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ABSTRACT

The dynamic stall phenomenon and its importance for load calculations and aeroelastic simulations is well known. Differ-
ent models exist to model the effect of dynamic stall; however, a systematic comparison is still lacking. To investigate if
one is performing better than another, three models are used to simulate the Ohio State University measurements and a set
of data from the National Aeronautics and Space Administration Ames experimental study of dynamic stall and compare
results. These measurements were at conditions and for aerofoils that are typical for wind turbines, and the results are
publicly available. The three selected dynamic stall models are the ONERA model, the Beddoes–Leishman model and the
Snel model. The simulations show that there are still significant differences between measurements and models and that
none of the models is significantly better in all cases than the other models. Especially in the deep stall regime, the accuracy
of each of the dynamic stall models is limited. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Recent years have seen a significant growth in the size and investment costs of wind turbines. Along with this growth in the
market, there is an equally growing demand for more reliable design methods. This is especially the case for off-shore wind
turbines, where reliability of the turbine and its components are among the most important challenges faced by designers.
However, uncertainty in design calculations restricts the confidence levels to which turbines can be designed reliably today.
At present, the uncertainty in design calculations is 10% to 20% for performance prediction and 30% for dynamic load
prediction.1 To enable more reliable calculations, both the structural dynamics as well as the aerodynamics will have to be
improved. To enable the use of general purpose structural codes (e.g. multi body codes) for wind turbine simulations, the
Energy research Centre of the Netherlands (ECN) is developing the ECN-Aero-Module,2 whereby different aerodynamic
models can be coupled to the structural codes.

One of the reasons for the large uncertainty in the dynamic load prediction for wind turbines is the unsteady (and often
unpredictable) nature of the environment in which they typically operate. The unsteady flow conditions in which wind tur-
bines operate complicate the process of determining accurate aerodynamic force coefficients. The wind field encountered
by a wind turbine deviates from uniform inflow because of local atmospheric and topographical influences such as wind
shear, turbulence and wind gusts. Also, yaw misalignment, rotor tilt, deformations and the presence of the support structure
cause each section of a rotor blade to experience unsteady flow.

In combination with the unsteady flow environment, high aerodynamic angles of attack where the flow is stalled are
often, sometimes unavoidably or intentionally, encountered on wind turbine blades. It is evident that stall plays a very
important role in a wind turbine’s normal operation.

According to Leishman,3 dynamic stall will occur on any aerofoil or other lifting surface when it is subjected to time-
dependent pitching, plunging or vertical translation, or other types of motion that take the effective angle of attack above its
normal steady stall angle. For dynamic stall, the physics of the flow separation and stall development differs fundamentally
from the stall mechanisms observed for the same aerofoil under static (quasi-steady) conditions.4

Copyright © 2012 John Wiley & Sons, Ltd.
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Stated simply, the effect of dynamic stall is a delay in stall onset: stall occurs at a higher angle of attack than for the
static stall case. A strong vortex is formed at the leading edge that separates and is convected along the upper surface of
the aerofoil. This event begins with a rapid increase in lift and ends with full flow separation and catastrophic loss of lift
as the vortex disturbance is convected past the trailing edge of the aerofoil.4,5 This behaviour can produce hysteresis loops
in the force coefficients (see Figure 1), producing cyclic pressure loadings that are not predicted by conventional lift and
drag data obtained at steady angles of attack.6

Experimental results have confirmed that aerodynamic load variations, characteristic of dynamic stall, occur on wind
turbine blades and that dynamic stall modelling can help to more accurately define operational and performance boundaries
for wind turbines.8,9 The accurate prediction of dynamic stall onset (leading edge vortex separation) and the subsequent
effects on blade loads and performance are, however, very difficult.3

The experimental study of dynamic stall relies heavily on wind tunnel tests of oscillating two-dimensional aerofoils,
where the majority of documented experimental results are for pitching aerofoils and only limited amounts of data for e.g.
plunging oscillations.3 It is clear that the effect of dynamic stall should be incorporated in wind turbine simulations. How-
ever, different dynamic stall models exist, and a comparison of different models to identical measurements has not yet been
performed for representative wind turbine conditions. Comparisons do exist for representative helicopter conditions,10,11

where it has become clear that the two-dimensional models are very important for the representation of dynamic stall but
that there is still many needs for further improvements. For wind turbine conditions, however, a comparison has not yet
been made; therefore, it is not clear if one model is better than the other, in general or for certain cases. To enable compar-
ison, different models should be compared with one single set of measurements. Of course, each of the different available
dynamic stall models has been validated using a set of measurements, but often different sets are used for different models.
This inhibits direct comparison. Therefore, in this paper, one set of measurements that represent conditions of wind turbine
blades will be used to enable direct comparison of different models.

At Ohio State University (OSU) measurements were performed on pitching wind turbine aerofoils. The publicly avail-
able OSU measurements7 are representative for modern multimegawatt wind turbine conditions towards the tip of the
blade, when looking at the reduced frequency. The Reynolds numbers of around 1.2 million are also representative for
wind turbines, which makes the OSU measurements very useful to compare different dynamic stall models with these
measurements. The measurements were performed using three different aerofoils: the NACA 4415, the S809 and the
LS(1)-0421MOD.12 The results from these measurements can serve as a reference to compare the accuracy of different
dynamic stall models. For example, consider Figure 1, where the measured lift coefficient for the NACA 4415 aerofoil is
shown.7 In addition to steady measurements, measurements for the aerofoil oscillating (pitching) about the quarter chord
point at reduced frequencies of k D 0:023, k D 0:045 and k D 0:069 are shown, with k D !c=2V . It is clear from this
figure that the reduced frequency k of the pitch oscillations has a significant influence on the measured lift.

