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Abstract 

The efficiency of vertical-axis wind turbines (VAWTs) still lacks from those of horizontal-axis rotors (HAWTs). To improve on 
efficiency, more accurate and robust aerodynamic simulation tools are needed for VAWTs, for which low-order methods have 
not reached yet a maturity comparable to that of HAWTs' applications. In the present study, the VARDAR research code, based 
on the BEM theory, is used to critically compare the predictiveness of some dynamic stall models for Darrieus wind turbines. 
Dynamic stall, connected to the continuous variation of the angle of attack on the airfoils, has indeed a major impact on the 
performance of Darrieus rotors. Predicted lift and drag coefficients of the airfoils in motion are reconstructed with the different 
dynamic stall models and compared to unsteady CFD simulations, previously validated by means of experimental data. The 
results show that low-order models are unfortunately not able to capture all the complex phenomena taking place during a 
VAWT functioning. It is however shown that the selection of the adequate dynamic stall model can definitely lead to a much 
better modelling of the real airfoils’ behavior and then notably enhance the predictiveness of low-order simulation methods. 

© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Scientific Committee of ATI 2016. 
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1. Introduction 

Increasing interest is presently being paid by researchers and industrial manufacturers in re-discovering vertical 
axis wind turbines (VAWTs), after most major research projects came to a standstill in the mid 90's [1]. The inherent 
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advantages of the VAWT (Darrieus) concept (i.e. independence on wind direction, generator positioned on the 
ground, low noise emissions, good performance in misaligned flows [2]) may outweigh their disadvantages in some 
specific application, e.g. the urban context [3]. At the present state-of-the-art, however, the global efficiencies of 
Darrieus turbines still lack from those of horizontal axis rotors (HAWTs) [1], due to their intrinsically more complex 
aerodynamics coming from the revolution of the blades around an axis orthogonal to flow direction. This generates a 
continuous variation of the angle of attack, which leads to additional phenomena, like for example dynamic stall [4]. 

Several semi-empirical methods and correlations have been proposed to account for VAWT’s dynamic stall in 
low-order simulation models (e.g. the Blade Element Momentum Theory - BEM), mainly adapting the original ones 
developed for helicopter blades [1]. Even though more accurate tools are today available for the simulation [5], low-
order methods still represent an industry standard, especially in the preliminary design phase. On this basis, the 
enhancement of their predictiveness can still provide notable benefits to a more effective design and development of 
VAWTs [6]. In the present study, the VARDAR research code is then used to critically compare the predictiveness 
of some widely used dynamic stall models for Darrieus wind turbines by comparing the corrected polars to those 
obtained upon analysis of calibrated CFD simulations. 

 
Nomenclature 

a induction factor [-] 
AM empirical constant of the Berg model [-] 
c blade chord [m] 
cL, cD, cP lift, drag, power coefficients [-] 
Fn, Ft  (Cn, Ct) normal, tangential forces (force coefficients) [N] 
R, D, H turbine radius, diameter, height [m] 
T torque [Nm] 
TSR tip-speed ratio [-]  
U wind speed [m/s] 
W relative speed on the airfoil [m/s] 
α incidence angle (AoA) [deg] 
β pitch angle [deg] 
ϑ azimuthal angle [deg] 
ρ air density [kg/Nm3] 
ω revolution speed [rad/s] 

2. Simulation codes and case study 

2.1. The VARDAR code 

The VARDAR research code has been developed by the Department of Industrial Engineering of the Università 
degli Studi di Firenze, Italy. The code makes use of the BEM theory, by which the rotor performance is calculated 
coupling the momentum equation in the mainstream direction of the wind and a lumped-parameters aerodynamic 
analysis of the interactions between the airfoils in motion and the oncoming flow by means of pre-calculated polars 
(e.g. [1]). In particular, the VARDAR code has been specifically developed for H-Darrieus wind turbines based on 
the Double Multiple Streamtubes Approach with Variable Interference Factors (DMSV), originally proposed by 
Paraschivoiu [1] (Fig. 1a), which was the further developed with specific sub-models. 

