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1. PROBLEM DEFINITION

In the rotor plane of a wind turbine, the axial flow velocity depends on the
wind speed and on the degree of loading (axial force) of the turbine. For
instance, for a turbine with zero loading, the speed in the rotor plane is equal
to the wind speed, while an operating, loaded wind turbine slows down the
wind speed to a lower value. The difference between the wind speed and the
axial flow velocity in the rotor plane is usually called the ’induced’ velocity,
the velocity induced by the presence of the turbine. Figure 1 shows this
principle for a non loaded and a loaded wind turbine. When the load
situations changes, the change in the induced velocity will lag behind, since
an appreciable amount of air must be accelerated or decelerated.

(a)

Uo

Figure 1. Wind turbine with (b) and without (a) loading. U0 is the
undisturbed wind speed, U~ is the speed in the rotor plane and U.~
is the velocity far downstream, in the turbine wake. The unloaded
turbine is transparent to the wind, the loaded turbine decelerates
the wind. A change in loading implies a change in ’induced’
velocity.
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In the actual operation of the wind turbine, its load situation is changing
continuously, either because of wind speed fluctuations or through blade
angle variations (pitch control). Nevertheless, most of the operational com-
puter codes for the prediction of these loads and of the dynamic behaviour of
turbines, make use of quasi steady aerodynamic models, assuming at any
instant in time an equilibrium between the load situation and the induced
velocity. Comparison of computational results with measurements has shown
that, under certain circumstances, notably pitching transients, important and
systematic differences occur which can be attributed to unsteadiness and the
t’mae lag in the adjusmaent in the induced velocity.

Likewise, the flow situation that arises as a result of misaligument between
the wind direction and the turbine orientation (yaw misalignment) is not well
represented in the presently used prediction codes. This is an important
problem, as failure of yaw mechandsms scores high in the list of causes for
turbine non availability. For a proper dimensioning of this component, more
accurate predictions of the aerodynamic yaw loads are necessary.

Both items (load transients and yaw misaligument), can be described by
taking into account the unsteady and non uniform formation of the near rotor
wake, and its effect on the ’inflow’ into the rotor plane of the turbine. The
phenomena are referred to as ’Dynamic Inflow’ in the helicopter literature.

In the CEC sponsored project JOUR-0083: ’Joint Investigation of Dynamic
Inflow Effects and Implementation of an Engineering Method for Response
Calculations’, a second generation of aerodynamic models is being generated
that must be capable of accounting for these phenomena.

2. OBJECTIVE

The objective of the project is the definition and implementation of one or
more simple and validated ’engineering models’ for the phenomena described
above. The model(s) must be such that they can easily be implemented into
available computer codes for the prediction of aerodynamic loads and the
dynamic behaviour of wind turbines. The model(s) must result in an
appreciable improvement with respect to the prediction of loads, in
comparison with the stationary models commonly used. Verification of the
models and validation of the results is also part of the project.
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3. APPROACH

Methods are in existence (so called free vortex wake models) that are able to
calculate the wake formation and its influence on the inflow in the rotor
plane. However, these methods require considerably more computer time than
the simpler aerodynamic models. For that reason, they are not usually
incorporated in the aeroelastic programs (calculating loads as the combined
result of aerodynamics and structural dynamics) used by wind turbine
designers. Moreover, these methods are of a nature that limits their validity to
attached flow around the blades and to a few diameters downstream of the
turbine (no viscous effects are accounted for). In the project, this type of
models is used to obtain essential information and physical insight into the
most important phenomena, to be fed into the engineering methods.

At the same time, full scale measurements are used, in the first phase of the
project on the Danish 60 m Tja~reborg turbine (part of the WEGA
programme), to validate the engineering methods as far as resulting loads are
concerned. The interaction between the modelling effort and the full scale
measurements has shown to be extremely useful. In the second phase,
measurements on the WPS-30 (30 m) turbine and the UNIWEX (16 m)
turbine will be included so that validation will be performed for a wide range
of turbine diameters and types.

Finally, flow field and blade load measurements at the Delft University of
Technology free jet wind tunnel are used, both in the formulation of the
models and for their validation. This is particularly useful in the yawed flow
situation, where full scale measurement suffer from the non-uniformity of the
wind and the resulting lack of accuracy in the determination of the yaw
misalignment angle.