As one of the dynamic stall models used was developed using the OSU measurements and as it is known that measure-
ments at different tunnels will result in different results, another set of measurements has been used for the comparison.
For this additional comparison, measurements from National Aeronautics and Space Administration (NASA) Ames exper-
imental study of dynamic stall13 have been used. A set of measurements was chosen for which the steady and unsteady
data were available for the same Mach number and Reynolds number, for which the reduced frequencies were in the range
of the OSU measurements and the Mach and Reynolds numbers were the lowest to compare better with wind turbine
conditions. The most appropriate measurements turned out to be the measurements for the Vertol VR-7 aerofoil where
data are available for a Reynolds number of approximately 2.6 million and reduced frequencies of k D 0:01, k D 0:025

and k D 0:051.
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Figure 1. Comparison between the steady and dynamic lift coefficients at different reduced frequencies for the NACA 4415 aerofoil,
as measured at Ohio State University.7
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The dynamic stall phenomena do not only influence the size of the loads; it also has significant effect on aeroelastic
damping. It is clear that a dynamic stall model has to be included in the tools that are used for aeroelastic load calculations
of wind turbines; therefore, the ECN-Aero-Module2 should also include at least one dynamic stall model. To investigate
which dynamic stall model performs best, three different dynamic stall models have been selected for the comparison,
models that do not require many aerofoil specific coefficients and which are often used in wind turbine simulations. These
three are ONERA14–17, Beddoes–Leishman18–20 and Snel.21 More details on these three different dynamic stall models
will be given in the next section. In Section 3, the results of the comparison between these different models and the OSU
and NASA Ames measurements will be discussed. The final section will show the conclusions.

2. SEMI-EMPIRICAL DYNAMIC STALL MODELLING

Dynamic stall is currently modelled by computationally efficient engineering models that have originally been developed
for helicopter applications and are adapted for wind turbine use.3 However, in recent years, focus has shifted to models
specifically aimed for use in wind turbine aerodynamic analysis.22

Of the dynamic stall models currently in use, the majority are so-called semi-empirical models. These models contain
representations of the essential physics using sets of linear and non-linear equations to model the lift, drag and pitching
moment coefficients of aerofoils in dynamic conditions.3 These equations may require several empirically determined
coefficients that have to be deduced from unsteady aerofoil measurements.

In the calculation of the coefficients, many complications occur for dynamic stall models. First, the majority of experi-
mental results for dynamic stall that are available were obtained for aerofoils (and at Reynolds and Mach numbers) that are
more applicable for helicopters rather than wind turbines. Second, although the qualitative features of dynamic stall have
been found to be the same for a wide range of aerofoils and operating conditions, quantitative behaviour of the aerodynamic
coefficients do show subtle variations, especially for different aerofoil shapes, making accurate prediction difficult.3 Lastly,
even when a dynamic stall model has been tuned to accurately predict certain wind tunnel measurements, these are still
not the conditions to which it will be exposed in a real wind turbine operating environment. Dynamic stall models can,
therefore, only be used with confidence for situations in which their performance has been verified and validated against
experimental data.

In this paper, three different models will be compared with the OSU measurement data, and the results will be compared
with each other. These three different models will be discussed next: ONERA, Beddoes–Leishman and Snel.

2.1. ONERA method

The ONERA semi-empirical model describes the unsteady aerofoil behaviour by means of a set of non-linear differential
equations. A first-order linear differential equation describes the inviscid (attached flow) aerodynamic contribution, and a
second-order differential equation describes the non-linear viscous effects associated with stall. The model was originally
developed by Tran and Petot14,15,23 and further described by McAlister et al.16 for rotorcraft applications. Subsequently,
modifications that improved the stability of the method were suggested by Peters.17 The model was further revised by Petot
in 1997;24 however, these corrections are not included in the implemented model. The coefficients that are required for the
method’s modelling equations are determined by parameter identification from experimental measurements on oscillating
aerofoils. A drawback of this method is the large number of empirical coefficients that need to be determined from unsteady
experiments. However, good prediction of the actual results seems possible.3 Another draw back for wind turbines is that
the model is derived on the basis of a linearisation where it is assumed that changes in angle of attack are small and that
there is a small difference between the static and dynamic lift coefficients, which is not always the case for wind turbines.

The ONERA model consists of the following two empirically derived differential equations from which the total dynamic
lift coefficient is calculated:25

Pcl;1C �Lcl;1 D �Lcl;potC .�LsLC �L/ P̨ C sL R̨ (1)

and

Rcl;2C aL Pcl;2C rLcl;2 D�.rL�cl C eL P�cl / (2)

with the dynamic lift coefficient equal to the sum:

cl;dyn D cl;1C cl;2 (3)

In these equations, the notation .�/D d=ds is used to denote differentiation with respect to dimensionless time s D .2U=c/t .
The notations are further explained at the end of this paper. In the first-order differential equation (1), the coefficients �L,
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sL and �L are functions of the angle of attack and have to be determined from unsteady experimental data.25 How-
ever, when such unsteady data are not available, which will often be the case, the values for a flat plate may be used. In
the calculations discussed in Section 3, no specific aerofoil data have been used; therefore, the flat plate data has been
used instead.

