Modelling of stall-delay due to rotation

1. The importance and relevance of the scientific content

A wind turbine should not always extract the highest possible power from the wind. Very high
wind speed are rare and do not add much to the energy production during the year. To with stand such
speeds in normal operation the turbine would have to be heavy and expensive. Therefore, wind turbines are
designed with a maximum power level that will be reached dozens of times per year. A control mechanism
is required in order to not exceed this so-called rated power level, which is just reached at the rated wind
speed (figure 1).
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Figure 1. A power curve of a wind turbine with indicative numerical values

Modern utility-sized wind turbines rely mainly on two mechanisms for power control at high wind
speeds, namely pitch and stall control [1-3]. Pitch control relies on an active full-span variation of the
global blade angle, thereby guaranteeing that all sections of the blade remain in a regime which can be
characterized by mostly laminar and unseparated flow around the blade. A theoretical description in this
regime can be performed by essentially inviscid flow models, yielding reliable results for the local lifting
forces and the overall torque developed by the blade [4]. Drag forces are negligible in this regime. Passive
stall control where the power control is an intrinsic property of the rotor, on the other hand, operates in an
aerodynamic regime characterized by (local) flow separation and strong drag forces. An adequate
theoretical description requires a solution of the full equations of viscid motion, which is impractical in
most cases; therefore a number of semi-empirical models [2,5] have been developed which have to be
adjusted manually to the exact blade parameters and conditions. Pitch-controlled wind turbines can operate
at both fixed and variable speed (rotor frequency), whereas stall control heavily relies on a fixed rotor
frequency. Recently, however, an advanced concept has been introduced by industry, known as active stall,
which allows for variable speed operation using a full-span rotation of the rotor blades such as in pitch
control, but in the opposite direction [1].

Small wind turbines with rated power values in the 0.5-20 kW range, mainly utilize furling (or
yawing) as their mechanism for power regulation, although passive pitch control is also used in some
models such as the traditional Jacobs machines [6]. Although furling is a robust and well-suited mechanism
for its typical applications (water pumping, rural electrification) at medium wind speeds, the performance
of typical commercial systems at higher wind speeds is poor, resulting in a low overall efficiency at high-
wind speed sites (the prediction of the power production at high yaw angles is not straightforward, which
complicates an efficient and safe design) [7]. The reasons why stall control has not been used in small wind
turbines is probably due to the fact that it requires both sophisticated modelling tools and advanced
manufacturing techniques, both of which are not generally available to small developers [9].

In high winds, when much of a wind turbine blade can be stalled, existing performance methods
can predict power outputs that are considerable lower than those actually measured. While part of the
problem is the imprecise treatment of delayed stall as a result of unsteady aerodynamic effects, there are
also subtle three-dimensional effects that contribute to the problem [10]. While a full understanding and
modelling of these problems is the subject of ongoing research, they can, in most cases, be traced to three-
dimensional boundary layer developments on the rotating blades.

One aspect of the three-dimensional aerodynamic problem is the centrifugal and Coriolis effects



acting on the boundary layer in a rotating environment. Several experimental and computational studies
have provided insight into the problem [11-16]. From an order of magnitude analysis of the three-
dimensional boundary layer equations applied to a rotating flow environment, Snell [12] has found that the
Coriolis acceleration terms can act to alleviate adverse pressure gradients and so may delay the onset of
flow separation and stall. When the flow separates, Dumitrescu and co-workers [13] using after separation
an idealized zero skin-friction inviscid flow and laminar boundary-layer equations, have found that the
Coriolis action produces an inboard standing vortex structure and so may augment the aerodynamic forces
(figures 2 and 3).
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Figure 3. Topological structures of separation on rotating blade: a) types of separation surface; b)
separation/reattachment.