In this approach, the elementary torque for each azimuthal position is therefore given by Eq. 1: 

RHCcWRFT ttblade )(
2

2
1

)(  (1) 

cossin DLt CCC  (2) 



490   Alessandro Bianchini et al.  /  Energy Procedia   101  ( 2016 )  488 – 495 

 
Fig. 1. (a) DMSV modeling; (b) convention for angles and forces on the airfoil. 

where Ct (Eq. 2) is the tangential force coefficient in the reference system of the rotating blade (Fig. 1b). W 
represents the relative velocity in the upwind or downwind half, respectively, given by the vector sum of peripheral 
speed and wind speed (properly reduced by the induction factors). The modulus of W is given by Eqs. 3 and 4: 
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The value Ueq in Eq. 4 represents the wind velocity between the two actuator disks (see Fig. 1a). The Glauert’s 
correction for the BEM theory is taken into account [7], together with the corrections due to blades finite Aspect 
Ratio, using the Lanchester-Prandtl model [8]. As will be discussed later on in the study, several dynamic stall 
models are available in the VARDAR code, as well as a specific module to account for the streamtubes’ expansion 
along the flow path. For additional details on the code please refer to [9-12].  The prediction capabilities of the 
VARDAR code have been validated during a several-years’ experience in the design of three real H-Darrieus rotors, 
having swept areas of 1.0, 2.5 and 5.0 m2, respectively, and two or three blades, either straight or helix-shaped. The 
1:1 models of all the rotors (two made of reinforced plastic and one of painted aluminum alloy) were tested in large 
wind tunnels (both with closed and open-jet). In all cases, the code was able to correctly predict both the power 
curves at different wind speeds and the starting ramps of rotor and is then considered fully predictive for the turbine 
type investigated in this study. For further details on the code validation please refer to [10-11]. 

2.2. Dynamic stall models 

In the present study, three dynamic stall models were compared, selected among the most used ones in BEM 
simulations of Darrieus VAWTs [1]. For brevity reasons, no information about their numeric implementation can be 
provided here. Full details can be found, however, in [1]. The models are: 

 Strickland model - The model [13] was the first adaptation of the Gormont’s theory from helicopter blades 
to VAWTs. The hysteresis response of an airfoil is empirically mimicked by defining a reference angle of 
attack at which the static 2D aerodynamic coefficients of the airfoil are considered. The flow is considered 
incompressible and expressions were specialized for symmetric airfoils. 

 Paraschivoiu model - Since it was proven experimentally that a high-level turbulence delays the onset of 
dynamic stall, Paraschivoiu et al. [1] proposed to apply the Strickland model only in regions of low 
turbulence, i.e. only in azimuthal positions between -90° and +90° in Fig. 1(a).  

 Massè and Berg model - The model modifies the computation of dynamic coefficients based on a linear 
interpolation between the dynamic ones calculated with the Gormont’s model and the static coefficients [14]. 
The empirical constant AM is also added. 

It has to be noted that other models are presently available for similar analyses, e.g. the ONERA model [15] or the 
Beddoes-Leishman model in indicial formulation [16]. In particular, the latter one has been recently analyzed by the 
authors [6] when applied to the Lifting Line Theory, revealing a good accuracy and a sound agreement with the 
Berg model. For these reasons, it will be included in the VARDAR code in the near future. 
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2.3. Case study 

A case study for the analyses was first selected based on a previous work [17], i.e. a single-bladed rotor using a 
NACA 0018 airfoil with a chord-to-radius ratio (c/R) of 0.114. By doing so, the interaction between different blades 
was not accounted for since it was thought not to be part of the main focus of the analysis, which was instead 
focused on the evaluation of dynamic stall models. The airfoil has a chord c=0.2 m and rotates in a Darrieus-like 
path (null pitch angle β – Fig. 1(b) - with respect to the tangential direction) having a radius R=1.75 m under a wind 
speed U=8 m/s. Additional model’s details can be found in [17]. 

2.4. CFD simulations 

Due to the extreme complexity of obtaining reliable experimental data of the flow field around an airfoil in 
Darrieus-like motion, CFD simulations were carried out to mimic the airfoil’s behaviour. 

The commercial code ANSYS® FLUENT® [18] was used in a two-dimensional form to solve the time-dependent 
unsteady Reynolds-Averaged Navier-Stokes equations. The fluid was air, modeled as an ideal compressible gas with 
standard ambient conditions, i.e. a pressure of 1.1×105 Pa and a temperature of 300 K. The authors have presented in 
recent works [19-20] the assessment and validation of the main settings that have been applied to the CFD 
simulations, which have also been validated against experimental data obtaining good agreement [17]. The main 
simulation settings are reported in Tab. 1; for additional details see [17,19,20]. Fig. 2 reports the calculated power 
coefficient curve of the airfoil. 

Tab. 1. Main features of the CFD test case.                                                                                       Fig. 2. CFD results: cP vs. TSR.   

