 0.27 and a first layer height of 0.02 mm. These boundary layer controls allowed 

to keep y+ < 1 on all the blade and for all the operating conditions. The last-ratio represented the best 

inflation algorithm compromise since it provided the possibility to control both the first height of the 

prism layers and a smooth transition of the cell dimensions toward the edge of the prism layers therefore 
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allowing for a smooth jump in the cell dimensions between the last prisms layer and the first layer of 

polyhedral cells. The overall cells count was of about 12 M cells. Details of the polyhedral mesh of the 

Phase II turbine are shown in Fig. 5. 

 

 

 

Figure 5. Details of the blade surface mesh (top) and of the leading edge boundary layer region 

(bottom) of the Phase II rotor 

 

The Ansys Fluent solver settings were the same available in references [21, 24]. The steady state, 

pressure-based solver with the moving reference frame (MRF) approach for rotation applied to the MRF 

region highlighted in Fig. 4 was used. To improve the solver robustness and speed-up the convergence 

the coupled pseudo-transient method was chosen for pressure-velocity coupling. The pseudo-transient 

formulation, is a pseudo time method option which applies an advanced form of implicit under-

relaxation that adjusts the relaxation factor dynamically during the simulation according to the flow field 

behavior. The Generalized k-ω (GEKO) turbulence model [27] was used for the turbulence closure. The 

GEKO turbulence model is based on the k-ω formulation and features four free coefficients that can be 

tuned within given limits without negative effect on the underlying calibration. The most important 

parameters were Csep, which optimized the flow separation from smooth surfaces, and Cmix, which 

optimized the strength of mixing in free shear flows. The calibration of Csep and Cmix was carried out 

according to the reference [24]. Also, since the chord Reynolds number was mostly below 1 million for 

all the operating conditions, the laminar to turbulent boundary layer transition was taken into account 

by using the GEKO option to add the intermittency transport equation. Each simulation converged in 

approximately 1000 iterations with an average calculation time below 12 hours on a HP Z820 

workstation with 48 available threads for parallel computation. 

Measured torque [28], torque calculated with the CFD model and torque calculated with BEM code 

using the sectional 3D coefficients, obtained with the iBEM method, are compared in Fig. 6. The 

comparison demonstrates the very high accuracy of the CFD model implemented and the high fidelity 

of the BEM code. The reliability of the iBEM methodology is of utmost importance to ensure that the 
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extrapolation of the sectional aerodynamic coefficients and AoAs is as closer as possible to the CFD 

results which in turn are certainly more physic for rotating blades with respect to the simple 2D airfoil 

data. 

 

 

Figure 6. Phase II torque comparison between CFD, BEM 3D and experimental measurements [28] 

with measurement standard deviation in dashed lines 

3.  Results and discussion 

The conditions simulated were those reported in Tab.1. Specifically, the rotational speed was fixed to 

72 r/min for both the rotors while the flow speed was varied from 6 to 25 m/s for the Phase VI rotor and 

from 6 to 20 m/s for the Phase II rotor with a step of 2 m/s in both cases.  In Fig. 7 the 3D lift and drag 

coefficients, extrapolated with the iBEM method, are compared. 2D experimental data of the S809 

profile at Re = 650,000 [22] are reported as a reference to highlight the 3D effects on the sectional 

aerodynamic coefficients. The 3D data are parameterized as a function of the radial position which is 

reported in the legend in terms of percentage. Also, the 3D values are obviously obtained at different 

Reynolds numbers due to both the different radial position and the flow speed condition they were 

calculated at. The range of AoA for the 3D data is limited by the operating conditions simulated. High 

AoAs correspond to high wind speeds. The data for some specific sections are highlighted with dots in 

such a way to point out the different behaviour in specific areas of the blade.  