For the second-order equation (2), a lift coefficient difference parameter, representing the loss in lift due to flow
separation, and its derivative are introduced:

�cl D cl;pot � cl;stat (4)

The aerofoil dependent coefficients aL, rL and eL all depend on the loss in lift �cl and are defined as follows:

rL D
h
r0 C r2.�cl /

2
i2

(5)

aL D a0 C a2.�cl /
2 (6)

and

eL D e2.�cl /
2 (7)

The values for the coefficients a0, a2, r0, r2 and e2 have to be determined for each aerofoil from wind tunnel mea-
surements; flat plate measurements cannot be used. If values for a particular aerofoil are not available, the values for the
so-called mean aerofoil can be used instead,26 although the prediction is then less accurate. In the calculations discussed
in Section 3, the values for the mean aerofoil have been used to model the dynamic stall phenomena.

Because it is defined as a set of differential equations, the form of the ONERA model easily lends itself to be solved
together with the equations of motion of a dynamic system. For this reason, in addition to its acceptable prediction
of unsteady aerodynamic loads, it is often the method of choice for investigating unsteady effects for wind turbine
applications.8,27,28 For the comparison discussed in this paper, a second-order accurate backward difference approximation
has been used to simulate the conditions as measured in the OSU experiments.

2.2. Beddoes–Leishman method

The Beddoes–Leishman method18,19 is a dynamic stall model where the emphasis is on a more complete physical repre-
sentation of the overall unsteady aerodynamic problem but still in a form that keeps the complexity of analysis down to
minimise computational cost.3 In this way, it attempts to overcome the limitations of other models where a large number
of empirically determined coefficients limit the applicability of the method whenever the coefficients cannot be determined
for exactly the appropriate flow environment. The model is based on the original work of Beddoes29 and has since also
been adapted specifically for the class of aerofoils used in wind turbines.20

The Beddoes–Leishman model essentially consists of four subsystems:3

1. An attached flow model for the unsteady (linear) aerodynamic forces based on Duhamel superposition.
2. A separated flow model for the non-linear aerodynamic forces.
3. A dynamic stall onset model.
4. A dynamic stall model for the vortex induced aerodynamic forces.

These four submodels are connected in an open loop system, where output from one model serves as input for the next.
This gives a clear indication of the effect of each submodel on the overall result. The modular approach also serves as
inspiration or starting point for other models22,30 that use (modified) submodels as building blocks for methods on the
basis of the same underlying physics.

Similar to the ONERA method, the Beddoes–Leishman model can be formulated as a set of ordinary differential equa-
tions, which is useful for analysis purposes. The main advantage of the Beddoes–Leishman method in comparison with for
instance the ONERA method is that it uses relatively few empirically determined coefficients of which all but four can be
derived from steady aerofoil data.3

Although originally conceived for the analysis of dynamic stall in rotorcraft, where the flow conditions and type of aero-
foils are distinctly different from wind turbine applications, the model has been adapted to perform well for wind turbine
specific aerofoils even in/near stalled conditions31 and is used as dynamic stall model32 in wind turbine analysis codes such
as Aeroforce.33 The Beddoes–Leishman model is the only model of the three discussed dynamic stall models that takes
flow separation explicitly into account.

Wind Energ. (2012) © 2012 John Wiley & Sons, Ltd.
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2.3. Snel method

The non-linear, second-order dynamic stall model developed by H. Snel21 is an example of a modern semi-empirical engi-
neering model used to include dynamic stall effects in aeroelastic response codes for wind turbines. This is a model that
uses no aerofoil specific parameters in its modelling equations but still can predict dynamic stall with the same accuracy
as models that do require such input. This characteristic makes Snel’s dynamic stall model desirable for application in
an aeroelastic design code where numerous aerofoil profiles need to be evaluated, negating the need for any parameter
identification from dynamic wind tunnel tests.

On the basis of the observed behaviour of the dynamic lift coefficient, Truong34 proposed that the difference between
dynamic and steady cl can be written as the sum of two parts, the first part describing the forcing frequency response and
the second part describing the higher frequency dynamics of a self-excited nature. The most common dynamic stall models
only describe the first part. The Snel model will follow the idea of Truong but with the difference that the first part will
also be expressed in terms of �cl or differences with the steady state cl . Thus, the dynamic lift coefficient will be written
as follows:

cl;dyn D cl;steady C�cl1 C�cl2 (8)

For the first-order correction�cl1, Truong makes use of the Beddoes–Leishman model. Snel’s model however, uses the
SIMPLE model35 as point of departure for the modelling of �cl1, using a first-order differential equation of the form

cf11 P�cl1 C cf10�cl1 D f t1 (9)

In this manner, �cl1 will follow the frequency of the forcing term, f t1. To cast the equation in non-dimensional form,
the coefficient of the derivative term, cf11, is taken to be equal to the time constant usually considered in dynamic stall,
namely � D c=2U , where c is the aerofoil chord length and U the effective wind speed. The forcing term will be based on
a derived profile specific quantity, namely the behaviour of �cl;pot

f t1 D � P�cl;pot (10)

where �cl;pot is defined as the difference between the potential flow lift coefficient and the profile steady lift coefficient:

�cl;pot D cl;pot � cl;steady D 2� sin.˛ � ˛0/� cl;steady (11)

