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Abstract

Within the European Union JOULE 1 and JOULE 2 programs, two joint research projects were carried
out concerning dynamic inflow effects. These effects describe the wake induced unsteadiness and
non-uniformity of the flow in the rotorplane. The following organisations (and persons), given here with
their abbreviation, cooperated in the projects:

- Netherlands Energy Research Foundation (ECN) (coordinator) together with Stork Product
Engineering (SPE) (both Netherlands): J.G. Schepers, H. Snel, B. Montgomerie, Th. van Holten;

- University of Stuttgart (Unist, Germany): S. Wagner, R. Bareil, B. Uhl, K. Braun

- Garrad Hassan and Partners (GH, England): R. Rawlinson Smith

- Technical University of Denmark (TUDK, Denmark): S. Oye

- Delft University of Technology (DUT, Netherlands): G.W. van Bussel, N.J. Vermeer
- Teknikgruppen AB (TA, Sweden): H. Ganander, B. Montgomerie

- National Technical University of Athens (NTUA, Greece), together with Universite du Havre (UdH,
France): S. Voutsinas, S. Huberson

-  KEMA (Netheriands): H. Hutting.

Aim of the project was the definition and implementation of engineering models within the current
state-of-the-art computer codes for dynamic load calculations. These models have been qualified by
means of comparison with both existing sophisticated models (dynamic vortex wake calculations) and
experiments on turbines with a large range of rotor diameters. Important dynamic inflow effects were
found at fast pitching transients and at yawed flow conditions. The effects were predicted well with the
newly developed engineering methods.

1. Introduction

Within the EU JOULE programs, two projects were carried out with the aim of improving the
aerodynamic and aeroelastic response programs, by implementation of a verified ’engineering’ model for
dynamic inflow. By engineering methods, we mean computationally effective models which should be
implemented in state of the art aeroelastic computer programs. This condition makes it almost imperative
that the engineering models are modifications of the blade element-momentum (b.e.m.) method. Dynamic
inflow is not modelled properly in most of the present rotorcodes, making use of the standard b.e.m.
theory. This is due to the assumption of equilibrium wake, which is not valid for situations where a



sudden change in pitch angle or wind speed occurs. In such cases the wake behind the turbine, and
consequently the induction in the rotor plane will respond with a certain delay. This delay is the cause of
the temporary enlargement of the forces, e.g. the axial load. Also yawed conditions are not modelled
properly with the standard b.e.m. theory, because it does not contain a basis to support the variable
induction over the rotorplane.

Dynamic inflow effects can be taken into account by changing the equilibrium momentum part of the
b.e.m. equations into a dynamic relation, including azimuthal and radial dependancy of the induction
terms. This will shortly be explained in the sections 2.1 and 3.1. Engineering methods were contributed
by ECN (identified by the ECN, de method) GH, TUDk and TA.

As is true for all design tools, it is essential that the models developed are verified and validated. Thereto
the results from the engineering methods have been compared with a large number of mechanical load
measurements on different turbines, with a size ranging from D = 1.2 m to D = 60 m. The first is a
model turbine placed in the open jet wind tunnel from the University of Delft in which wake flow field
measurements were made as well. Furthermore, the calculational results from the engineering methods
have been compared with calculational results from more advanced, but also more time consuming,
programs, viz. the free wake lifting surface methods developed at Unist. and NTUA, the free wake lifting
line model using acceleration potential from DUT and a simple prescribed wake model from ECN. The
models derived in the JOULE projects can be divided into models for axisymmetric conditions (pitching
actions and wind gusts) and asymetric (yawed) conditions. Of course the combined models are able to
treat pitching actions and wind gusts in yaw also. This paper reports the most important project results for
the axisymmetric conditions in section 2 and the asymmetric conditions in section 3. Both sections start
with a description of the engineering models used in the projects. For more detailed information the
reader is referred to the final reports of the projects, (Snel en Schepers, 1994) and (Schepers and Snel,
1995).

2. Axisymmetric conditions
2.1  Model description

The engineering methods are based on the well known blade element momentum relations which equate
instantaneous forces (on the blade) to the momentum difference in upstream and downstream sections. By
adding a time lag term, with time scale f, , dynamic inflow can be modelled:

du,
r i
Rl +u,(V-u) oW, (1)

where the r.h.s. is a measure for the axial force on the blade element and w, is the axial induced velocity.
By substitution of f, = 0 in equation 1, the stationary equilibrium wake equation is found again.