It is interesting to notice the strong differences in lift and drag coefficients distribution between the 

two rotors. Looking at the lift coefficients charts on the left-hand side of Fig. 7 (Phase II top, Phase VI 

bottom) it is evident that in the Phase II rotor, the strongest effects of the rotational augmentation involve 

the most inner section mainly. Then there is a consistent reduction of the augmentation in section 2, 

followed by a gradual and smooth reduction all the way up to the outer sections where the tip losses are 

evident. Instead, in the Phase VI rotor the first four sections are subjected to strong rotational 

augmentation effects with a smoother reduction of the augmentation toward the outer sections, where 

the behavior at the tip is quite similar for both the rotors. Also interesting is the fact that the trends of 

the lift coefficient are quite different with values above 2 already at 15 degrees for the Phase II while no 

sections show values above 2 at 15 degrees in the Phase VI. The Cl trend for the inner sections of the 

Phase VI seems sharper with maximum values between 20 and 25 degrees followed by a much rapid 

decrease at high AoAs compared to the trend of the first section of the Phase II, which shows smoother 

Cl reduction as the AoA increases. The intermediate and outer sections of both the blades instead, seem 

to have a very similar lift coefficient trend with a slight augmentation between 15 and 35 degrees and a 

comparable reduction near the tips. Analogous considerations can be made with regard to the drag 

coefficient showed on the right-hand side of Fig. 7. 

The strong differences highlighted above indicate that, although the rotors use the same airfoil, have 

the same dimensions and work under the same operating conditions, the dynamics of the rotational 
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augmentation, which involve the inner part of the blades, is very different. This in turn means that the 

mechanism of the centrifugal pumping is heavily influenced by the geometrical shape of the blade in 

terms of twist and taper. Essentially, these results demonstrate that it is not possible to generalize the 

sectional 3D aerodynamic coefficients for a given airfoil due to the complex relationship between the 

physics of the rotational augmentation and the geometrical shape of the blade. 

 

  

  

Figure 7. 3D aerodynamic coefficients comparison for Phase II (top) and Phase VI (bottom). 2D 

experimental data of S809 airfoil at Re = 650,000 [22] 

 

Among the capabilities provided by the iBEM code, there is the possibility of easily extrapolating 

the radial distribution of the Reynolds number, of the aerodynamic coefficients as well as of the angles 

of attack. All very useful parameters to deepen the comparison between the two rotors.  

As far as the Reynolds number radial distribution, the comparison is reported in Fig. 8. The rotors 

operate at very different Reynolds number conditions due to both the different air density and the chord 

distribution. Specifically, the Phase II rotor present a higher radial variation of the Reynolds number 

with respect to the Phase VI rotor. Actually, the 2D aerodynamic characteristics of the S809 airfoil are 

not very sensitive to the Reynolds number in the range between 300,000 and 1 million as evidenced in 

ref [22]. However, the impact of this different Reynolds number condition on a 3D rotating blade could 

be significant and cannot be overlooked a priori. For instance, the higher lift coefficient evidenced in 

Fig. 7 at an AoA of 15° for the Phase II blade could be related to the fact that this AoA correspond to 

the lowest wind speed in the most inner section where the Reynolds number is approximately 200,000. 

In this low Re condition the onset of flow separation is usually anticipated. Since the stall delay is 

strongly related to separation onset, an earlier separation due to the low Re condition would lead to an 

earlier onset of the centrifugal pumping and that could be the reason for the much higher lift coefficient 

of the Phase II at 15°. In this sense, the different taper of the blades could have an important impact on 

the rotational augmentation mechanism regardless of the similar c/r sectional distribution of the rotors. 

However, this aspect deserves further and deeper investigations even because the streamwise dimension 

of the blade, or rather the chord extension, could play a fundamental role on the strength of the radial 

vortex, responsible for the rotational augmentation. 
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Figure 8. Reynolds number radial distribution for Phase II (blue shades) and Phase VI (red shades) 

at different wind speed  

 

  

  

Figure 9. Comparison of 3D AoAs (continuous curves) and 3D lift coefficients (dashed curves) for 

the Phase II (blue) and Phase VI (red) rotors. 2D Cl experimental data with dots. Radial distribution 

by sections 

 

An interesting insight about the effect of the different twist of the blades can be deduced from the 

charts reported in Fig. 9. Here, the radial distribution by sections of 3D AoA (continuous curves) and 

3D lift coefficient (dashed curves) for both the rotors for wind speeds of 6, 10, 14 and 18 m/s is shown. 