The coefficient cf10 may be seen as the stiffness of a spring trying to pull �cl1 to its steady value of zero, when there
is no forcing. As in the SIMPLE model,35 the spring is stiffer for negative P̨ and also increases its stiffness with increasing
˛. This behaviour is obtained by choosing

cf10 D

8<
:
1C0:5�cl;pot

8.1C60� P̨ /
if P̨cl;pot � 0

1C0:5�cl;pot

8.1C80� P̨ /
if P̨cl;pot > 0

(12)

The differential equation for �cl2 must be of second order since it should introduce the higher frequency dynamics,
which should resemble an eigenfrequency of the equation. The general form of the equation may be written as

�2 R�cl2C cf21 P�cl2C cf20�cl2 D f t2 (13)

The following coefficients were chosen:21

cf20 D k
2
s Œ1C 3.�cl2/

2�Œ1C 3 P̨2� (14)

and

cf21 D

�
60�ks

�
�0:01.�cl;pot � 0:5/C 2.�cl2/

2
�

if P̨ > 0
2�ks if P̨ � 0

(15)

In these equations, ks is the reduced frequency of vortex shedding in a uniform flow, or Strouhal frequency, which is given
a value of 0:2.34

Lastly, the forcing term is made up of �cl;pot and its time derivative in the following form:

f t2 D 0:12.�0:15�cl;pot C 0:05 P�cl;pot/ (16)

To simulate the conditions as measured in the OSU experiments, a second-order accurate backward difference
approximation has been used.

Wind Energ. (2012) © 2012 John Wiley & Sons, Ltd.
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3. COMPARISON TO THE EXPERIMENTS

The three dynamic stall models (ONERA, Beddoes–Leishman and Snel), discussed in the previous section, have been used
to run simulations representing the OSU measurement conditions. Of course, each of these models has been validated
before; however, by comparing each one to the same set of measurements, their accuracy can be compared. First, the mea-
surements are further described, followed by a short discussion on the model settings. Then the lift hysteresis parameters
are compared, followed by the differences between average measured data and simulations. The results will be shown for
several representative conditions (different aerofoils, reduced frequencies, mean angles of attack, amplitudes).

3.1. Unsteady measurements

As described in Section 1, the OSU measurements are representative for the current multimegawatt wind turbines. However,
it should be noted that the first draw back is the fact that the Snel model has been validated using this set of measurements;
therefore, it is not a completely independent set of data. A second drawback is the fact that it concerns a pitching aerofoil,
whereas a plunging aerofoil would be a significantly better representation for the dynamic stall effects on a wind turbine.
A third drawback of these measurements is that no attempt was made during the measurements to calibrate the wind tunnel
for the unsteady oscillating model conditions; the steady state tunnel calibration was used to set flow conditions while
the model was stationary at its mean angle of attack.7,36,37 However, the reduced frequencies, Reynolds numbers and the
aerofoils had been specifically chosen to represent wind turbines. This, combined with their public availability, makes it
into a relatively good set to be used for the comparison.

As was already mentioned in Section 1, the measurements were performed on three different aerofoils: the NACA 4415,
the S809 and the LS(1)-0421MOD12 and each for three different reduced frequencies: k � 0:02, k � 0:04 and k � 0:065.
The three dynamic stall models have been compared for each aerofoil and for each measured reduced frequency.

As the Snel model was derived on the basis of the OSU measurements, for a more fair comparison, at least one other data
set has to be used. A set from the NASA Ames measurements13 was therefore used, although this set is less representative
for wind turbines. By selecting data that were available for a relatively low Reynolds number and ranges of the reduced
frequencies that were comparable to the OSU data, with an amplitude of around 10°and a mean angle of attack of around
14°, this has resulted in an acceptable additional set to be used in the comparison. The data set concerns the helicopter
Vertol VR-7 aerofoil at a Reynolds number of around 4 million, a mean angle of attack of around 15°and an amplitude of
approximately 10°. Please note that for the larger mean angles of attack, only the OSU measurements have been used in
the comparison. The results are summarised below.

3.2. Model settings

To summarise the model settings, the parameters for the Beddoes–Leishman and ONERA models are shown in Table I.
For the Beddoes–Leishman model, parameter-setting-based values in Leishman and Beddoes18,19 have been used. For the
ONERA model, the values for the flat plate have been used for the first-order equation and the values for a mean aerofoil
have been used for the second-order equation. For the Snel model, both the first-order and second-order models have been
used in the comparison.

Table I. Parameters used for the Beddoes–Leishman dynamic stall model
(left) and ONERA model (right)

Beddoes–Leishman ONERA

Parameter Value Parameter Value

a 340.3 m s�1 �L 0.17
c 0.457 m sL �

A1 0.3 �L 2�
A2 0.7 a0 0.3
b1 0.14 a2 0.2
b2 0.53 e2 �2.86
K˛ 0.75 r0 0.2
TI c/a r2 0.2
Tp 2.5
Tf 3.0
Tv 6.0

Wind Energ. (2012) © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/we



J. G. Holierhoek et al. Comparing different dynamic stall models

The dynamic stall models are all executed with time step sizes determined by modelling accuracy considerations. These
time steps are much smaller than the measurement intervals in the unsteady wind tunnel tests. Furthermore, just as in the
wind tunnel test, the time span of the modelling runs is set such that at least three pitch oscillations of the modelled aero-
foil are completed. Next, one full oscillation (consisting of an upstroke and a downstroke) is extracted from the modelled
results, for comparison with the averaged experimental values. The dynamic lift coefficient at identical angle of attack
intervals as for the averaged measured values is interpolated from the modelled oscillation cycle.