All of the ’engineering methods’ have included dependence of the time scale on rotor size. In most
models the time scale reduces near the tip. This is related to the dominant behaviour of the tip vortex in
determining the inflow distribution,

2.2 Analysis of full span pitching steps

Mechanical load measurements have been made for a large number of full span piiching steps on the
Danish Tjaereborg turbine (D=60 m), the Dutch WPS-30 turbine (D=30 m), the German Uniwex turbine
(D=16 m) and a wind tunnel model placed in the open jet wind tunnel from the University of Delft
(D=1.2 m). On the latter configuration, wake flow measurements were made also. In these pitching steps,
after an initial period, the blade pitch angle is first increased at a fast rate, next maintained constant for



some period and then decreased to its initial value at a fast rate. Measured values for blade root and shaft
loads have been averaged over a number of realisations, and over the number of blades in order to filter
out stochastic wind influences and deterministic effects as (average) wind shear and tower shadow.

Then these filtered measurements, have been simulated with the calculational methods, in which
axisymmetric, stationary wind conditions have been assumed (no wind shear, no turbulence). Figure 1 and
2 shows the response of the rotorshaft torque for two Tjaereborg cases, one at a moderate wind speed,
leading to a high axial induction factor (a), the other at a high wind speed which gives a low axial
induction factor. Measured as well as calculated results are presented. A calculated result from one of the
engineering methods is shown together with the result from a conventional equilibrium wake model.
Figure 1 clearly shows that the new engineering method predict the response of the flatwise moment
much better for a step on the pitch angle: A large load overshoot is visible after the step on the pitch
angle, due to the time lag in induced velocity, after the loading situation on the blade is changed. This is
not predicted at all with the conventional method, which assumes that the new equilibrium value of the
induced value is reached immediately after the pitching. After a certain period the dynamic inflow mode]
yields the same equilibrium value for the induced velocity and consequently the same load level as the
conventional method.

Figure 2 shows hardly any dynamic inflow effect on the Tjaereborg turbine for the high wind speed case.
This is explained by the very low values of the induced velocities compared to the free stream wind
speed. The differences in induced velocity between the conventional and the dynamic inflow model are
dominated by the much larger value of the free stream wind speed and therefore the axial induction factor
hardly changes due to the pitching step.

Figure 3 shows the wake velocity 1R, downstream of the wind tunnel model during a pitching step. The
measurement is compared with calculational results from the NTUA and Unist. free wake methods. There
is a very good agreement between calculations and measurements. Both measurements and calculations
show very clearly the dynamics of the wake. The pitching step takes place within 0.01 s but the wake
needs 0.2 to 0.3 s to reach the new equilibrium values. An overshoot in the wake velocity is found,
before the new equilibrium value is reached. This is explained by the tip vorticity which is passing the
measurement point. The axial force shows a large overshoot which results from a strong tip vortex.
When this tip vortex passes the measurement point a lacge velocity is induced.

Since the time lag in the mechanical load due to dynamic inflow has been measured on turbines with a
large range of diameters, it has been attempted to determine a representive time scale (f,) and find its
dependency on the rotor size. Thereto an exponential behaviour for the load time history was assumed
and f, was calculated at a time t = 0.5 D/V after the start of the exponential recovery (f, appeared to be
be a function of time, reason for which we call it a time scale rather than a time constant), The time scale
appears to be in the order of 0.5D/V t 0.2 D/V,

23 Partial span pitch.

The models which are discussed above have also been used to describe the phenomena which ocour
during a step on the tip angle, while the rest of the blade is fixed.

It was decided to use the Howden Richborough 1MW turbine with tip control for verification purposes.
Unfortunately it appeared to be very difficult to find existing measurements under well defined tip angle
variations, while new measurements could not be taken.

For this reason calculational results of the engineering methods are compared with results from the free
wake methods. A representative result for the induced velocity at two radial positions (one at the fixed
part, the other at the pitching part) for a step on the tip angle is shown in Fig. 4 and 5. An interesting
observation is that results of the calculated induced velocities at the fixed part of the blade, are not



influenced by the variation of the tip angle. This radial independence is one of the assumptions in the
GH, ECN,de and TUDk engineering models, but it is also observed in the results from the DUT, NTUA
and Unist. free wake methods. Since only the tip section is exposed to dynamic inflow effects, the
overshoots in the response of the blade root moments are rather small. The reason for this is that the root
moment is the result of the integrated forces over the whole blade. The overshaots for the blade loads at
the tip are also small, due to the very short time scale of the dynamic inflow process at the tip.