Operating Conditions  

Wind Speed (U) 8.0  [m/s] 

 TSR 1.0 - 4.7 

Main CFD parameters  

Turbulence Model κ-ω SST 

Algorithm Transient - Coupled 
y+ on the airfoil <1 

Timestep size function of TSR [16] → 0.135÷0.5 deg 

Mesh type Hybrid: B.L. with quads-triangles outside 
Mesh Size [# elements] ~ 400000 

3. Data processing 

In a previous study [6], the authors showed that, by using a proper dynamic stall model, a good accuracy of low-
order simulation codes can be achieved, both in terms of power coefficient curve and of torque profile over the 
revolution. This is, however, true for medium-high TSRs, where the incidence variations are contained and the flow 
is mainly attached to the blades. In case of lower TSRs, where large separations occur, the accuracy of these codes 
becomes lower, especially in the prediction of the torque profile at a given TSR, since they are not able to properly 
predict the effects of vortices and separated flows. 

To assess the accuracy of dynamic stall models, in particular, focus was here put on the comparative analysis of 
the lift and drag coefficients that are used in BEM simulations. In particular, the aerodynamic polars corrected by 
means of the dynamic stall models in the VARDAR code were compared to those reconstructed from the computed 
CFD flow field. These latter ones were estimated by reversing Eqs. (1) and (2), in which the blade torque was 
directly obtained from CFD. In doing so, the incidence angle was unfortunately not available from simulations and 
very hardly predictable, especially for all azimuthal positions with stalled flow [17]. To overcome this criticality, the 
incidence angle was directly borrowed from BEM simulations [5]. As a result, data reconstructed from CFD 
(referred to as “Virtual CFD” in the rest of the analysis) are suggestive of the aerodynamic coefficients that should 
be applied to a BEM code to match the CFD data (even if additional inner iterations on the induction factor would 
be needed in order to be fully coherent). Moreover, polars including dynamic stall modeling were also compared to 
the static coefficients, taken from a recent study [17] and reported for the average Reynolds number attended during 
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the revolution at the relevant TSR. Please note that, according to recent studies on virtual camber [17], the 
performance of the symmetric NACA 0018 in cycloidal motion must be compared to that of a virtually cambered 
airfoil (outward concavity) in straight flow with the camber line defined by its arc of rotation. 

4. Results and discussion 

Three TSRs were selected to analyze the results (TSR=2.2, 3.3 and 4.4), corresponding to three, strongly different, 
attended functioning conditions. At the lower TSR, large separations are in fact expected, progressively reducing by 
increasing the revolution speed up to the higher TSR, where the incidence angle variation is thought to become 
small enough to reduce the impact of stalled azimuthal positions during the revolution.  Figures 3, 4 and 5 report the 
reconstructed lift and drag coefficients at TSR=2.2, TSR=3.3 and TSR=4.4, respectively.  

 

 
Fig. 3. (a) Lift coefficients @ TSR=2.2; (b) Drag coefficients @ TSR=2.2. 

 
Fig. 4. (a) Lift coefficients @ TSR=3.3; (b) Drag coefficients @ TSR=3.3. 

 
Fig. 5. (a) Lift coefficients @ TSR=4.4; (b) Drag coefficients @ TSR=4.4. 
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In Fig. 3, the static polars of the airfoil at a reference Reynolds number of 150000 are also reported; these data 
indeed correspond to those tabulated within the BEM code that would be used in case no dynamic stall model is 
enabled in the simulations. Upon examination of the figure, it is apparent that the real aerodynamic behaviour of the 
airfoil in motion is notably different from its attended static coefficients. All the considered stall models positively 
modified the polars (especially the lift one) by introducing the hysteresis cycle at high AoAs. Above all, the Berg 
model with AM = 30 [6] ensured the best accuracy, with a better estimation of the cycle amplitude for positive AoAs. 
According to [17], the maximum lift was overestimated by CFD and the drag prediction was generally poorer. In 
particular, it is worth remarking that the application of the dynamic stall models implied the lack of the marked 
increase of drag in correspondence with the abrupt lift drop at the static stall angle. It is also worth highlighting that 
a low-order model like the BEM one was anyhow not able to mimic higher-order aerodynamic phenomena, like 
macro vortices detaching from the blades, whose effects are clearly visible in the polars near α=25° and in the region 
between α=-10° and α=-25°. For example, Fig. 6 reports the vorticity contours calculated by CFD in correspondence 
to two relevant points in the lift polar, labelled as (a) and (b). 

 

 
Fig. 6. Vorticity contours over the airfoil @ TSR=2.2: (a) ϑ=65° (α=20°); (b) ϑ=110° (α=25°). 

From a perusal of the contours, it is apparent that in (a) the flow is mostly attached to the blade; the aerodynamic 
performance can be then described with the conventional lumped parameter analysis based on lift and drag 
coefficient. Conversely, at ϑ=110° the airfoil experiments a deep-stall conditions, the flow being almost completely 
separated and large vortices detaching alternatively from the leading and trailing edges [11]. In these conditions, the 
use of the aerodynamic coefficients to describe the airfoil’s performance is not effective (see the hypothetical lift 
polar of Fig. 3(a)) since the vortices induce pulsations in the aerodynamic forces exerted by the airfoil itself. 