3.3. Comparison of the lift hysteresis parameter

One of the methods of comparison between the measured and modelled dynamic lift curves is to compare the lift hysteresis
parameter. The lift hysteresis parameter is defined as the difference in lift coefficient between the two points in a cycle
when the aerofoil passes through the angle of initial maximum lift (which is always on the upstroke of a cycle).12 These
values are indicative of the effects oscillation has on the lift coefficient.

In Figure 2(a)–(d), the lift hysteresis parameters for the four aerofoils are plotted against the reduced frequency. These
concern measurements and simulations for an average angle of attack of 14°and an amplitude of 10°. These figures show
that there is a strong relationship between the lift hysteresis and the frequency of oscillation—the hysteresis parame-
ter increases with increasing reduced frequency. This trend is observed in all measurements and for all three dynamic
stall models.

For the NACA 4415 (Figure 2(a)), the LS(1)-0421MOD (Figure 2(c)) and the Vertol VR-7 (Figure 2(d)), the trends
observed are very similar in both the measured and calculated model values, with for the first two aerofoils generally only
small differences between the models and the measurements. For the Vertol, the differences are significantly larger. How-
ever, for the S809 (Figure 2(b)), the situation is different. In the measurements, there is a larger increase in the hysteresis
parameter between the intermediate and highest reduced frequencies than there is between the lowest and intermediate
reduced frequencies. This is not captured by any of the dynamic stall models; all models predict a trend similar to the
trends observed for the NACA 4415 and LS(1)-0421MOD aerofoils. As stated by Sheng and Galbraith,38 the onset of
dynamic stall is rather complicated for the S809 aerofoil and difficult to predict using a dynamic stall model.
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Figure 2. The modelled and measured lift hysteresis parameter for all four aerofoils over the range of reduced frequencies and for
Reynolds number approximately 1:25� 106 for the first three and 4� 106 for the Vertol VR-7.
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Furthermore, there are substantial differences between the predictions from the various dynamic stall models for the
S809 aerofoil and the Vertol VR-7 aerofoil, contrary to the cases for the other two aerofoils. The difference in the hystere-
sis parameter between the measured and modelled values becomes up to four times greater than for the other two aerofoils.
This result might serve as motivation to take differences between aerofoils into account more explicitly since it seems to
have an effect on certain predicted results.

Although this test gives no indication of the accuracy of the models throughout the oscillation, it does show that the
overall hysteresis effect is captured quite accurately, especially for the NACA 4415 and LS(1)-0421MOD.

Next, the maximum difference in lift coefficient between the upstroke and downstroke for any angle of attack is calcu-
lated, with the results shown in Figure 3. For the NACA 4415, LS(1)-0421MOD and Vertol VR-7, nearly identical results
as for the lift hysteresis parameter are obtained. But for the S809, the model results remain nearly unchanged, whereas
there is a large difference for the measured results. This indicates that for the S809, the maximum difference between the
upstroke and downstroke does not occur at the angle of attack for maximum lift coefficient, whereas the dynamic stall
models do predict the maximum to occur at the angle of attack for maximum lift coefficient. And for the other three con-
sidered aerofoils, this is the case, indicating a significant difference in the behaviour of the S809 aerofoil compared with
the NACA, LS(1) and Vertol aerofoils.

There is a strong relationship between increasing pitch oscillation frequency and the magnitude of the stall hysteresis,
which the models are predicting correctly. With respect to the location of the maximum difference between an upstroke
and a downstroke, it is found to be at or very near the angle for maximum lift. The measurements show that the S809 is the
only aerofoil of the four that does not follow this trend.

3.4. Direct comparison of models to averaged unsteady data

The first and most evident way of comparing the results is to plot figures showing both the measured and modelled dynamic
lift coefficient polars. From these figures, a good first impression of the general trends predicted by the dynamic stall
models is obtained. To enable a comparison between different models, the L2-norm can be used to give an indication of
the difference between the measured and calculated results.
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Figure 3. The modelled and measured maximum difference in lift coefficient between the upstroke and downstroke for all four aero-
foils over the range of reduced frequencies and for Reynolds number approximately 1:25� 106 for the first three and 4� 106 for the

Vertol VR-7.
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L2 norm of the error
The L2 norm is defined as

jjf .x/jjL2 D

sZ b

a
jf .x/j2 dx (17)

The norm of the error between the modelled and measured lift coefficients gives an indication of the modelling accuracy
during an oscillation cycle as a single parameter. In this case, the function f .x/ in equation (17) is replaced by

f .˛/D �.˛/D cl;mod..˛/� cl;meas..˛/ (18)

with cl;mod. the modelled lift coefficient and cl;meas. the measured values. The integral is with respect to d˛ and the lower
and upper bounds are a D ˛mean � ˛amp and b D ˛mean C ˛amp, respectively. Since modelled and measured results are
only sampled at discrete intervals, in this case at 0:5° intervals, the error function will yield a vector of local errors. For this
vector of local errors, the L2 norm, normalised with respect to the number of vector components, is calculated as

jj�jjL2 D

vuut 1

n

nX
iD1

�2i (19)

where �i D cl;mod..˛i / � cl;meas..˛i /, with ˛1:::n angles first increasing from ˛mean � ˛amp to ˛mean C ˛amp and then
decreasing back to ˛mean � ˛amp, in steps of 0:5°.