These data were again obtained by means of the iBEM code. In blue the data of the Phase II, in red the 

data of the Phase VI. In order to highlight the 3D effects on the lift coefficient, the 2D experimental data 

of the S809 airfoil [22] are added with dots. The 2D data refers to the related 3D AoAs and they are 

obtained through the use of two five order logarithmic polynomials for the interpolation. The distribution 
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of data by sections rather than by radial position allows for a more meaningful comparison of the 

behavior of the active parts of the blades, particularly regarding the effects of the rotational 

augmentation. At 6m/s, Fig. 9 top left, the Phase II blade already shows a consistent rotational 

augmentation in the first section of the blade, with a 3D Cl above 2, due to the low pitch which leads to 

a AoA of 15°. The lack of twist in the Phase II results in a sudden decrease of AoA toward the tip. This 

leads to a rapid reduction of the rotational augmentation already at section 3. Then, the lift coefficient 

distribution is very close to the 2D data with negative values of both AoA and Cl at the tip. Instead, the 

presence of the twist in the Phase VI leads to a constant distribution of AoA along the blade around 5°. 

No augmentation is evident since this is an attached flow condition for the S809 airfoil. Rather, a 

reduction of the lift coefficient due to tip and root losses is clearly evident. Between sections 5 and 6, 

the two blades present very similar AoA conditions and indeed the 3D Cl values are very close to each 

other and to the 2D ones. At 10 m/s, Fig. 9 top right, the Phase II blade shows again a strong rotational 

augmentation with a noticeable maximum in section 1. Again, the sudden decrease of the AoA leads to 

a rapid reduction of the lift augmentation. A modest effect manifests up to sections 5. The Phase VI 

blade data evidence the onset of a moderate rotational augmentation in the inner sections. However, the 

intensity and the extension of the lift increase is very different with respect to the Phase II. The twist of 

the Phase VI involves a smooth variation of AoA with a maximum just above 15° in sections 1 and 2. 

Although section 1 has a AoA very close to that of the Phase II at 6 m/s the lift augmentation of the 

Phase VI does not reach the very high value of the Phase II. Furthermore, the moderate 3D effect extends 

over a wider portion of the Phase VI blade, up to section 7. Around section 6 the two blades have a 

similar AoA however, the 3D lift coefficient of the Phase VI is higher than the one of the Phase II thus 

confirming a different centrifugal pumping dynamic. Moving towards the tip the 3D lift values become 

very close to the 2D ones except for the usual tip losses. At 14 m/s, Fig. 9 bottom left, the AoA in the 

inner sections of the Phase II blade reaches very high values, above 35°, which represents a deep stall 

condition for the S809 profile. The rotational augmentation effect starts to reduce although the 

comparison with the 2D data evidences slightly higher 3D lift values up to more than half of the blade. 

Analyzing the Phase VI data instead, in this condition the rotational augmentation reaches very high 

values with the lift coefficient above 2 at AoAs around 23°. Then, moving towards outer radial sections, 

a sudden decrease of the 3D lift coefficient is evident. However, also in this case, the portion of the 

blade subjected to 3D effects is wider in the Phase VI with the 3D lift higher than the 2D one for almost 

all the blade. What is important to highlight is the fact that at 14 m/s the inner sections of the Phase VI 

work at AoA conditions fairly close to the Phase II ones at 10 m/s. Nevertheless, the radial extension, 

the intensity and the distribution of the rotational effects is very different. This provides an explanation 

for the aforementioned impossibility to generalize the 3D coefficients of a given airfoil. The different 

dynamic of the centrifugal pumping, due to the influence of the twist on the AoA radial distribution, 

leads to a different behavior of the same sections of the blade in terms of aerodynamic coefficient values 

although they work under similar AoAs. Since the rotational augmentation phenomenon is related to the 

onset of a centrifugal vortex, which generates a strong suction and depressurization from the inner 

towards the outer blade, it is the authors’ opinion that, by smoothing the radial variation of the AoA, the 