The effects are pronounced at the inboard part of the blade, for which experimental results have
shown significant increases in sectional maximum lift coefffficients beyound what would be expected
based on two-dimensional static measurements (figure 4).
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Fig.4. Effect of the radial position on the lift coefficient

Similar results have been suggested using CFD methods [14,15]. The experiments of Schreck and
Robinson [16] also suggest favorable effects on the spanwise development of the boundary layer on a
rotating blade, which tend to delay the onset of flow separation at a higher angle of attack. Various ad-hoc
methods to model the observed effects have been developed [17,18], but a rigorous approach is lacking.

In the present project we will show that an adequate prediction of the performance of stall-
regulated wind turbines of different sizes and with different blade designs can be obtained with a refined
though simple blade element momentum (BEM) model, where the main adjustments come from the
treatment of the stall regime.

We believe this to be an important result, since it has been suggested in literature [19] that BEM
has inherent shortcomings for the prediction of the stall regime behaviour and that a computationally more
demanding technique known as lifting surface wake theory more accurately models stall conditions.

We believe that the results of this work are particularly useful for small wind turbines used in
remote applications such as rural electrification and water pumping [20] where still important aerodynamic
design opportunities exist, as opposed to utility-scale turbines where the optimization of the structural
properties is currently the main design driver [8].

2. Objectives of this work

The main objective of this work is to develop a relatively simple engineering model that should
provide an approximate prediction of the steady state power curve of stall-regulated wind turbines,
containing no free (fit) parameters. From the literature [1,4,21-26] it be concluded that, despite the great
number of computational models with varying complexity (ranging from simple momentum theories to
Reynolds-averaged Navier-Stokes (RANS) models), no universal model is currently available that provides
a reliable prediction of the steady state power production of wind turbines in the stall regime. In addition to
create a completely new model, we looked at existing models and their possible modifications.

BEM theory has proven very successful for blade design [1-3,21,24] and has also been used for
the prediction of the flow field near wind turbines [27,28] in spite of its constraining assumptions. It is
therefore our natural starting point. Special emphasis is laid on three points:

1. The stall regime is characterized by local flow separation at the blade; our model should therefore
distinguish between the global flow through the rotor disc and the flow local to the blade. We
found that the framework provided by reference 1 adequately accounts for this difference.

2. The three-dimensional nature of the blade strongly influences the aerodynamic coefficients of the
blade under stall conditions, which should be accounted for.



3. Blade rotation induces a phenomenon known as stall delay, producing high lift coefficients for
angles beyond the onset of flow separation in non-rotating wind tunnel (two-dimensional)
experiments, followed by a sharper drop than in the case of non-rotating experiments.

The project has six stages:

Vortex structure topology for three-dimensional separation (sept.2007-dec.2007).
Quasi-three- dimensional Navier-Stokes model for rotating airfoil (jan.2008-june.2008)
Three-dimensional boundary layer formulation on rotating blade (july.2008-dec.2008)
Viscous-inviscid interaction method for rotating blades (jan.2009-june.2009)

Rotational effect on boundary layer behaviour and flow field structure (july.2009-dec.2009)
Implementation of stall-delay model in a BEM model (blade element-momentum) for design
(jan.2010-aug.2010)
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3. Methodology of this work

The steps taken in order to develop a useful working model for the power curve prediction of stall-
regulated wind turbines are the following:

1. A home-build computer code is developed for the solution of BEM model equations
considering different combinations of models for the stall regime.
2. The model is tuned to the power curve obtained by the NREL/NASA Ames wind tunnel

experiment [29,30], the results of which have been analysed thoroughly in the literature
[19,22,23,25]. The dependence of this new model on different parameters such as Reynolds
number and data source for C, and Cp, data (wind tunnel) is then studied in a detailed manner
and some consistency checks are performed.

3. Once a model is found that provided an adequate description of the NREL/NASA Ames
power curve, we proceed to validate this model against field data from the Annex XIV/XVIII
project [31], an international effort funded by the International Energy Agency (IEA) that
provided an ample database available on the Internet for the interested public.

4, Finally, a quantitative measure of the agreement of the prediction of our theoretical model
with the measured power curves (a figure of merit) is calculated in terms of the energy
production predicted for both the theoretical and experimental power curves.

NREL-National Renewable Energy Laboratory, Golden, Colorado
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