Pitch oscillation of 10° around a mean angle of attack ˛mean D 14°
The lift coefficient predicted by the dynamic stall models is compared with the measured values, for the lowest oscilla-

tion frequency (k D 0:023) with the NACA 4415 aerofoil in Figure 4. All the models seem to predict the magnitude and
angle of attack of the maximum lift coefficient fairly accurately. When looking at the L2-norm of the difference between
measured and calculated lift coefficients, it is clear that the model with the smallest error over an entire pitch cycle is that
of Snel with the first-order correction, with the L2-norm equal to 0.045. On the basis of the L2-norm, Snel’s model with
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Figure 4. Comparison of measured and modelled results for the NACA 4415 aerofoil; the reduced frequency is 0.023, ˛mean D 14°,
˛amp D 10:5° and the flow Reynolds number approximately 1:25� 106.
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the additional non-linear correction performs the worst of all, with the L2-norm equal to 0.08. This is in part due to its
modelling of higher frequency dynamics, which is not so significantly present in the measurements and completely disap-
pears because of averaging of multiple cycles (cf. Figure 1 to the averaged plot in Figure 8). This leads to large errors for
the last part of the upstroke and the very beginning of the down stroke, as illustrated in the lower part of Figure 4.

For the LS(1)-0142MOD aerofoil, all three models underpredict the maximum lift coefficient, as shown in Figure 5.
The Snel method and the Beddoes–Leishman method both predict this maximum lift coefficient at a significantly higher
angle of attack; the difference is approximately 2°. Snel’s first-order model is again the model with the lowest error norm,
with the L2-norm equal to 0.045, very closely followed by the ONERA model (L2-norm = 0.046). The model perform-
ing worst in this regard is the Beddoes–Leishman model, with the L2-norm above 0.06. As shown in the lower plot of
Figure 5, the largest differences between the modelled and measured results occur on the upstroke of the oscillation in the
stalled region.

Looking at the results of the intermediate oscillation frequency (k � 0:04), there are significant differences when
compared with the previously discussed results for k � 0:02. The results are shown for both the S809 aerofoil (see
Figure 6) and the LS(1)-0421MOD aerofoil (see Figure 7). Most noticeable is that Snel’s non-linear model now consistently
has a smaller error norm than the Beddoes–Leishman and ONERA models. For the LS(1)-0421MOD aerofoil, shown in
Figure 7, the second-order Snel model even outperforms the first-order Snel model. For higher oscillating frequencies, the
higher-order dynamics predicted by the model decrease and the results follow the first-order correction more closely and
compares better with the averaged measured values. At this reduced frequency (k D 0:042), the Beddoes–Leishman model
predicts the largest stall delay of the methods considered with a difference of almost 5°in maximum lift angle, where the
ONERA model under estimates the delay of stall, resulting in errors that are almost twice as large as the error of the Snel
models. The lower parts of the figures illustrate that the ONERA model under predicts the lift coefficient for the largest
part of the range of angles of attack, with the largest difference in the upstroke.

At the highest measured reduced frequency k � 0:065, the first-order method of Snel still performs best with respect
to the norm of the lift coefficient, with the L2-norm < 0:08, followed by Snel’s non-linear model, the Beddoes–Leishman
model and finally the ONERA model. The results for the NACA 4415 and S809 aerofoils are shown in Figures 8 and 9,
respectively.

The same trend as for the intermediate reduced frequencies (k � 0:04) is observed at this high reduced frequency; the
Beddoes–Leishman model predicts the largest stall delay, whereas the ONERA model predicts stall significantly earlier
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Figure 5. Comparison of measured and modelled results for the LS(1)-0421MOD aerofoil; the reduced frequency is 0.022,
˛mean D 13°, ˛amp D 10° and the flow Reynolds number approximately 1:25� 106.
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Figure 6. Comparison of measured and modelled results for the S809 aerofoil; the reduced frequency is 0.042, ˛mean D 13°,
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Figure 7. Comparison of measured and modelled results for the LS(1)-0421MOD aerofoil; the reduced frequency is 0.044,
˛mean D 13°, ˛amp D 10° and the flow Reynolds number approximately 1:25� 106.
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Figure 8. Comparison of measured and modelled results for the NACA 4415 aerofoil; the reduced frequency is 0.069, ˛mean D 14°,
˛amp D 10:5° and the flow Reynolds number approximately 1:25� 106.
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Figure 9. Comparison of measured and modelled results for the S809 aerofoil; the reduced frequency is 0.061, ˛mean D 13°,
˛amp D 10:2° and the flow Reynolds number approximately 1:25� 106.
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than in the measurements, with the models of Snel in between these extremes. The significant under prediction occurring
in the upstroke for the ONERA model is clearly illustrated in the lower parts of Figures 8 and 9.

For the test cases with a mean angle of attack ˛mean D 14°, all the dynamic stall model results show at least the same
trends as that of the measurements. In general, it is found that the Beddoes–Leishman model slightly overpredicts both the
magnitude and the angle of attack for the maximum lift coefficient. On the other hand, the ONERA model is found to show
just the opposite behaviour and slightly underpredicts the mentioned values. The Snel models results usually fall within
the extremes set by the other two models. In addition to this, for all the test cases considered, Snel’s first-order dynamic
stall model resulted in the smallest error norm when compared with the measurements. The second-order correction in the
Snel models does not seem to improve the results; in many cases, the results are less accurate while there are additional
calculation costs.