presence of the twist of the blade, allows the centrifugal vortex to be guided better, keeping it attached 

for wider portion of the blade, thus increasing its energy content as well. The CFD post-processing 

images reported in Figures 10 and 11 seem to confirm the authors’ idea. This very complex mechanism 

should be taken into account in the stall delay models by means of a functional relationship between the 

augmentation and the geometrical shape parameters of the blade. However, further investigations are 

necessary to separate out the contribution of the twist from that of the taper better, also by reducing the 

uncertainty related to the different Reynolds number distribution. The results for the wind speed 

condition of 18 m/s (Fig. 9 bottom right) confirm what has been said for the other cases. 

The CFD post-processing images reported in Fig. 10 and Fig. 11 allow to gain a further insight into 

the 3D fluid dynamic behavior related to the different centrifugal pumping mechanism for the two 

blades. Specifically, in Fig. 10 the wall shear stress surface streamlines over the suction side of the 

blades are coupled to the velocity streamlines in planes corresponding to sections 1, 8 and 16, in such a 
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way to highlight the flow-field in an inner, in an intermediate and in an outer section. Furthermore, 

contours of static pressure are generated on that planes to evidence the pressure distribution related to 

the local flow-field in the same sections. On the left-hand side the Phase II figures, on the right-hand 

side those of the Phase VI. 

 

  

  

  

  

Figure 10. Wall shear stress blade surface streamlines, velocity streamlines and contours of static 

pressor in sections 1, 8, 16 at different wind speed for Phase II (left) and Phase VI (right) 

 

Ph II – 6 m/s 

Ph II – 10 m/s 

Ph II – 14 m/s 

Ph II – 18 m/s Ph VI – 18 m/s 

Ph VI – 14 m/s 

Ph VI – 10 m/s 

Ph VI – 6 m/s 
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Fig. 10 clearly shows that, while the intermediate and outer sections present quite similar 

aerodynamic behavior depending on the local operating AoA, in terms of both sectional flow-field and 

pressure distribution, the inner section is subjected instead to a very different flow separation 

mechanism. In all the separated flow conditions the vortex is much more flattened in the Phase VI blade. 

This is probably due both to the different extension of the chord and to the different radial distribution 

of the AoA caused by the presence of the twist. Keeping in the mind the charts of Fig. 9 and comparing 

the data with the post-processing in Fig. 10, at 6 m/s, section 1 of the Phase II is already subjected to a 

strong separation probably due to the low Reynolds number condition while in the Phase VI the flow is 

obviously fully attached all over the blade thanks to the presence of the twist. However, by comparing 

the Phase II image at 6 m/s and the Phase VI image at 10 m/s, which are conditions that lead to very 

similar AoAs in section 1 (approximately 15°), in the Phase VI the stall appears strongly delayed. This 

suggests that the inner portion of the two blades is subjected to a very different centrifugal pumping 

conditions due to the different geometrical shape. This is even more evident in Fig. 11 in which the same 

chart of Fig. 9 is obtained by comparing two different wind speed conditions that lead to similar AoAs 

in the inner blade. The two post-processing images attached show 3D velocity streamlines detaching 

from the inner blade of the two rotors again at 10 m/s for the Phase II and 14 m/s for the Phase VI. 

Contours of pressure distribution over the blade surfaces are reported as well. 

 

 

  

Figure 11. Comparison of 3D AoAs and 2D-3D lift coefficients at 10 m/s for the Phase II and 14 

m/s for the Phase VI (top) and 3D velocity streamlines and blade surface pressure contours at the 

same wind speed for Phase II (bottom left) and Phase VI (bottom right) 

 

The chart of Fig. 11 clearly shows that, although the inner sections operate at quite similar AoAs, the 

rotational augmentation in the Phase VI extends more intensely for a greater portion of the blade. A 

striking example is section 3 in which, although the angle of attack is approximately the same, the 3D 

lift coefficient for the Phase VI is almost twice that of Phase II. The 3D velocity streamlines provide an 