The engineering models developed, derive much information from the
literature on helicopter aerodynamics, but it should be stated that the flow
situation of the wind turbine (opt’nnized for high power output, instead of
maximum thrust at minimum power input for the helicopter) is sufficiently
different to make a separate modelling effort necessary.

4. PARTICIPANTS

The following parties participate in the project:

* Netherlands Energy Research Foundation, NL (coordinator);
* University of Stuttgart, lAG and ICA, FRG;
* Garrad Hassan and Partners, UK;
* Delft University of Technology, NL;
* Technical University of Denmark, Lyngby, Dk;
* Teknikgruppen AB / FFA, Aeronautical Research Institute of Sweden, S;
* National Technical University of Athens, Gr.
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5. RESULTS

For the axisymmetric flow case, important results have been obtained for
pitching transients. It has been shown that the engineering methods developed
in the project are capable of predicting the load excursions resulting from
this condition.

As an example, figure 2 below show results of pitching transients of the
Tj~areborg turbine. The measurements were supplied and processed by the
Technical University of Denmark in such a way as to eliminate as much as
possible of the influence of wind turbulence, to make the effects of the
~’ansient more clearly visible. In the measurement campaign, the blade pitch
angles were increased by approximately 3 degrees at t’mae 2 s, and returned to
the original position at t’nne 32 s, at a high pitching rate. The resulting
overshoots in the shaft torque are clearly visible. The figure also shows the
prediction by the engineering models, and results as obtained by the classical
stationary ’equilibrium’ method (the ’dash-dot’ line). The last one only
predicts the equilibrium values, that are reached in reality after a period of
approximately 5 seconds. The dynamic inflow models however are clearly
capable of predicting the realistic torque overshoot. Differences between the
various models are slight and not of a fundamental nature.
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Figure 2. Overshoot in the rotor shaft torque as a result of a rapid change in
the blade pitch angle

The models have also been applied to coherent wind gusts, for the same
turbine. The calculated effects of dynamic inflow for this condition are very
limited. Obviously a comparison with full scale measurements is very
difficult to make. However wind tunnel measurements are planned in the
second phase of the project to provide information on this item.

8 ECN-R--93-014



Figure 3. Wake geometry for a turbine in yawed flow conditions, as
calculated by one of the participating free vortex wake methods.
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Yawed flow

For yawed flow conditions, the modelling efforts have just started. The
classical blade element momentum method (resulting in neutral yaw stability)
is invalid in this case. Effects to be accounted for certainly include the wake
skewness and possibly the root vortex (located close to the rotor plane at
large yaw rnisalignment angles, see the figure 3) and the advancing and
retreating blade effect. These last effect means that the blades face a
different situation in the upper half of the rotor plane as compared to the
lower half, in one case advancing against the wind speed, in the other case
retreating from it. Typically, only this last effect is modelled in the current
design codes.

Again the Tj~ereborg full scale measurements and the wind tunnel
measurements are very valuable in the validation process. Results in terms of
measured blade bending moments from the wind tunnel, which can be
translated in positive yaw stability, are shown in the figure and compared
with first model calculations, which likewise show a positive yaw stability.
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Figure 4. Variation of the blade bending moment during a revolution, for the
DUT wind tunnel model. The figure shows the measured results, which
contain effects of blade flexibility, not modelled in the calculations. The
average trend is well predicted by the first attempts of the ’engineering’ type
models.
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6. CONCLUSIONS
In the ’Dynamic Inflow’ JOULE I and II projects, a new generation of
aerodynamic models is being derived, for application in the prediction of
dynamic loads on wind turbines. Effects relating to the wake produced
instationarity and non-unifomaity in the inflow distribution in the rotor plane
are being considered. As a result, load excursions due to pitching transients
can now be predicted accurately. Headway is being made in the prediction of
blade load variations and asymmetric loads resulting from yaw misalignment.

The importance of these aspects is in general that a more reFtable load
prediction will lead to better design and more reliable wind turbine operation.
As a special example, a more accurate prediction of yaw loads in the design
process can reduce the important fraction of downtime caused by failure of
the yaw mechanism.

The methods developed in the project are being used by the different parties
in consultancy work to wind turbine manufacturers, and are finding their way
into design procedures.
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