The L2-norms for all four aerofoils against the reduced frequencies are plotted in Figure 10. The smallest error obtained
in these calculations is an L2-norm of 0.045 for the NACA 4415 at a reduced frequency k D 0:023 using the first-order
Snel model. The largest error found is an L2-norm of almost 0.18 for the NACA 4415 at the highest reduced frequency
(k D 0:069) using the ONERA model.

The fact that the models from Snel perform so well in the case of the NACA 4415 and S809 aerofoils at least can to a
certain extent be attributed to the fact that the coefficients in the Snel models were derived on the basis of these exact same
experimental results. The comparison with the Vertol VR-7 measurements however show a similar trend; again, the Snel
models in general outperform the other models.

Pitch oscillation around a mean angle of attack ˛mean D 20°
For the oscillations around a mean angle of attack in the fully stalled regime (for both the static and dynamic case), the

shape of the hysteresis is significantly different, especially for the lower reduced frequencies (k � 0:02 and k � 0:04);
the shape is much less smooth than the shape observed for the oscillations around ˛mean D 14°. The dynamic stall models
have difficulty predicting accurate results. This is, however, to be expected, on the basis of the underlying assumptions
under which the models were derived. The ONERA model, for instance, is derived on the basis of a linearisation where
it is assumed that changes in angle of attack are small and that there is a small difference between the static and dynamic
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Figure 10. The L2 error norm compared with the measured dynamic lift coefficient for the various dynamic stall models as a function
of reduced frequency. For the cases considered, ˛mean D 15° and ˛amp D 10°.
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lift coefficients, assumptions that are clearly violated. Although some flow physics is involved, Snel’s dynamic stall mod-
els are largely based on mathematical modelling of stall hysteresis loops around steady stall. The Beddoes–Leishman
model is the only model explicitly taking flow separation into account. Therefore, it is not surprising that this is, for
the majority of the cases, the model that has the lowest error norm, although the differences with the measurements are
still significant.

For both cases of the 5° and 10° oscillation amplitudes in the stalled region, the dynamic stall models have difficulty
predicting accurate results. This is especially the case for oscillations at the lowest reduced frequency (k � 0:02). See e.g.
Figure 11, which shows the results for the NACA 4415 aerofoil with ˛amp D 10°. Clearly, none of the models closely
follows the measured dynamic lift coefficient. In terms of the error norm, the Beddoes–Leishman model performs the best
but is clearly not very accurate with a norm that is above 0.1. The first-order model from Snel performs second best, but
the second-order model shows too much higher frequency dynamics on the upstroke, as is clearly illustrated in the lower
part of Figure 11.

At higher reduced frequencies, there is some improvement. In Figure 12, the results of the dynamic stall models for the
S809 oscillating with an amplitude of 5° at the intermediate reduced frequency (k D 0:04) are shown. The Beddoes–
Leishman method again shows the smallest error norm of all the methods considered, but there are still substantial
deviations from the measured lift coefficient values; the norm is still close to 0.1. This is a significantly higher norm
for the smallest absolute error than was obtained for the vibrations about ˛mean D 14°. However, it is a slightly smaller
absolute error than was found for the Beddoes–Leishman model for the same oscillating aerofoil about the smaller mean
angle of attack (Figure 6).

The last example considered in this comparison is the LS(1)-0421MOD aerofoil undergoing a 10° pitch oscillation at
the highest reduced frequency (k D 0:07), for which the results are shown in Figure 13. In this case, the Snel models
perform best, where the second-order model has the lowest L2-norm equal to 0.11, followed by the Beddoes–Leishman
and ONERA models. The lift hysteresis loop predicted by the ONERA model has a shape similar to the measured hystere-
sis loop; overall, it represents the shape significantly better than the other models but with an offset in comparison with
the measured case, as illustrated in the top left and bottom part of the figure. This results in a relatively high L2 norm
of 0.14.

These three dynamic stall models with their current configurations have difficulty in providing accurate results, espe-
cially for highly stalled flow conditions. A summary of the results for the fully stalled region is given in Figure 14 for
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Figure 11. Comparison of measured and modelled results for the NACA 4415 aerofoil; the reduced frequency is 0.023, ˛mean D 18:3°,
˛amp D 10:2° and the flow Reynolds number approximately 1:25� 106.
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Figure 12. Comparison of measured and modelled results for the S809 aerofoil; the reduced frequency is 0.039, ˛mean D 19:7°,
˛amp D 4:8° and the flow Reynolds number approximately 1:25� 106.
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Figure 13. Comparison of measured and modelled results for the LS(1)-0421MOD aerofoil; the reduced frequency is 0.069,
˛mean D 19:2°, ˛amp D 10° and the flow Reynolds number approximately 1:25� 106.
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Figure 14. The L2 error norm compared with the measured dynamic lift coefficient for the various dynamic stall models as a function
of reduced frequency. For the cases considered, ˛mean D 20° and ˛amp D 5°.

the cases with an amplitude of 5° and in Figure 15 for the oscillations with an amplitude of 10°. In these figures, the
L2-norm values of the different models are shown for the different values of the reduced frequency, for every aerofoil. On
average, the smallest absolute error norm is below 0.1, with a few exceptions for higher reduced frequencies and for the
LS(1)-0421MOD aerofoil. Judging from these figures, it is difficult to determine a particular trend between the norm of
the error and the reduced frequency, with the behaviour varying between different models and for the different aerofoils.
However, although the errors are quite large, especially at low reduced frequencies, there seems to be good agreement
between the different dynamic stall models on the LS(1)-0421MOD (see Figures 14(c) and 15(c)). In general, the models
perform best for the NACA 4415 aerofoil, if the amplitude is 5°. Furthermore, it will be noted that the Beddoes–Leishman
or Snel models, especially the first-order model, are regularly the models that show the smallest error for these fully
stalled cases.