Ph II – 10 m/s Ph VI – 14 m/s 
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explanation for this particular difference. In the Phase II the centrifugal vortex, responsible for the 

rotational augmentation, seems to involve a smaller radial portion of the blade and leaves it earlier than 

the Phase VI centrifugal vortex does. Furthermore, the Phase VI vortex seems more flattened on the 

blade surface. It is the authors' opinion that this is due two factors. On the one hand, the effect of the 

twist which, by leading to a smoother radial decrease of AoA, allows the vortex to be attached to a wider 

radial portion of the blade, while increasing its energy at the same time. On the other hand, the larger 

dimension of the chord in the inner blade of the Phase VI influences the dynamics of the vortex, probably 

causing it to be more flattened towards the surface. The different rotational augmentation mechanism 

highlighted, caused by the specific geometrical shape of the blades, explains the impossibility of 

generalizing the 3D aerodynamic coefficients of a given profile as is done for the 2D case. Moreover, 

the sensitivity of the centrifugal pumping mechanism to the geometrical parameters of the blade, makes 

very difficult to derive simplified stall delay models for the implementation in 1D design code. 

4.  Conclusions 

In the present paper the authors present the results of a numerical study about the effects of the twist and 

taper of HAWT blades on the rotational augmentation phenomenon. The analysis was carried out by 

means of the use of accurate CFD 3D models, implemented in Ansys Fluent, to derive sectional axial 

and tangential forces as well as meaningful post-processing images. The CFD models were coupled to 

an inverse BEM code to extrapolate sectional aerodynamic characteristics. The methodology was 

validated against experimental measurements available in the scientific literature. The NREL Phase II 

and Phase VI rotors were thoroughly analyzed through the aforementioned methodology since the blades 

of these wind turbines had equal dimensions and operating conditions and they used the same S809 

airfoil for the active part of the blade. These rotors differed for the shape of the blades in terms of twist 

and chord radial distribution as the Phase II had constant chord and pitch while the Phase VI was twisted 

and tapered. The comparison was therefore significant to gain an insight about the impact of the 

geometrical shape of the blade on the intensity and radial distribution of the centrifugal pumping.  

The following conclusion are drawn on the basis of the results presented above: 

• Although the rotors use the same airfoil and they operate under the same conditions, strong 

differences in lift and drag polars are highlighted, particularly in the inner sections of the blade 

where the rotational augmentation occurs; 

• The most inner section of the Phase II presents a strong centrifugal pumping already at 6 m/s 

evidenced by a lift coefficient above 2 at 15° which is not detected in the Phase VI. This is 

probably due to an earlier separation caused by the very low Reynolds number at which the 

inner sections of the Phase II operate; 

• The comparison of the aerodynamic characteristics section by section demonstrates that the 

radial distribution of the rotational augmentation between the two rotors is very different. A 

wider portion of the Phase VI blade is subjected to force augmentation compared to the phase 

II. This also leads to a different behaviour of the same sections of the blade in terms of 

aerodynamic coefficient values even when they work under similar AoAs; 

• The post-processing images seem to show a different rotational augmentation mechanism 

related to the different dynamics of a centrifugal vortex, triggered in the inner sections of the 

two blades. This vortex, responsible for the depressurization of the suction side of the blade, is 

more flattened and remains attached for a larger radial portion of the Phase VI blade, according 

to the lift augmentation highlighted; 

• By smoothing the radial variation of AoA, the presence of the twist could explain the fact that 

the centrifugal vortex is more attached in the Phase VI while the larger chord dimension could 

be related to the flattening of the vortex.  

The originality of the present work lies in having showed how the physics of the rotational 

augmentation phenomenon is heavily influenced by both twist and taper of the blades, even though it is 

not possible to separate out the single contribution easily. This is true beyond the airfoil used and the 

chord to radius ratio parameter, on which the most advanced stall delay models, available in the 
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literature, are typically based. Moreover, the work provides a possible explanation for the difficulty in 

generalizing the 3D aerodynamic coefficients of a rotating blade for a given airfoil therefore highlighting 

the necessity to take into account the influence of the twist and taper properly.  Further investigations 

will be made in future works to confirm the hypotheses proposed. 
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