Figures 4 and 5 instead report the lift and drag coefficients at higher TSRs. CFD-based curves are partially 
reported in grey color, in correspondence to those values in which an analysis of the computed flow field revealed 
that the AoA estimated with the BEM model was substantially different from the real flow on the airfoil. For 
example, Fig. 7 reports a snapshot of pressure contours at TSR=4.4 in the specular azimuthal positions of ϑ=0° and 
ϑ=180°. In these positions, the simplified analysis carried out by the BEM model would in fact predict a 
theoretically null incidence in both cases, since the vectors of the absolute wind speed and the peripheral speed are 
aligned on the same direction [1]. Upon examination of Fig. 7, however, if this assumption is generally true in case 
of ϑ=0° (where the pressure pattern is almost symmetrical in the pressure and suction sides of the airfoil), it is 
apparent that at ϑ=180° the airfoil experiments a non-null incidence, due to a distorted direction of the absolute wind 
speed. This represents a main limitation of a low-order method like the BEM analysis, since no correction model is 
presently available to account for flow distortions of the wind speed induced by the flow-turbine interaction [21]; 
bias errors are then unavoidably induced by the use of tabulated aerodynamic polars. If one analyzes the polars, it 
can be noticed that once again the maximum lift was slightly underestimated by the BEM model, while, in general, a 
satisfactory matching between CFD-based data and dynamic stall models was achieved, especially for increasing 
incidences. Even if the described mismatch of AoAs with CFD did not allow a direct comparison, the Berg model 
was again the one inducing the major modifications to the polars and somehow able to more closely reproduce the 
hysteresis cycle due to dynamic stall. The drag coefficient, slightly affected by the dynamic stall models, was 
constantly underestimated by CFD calculations with respect to the attended one based on static polars [17]. 
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Fig. 7. Pressure pattern over the airfoil @ TSR=4.4: (a) ϑ=0° (theoretical α=0°); (b) ϑ=180° (theoretical α =0°). 

For the sake of completeness, Tab. 2 reports the comparison between the power coefficient values predicted by 
CFD and those calculated with the VARDAR code. Again, it can be noticed that, in general, the Berg model ensured 
a better matching with CFD data, even if the major improvements have to be looked for in the description of the 
torque profile, as already discussed in [6]. 

Tab. 2. Comparison of power coefficient values.  

 CFD BEM simulations 

TSR  Strickland Paraschivoiu Berg 

2.2 0.057 0.087 0.088 0.085 

3.3 0.261 0.253 0.256 0.252 

4.4 0.338 0.358 0.359 0.355 

A final remark on the use of dynamic stall models in BEM simulations is the influence of the Reynolds number 
in the selection of lift and drag coefficient to be used during the calculation. To this purpose, in Fig. 8 the 
experimental lift polar at Re=150k is compared to that predicted at TSR=2.2 using either the original VARDAR 
code with the Berg model (AM=30) (i.e. with an interpolation on tabulated polars at each azimuthal position as a 
function of incidence and Reynolds number) or a modified version using a data set for aerodynamic coefficients 
independent on the Reynolds number (fixed at Re=150k). Upon examination of the figure, one can readily notice 
that the interpolation on the Reynolds number has a major impact on the simulations using a BEM approach. In 
particular, the superior accuracy of the Berg model, already discussed in Fig. 3(a) is mostly based on the stronger 
sensitivity of this model to the inflow velocity on the airfoil (see [1,14]).  

 

 
Fig. 8. Comparison between the static lift polar at Re=150k and those predicted by the BEM code with the Berg dynamic stall model at TSR=2.2 

either with or without accounting for Reynolds number variation. 
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5. Conclusions 

In this study, a critical analysis of three dynamic stall models for use in low-order simulations of Darrieus 
VAWTs was carried out. The analysis confirmed that the real behavior of airfoils in motion is much different in 
comparison to their attended aerodynamic performance based on 2D static polars. In particular, low-order models 
are not able to capture all the complex phenomena taking place during a VAWT functioning, like the effects of 
macro vortices detaching form the airfoils at high AoAs or the distortion of the oncoming wind speed. 

Within this context, the use of a dynamic stall model in BEM codes is essential. Based on the present study 
(which is, anyhow, in line with the most recent literature), the use of the Berg model with a high value of AM (≈ 30) 
ensured the best accuracy, especially at low TSRs, where dynamic stall effects are magnified. This was mainly due 
to the higher sensitivity of this model to the predicted Reynolds number of the relative flow on the airfoil.  
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