4. CONCLUSIONS

The main conclusion from these comparisons has to be that there is still significant improvement possible in the dynamic
stall modelling, especially in the deep stalled regime, which indicates that further research is essential. The largest absolute
L2 error norm was above 0.25, e.g. for the LS(1)-0421MOD aerofoil at a reduced frequency k D 0:027, ˛mean D 20° and
˛amp D 10°. This would have a substantial effect on the outcome of an aeroelastic simulation, for which these dynamic
stall models are often used. The lift coefficient varies between 1.3 and 1.6, which renders the absolute error norm above
0.25 as significant. The smallest error norm found was at an acceptable level of 0.04 for the first-order Snel model (NACA
4415 aerofoil, ˛mean D 14°, k D 0:023).

The outcome of the comparison is not really in favour of any of the models. Note that one of the base assumptions
was to not use aerofoil specific parameters because of the benefits this will have in aeroelastic simulations, but this will
have of course a negative effect on the performance of models that include these parameters such as the ONERA and
Beddoes–Leishman models.
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Figure 15. The L2 error norm compared with the measured dynamic lift coefficient for the various dynamic stall models as a function
of reduced frequency. For the cases considered, ˛mean D 20° and ˛amp D 10°.

Furthermore, it can be concluded that the reduced frequency plays a fundamental role in the behaviour of the dynamic
lift coefficient. At lower reduced frequencies, the effect of vortex shedding at high angles of attack is more noticeable as
a higher frequency component in the lift coefficient, in addition to the response to the forcing frequency. As the reduced
frequency increases, this effect becomes less noticeable. This phenomenon is modelled by the second-order model from
Snel; however, with the current experimental results, it is difficult to exactly compare this model to the measurements and
draw conclusions on the accuracy because of the low measurement frequency.

For oscillations that have a mean angle close to stall and low reduced frequencies, the dynamic stall models give the
most accurate results. The difference between measured and calculated lift coefficient in the lift curve does not exceed 10%
of the lift coefficient throughout the loop for the Snel and Beddoes–Leishman models.

If the aerofoil is at an angle of attack that would be stalled in the steady case, the dynamic stall models are especially
inaccurate. This is not only due to constraints of the mathematical modelling but also because in the stalled region at
these low Reynolds numbers, there is significant unsteadiness in the stalled flow even for a steady angle of attack. This
unsteadiness, combined with the mathematical modelling constraints, makes it difficult to accurately predict dynamic stall
behaviour in this regime.

It is clear that using a dynamic stall model is essential in aeroelastic simulations, but it is not possible to state that
one of the three dynamic stall models is always better than the others. The results also show that the dynamic stall
effect will contribute to the differences that show up between the loads that are calculated in the simulations and the
loads that are actually measured on the wind turbine. Using any of these models will improve the calculations com-
pared with using steady lift coefficients. To further improve the reliability of the dynamic stall models, each model
should be validated and compared with each other for different circumstances, e.g. different aerofoils, reduced fre-
quencies, plunging and pitching motions. Also, the comparison should be extended to include the pitching moments,
as for wind turbines that are increasing in size, the torsion deflections become more and more important. These activ-
ities could result in an improved reliability for the dynamic stall models and therefore increase the accuracy of the
load calculations.
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NOTATION

aL Coefficient for ONERA model [–]
c The aerofoil chord [m]
cf10 Coefficient for constant term in Snel’s first-order correction [–]
cf11 Coefficient for first derivative in Snel’s first-order correction [–]
cf20 Coefficient for constant term in Snel’s second-order correction [–]
cf21 Coefficient for first derivative in Snel’s second-order correction [–]
cf22 Coefficient for second derivative in Snel’s second-order correction [–]
cl;dyn Dynamic lift coefficient [–]
cl;pot Potential flow lift coefficient [–]
cl;stat Stationary lift coefficient [–]
eL Coefficient for ONERA model [–]
f t1 Forcing term in Snel’s first-order correction [–]
f t2 Forcing term for Snel’s second-order correction equation [–]
k Reduced frequency k D !� D !c=2V [–]
ks Reduced Strouhal frequency [–]
r Radial position [m]
R Rotor radius [m]
rL Coefficient for ONERA model [–]
P Frequency of rotor rotation [Hz]
sL Coefficient for ONERA model [–]
U Undisturbed axial velocity [m s�1]
V Effective velocity [m s�1]
˛ Angle of attack defined with respect to chord line [rad]
˛0 Zero lift angle of attack [rad]
�cl Lift coefficient difference [–]
�cl1 First-order equation lift coefficient correction term [–]
�cl2 Second-order equation lift coefficient correction term [–]
�L Coefficient for ONERA model [–]
�L Coefficient for ONERA model [–]
� Time constant � D c=2V [s]
! Frequency [rad s�1]
˝ Rotational speed [rad s�1]
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