24 Wind gusts

It was expected that dynamic inflow effects would not only be important for pitching variations, but also
for wind gusts. The reason is that a change in wind speed was thought to yield a similar change in
loading situation as a change on the pitch angle. It is obvious that coherent wind gusts are artificial events
which will not occur in the free stream.

However the DUT wind tunnel offered a unique environment to generate a step on the wind speed and
to measure the response of a 1.2 m diameter turbine on it. The coherent wind gusts were realised by
means of two gauzes, which could manually be opened or closed by which porosity, and therefore the
wind speed, was modified. Figure 6 shows one of the results for the flatwise moment for the step on the
wind speed going down. It can be observed that the dynamic inflow effect for a step on the wind speed in
the wind tunmnel is very small. Both calculations and measurements show no, or hardly any notable
overshoot in the loads on the model turbine. It must be noted however that the time which is needed for
the tunnel mechanism to build up the gust is about 0.4 s. This is relatively large compared to the time
scale in the dynamic inflow which according to the results which were obtained from the pitching step
measurements on the Tjaereborg turbine (see above) is in the order of 0.1 s.

However, (calculated) results for a step on the wind speed on the Tjaereborg turbine, also showed
negligible overshoots. It appeared, that the absolute values of the induced velocity were hardly modified,
despite the change in loading situation and relative axial induction factor (u/V) on the turbine. This
observation was (to a somewhat smaller extent) found to be true for other turbines as well.

3. Asymmetric conditions

3.1  Physical phenomena and model description

For a good understanding of the different modelling aspects in yaw it is important to give the definitions
of yaw angle (¢,) and azimuth angle ($,):

The blade azimuth angle is defined as zero for the blade pointing down in vertical position, while the yaw
angle is defined positive according to Fig. 7. Note that the axial induced velocity is defined to be
perpendicular to the rotorplane (and not in wind speed direction).

The standard methodology until today, to model yawed conditions generally only has included the
advancing and retreating blade effect. For positive yaw, the blade will be retreating in the upper half
plane and advancing in the lower half plane with respect to the inplane wind component. This would give
a 1P variation of angle of attack and effective inflow velocity, see figure 8:
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The effect is less significant at the tip of the blade, where the rotational speed dominates the Vsind,cosd,
term.

The advancing and retreating blade effect is symmetric around zero azimuth and of cos(d) type, ie.
giving rise to maximum thrust at vertical down position in a homogeneous ambient flow with positive
yaw, due to the higher effective velocity at that position. In this conventional type of modelling there will
only be an aerodynamic tilt moment as a result of yaw, but, averaged over a rotor revolution, not a
restoring yaw moment as is measured in reality. Rotor cone angles, or coning of the rotor due to
flexibility will give a small restoring yaw moment in aeroelastic calculations of this type, but very much
smaller than those occurring in measurements.

In the engineering methods developed in the project, the influence of the skewed wake geometry is
implemented also, see figure 7: The proximity to the rotorplane of the vortices in the wake strongly
influences the inflow. For positive yaw, the trailing tip vorticity is on the average closer to the
downwind side of the rotor plane. This leads to larger induced velocities. From helicopter aerodynamics
the expression from Glauert (1926) is well known, to model this effect:

u;=u,6(1 _K°'1§' sind,) )

The sinusoidal induction distribution i$ more prominent at the tip, contrary to the cosinusoidal induction
distribution from the advancing and retreating blade effect which becomes less significant at the tip. u; is
the disc averaged induced velocity which according to Glauert can be calculated from

F,=pS]V., +ﬁi,0, 20, (&)
with S the rotor disc area, and where V and u;, have fo be added vectorially, and next normed.

This sinusoidal distribution of the axial induction velocity yields a higher value of the total axial velocity
for the upwind half of the rotorplane and hence larger blade loads in this part (assuming linear
aerodynamics), resulting in a restoring yaw moment.

The formula for K, in equation 4 will depend on the shape of the wake. Several expressions for K, have
been developed in helicopter society, see section 6 of Snel and Schepers (1994). They are all a function
of the wake skew angle x (the angle between the wake and the rotor axis), see figure 7:
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The engineering models which were used in the present projects, all used a sinusoidal induction
distribution, but there were differences in the modelling of the radial dependancy and the dependancy on
x. Furthermore, the Glauert formula has been applied on annular ring level instead of rotor disc level.

It must be noted that the skewed wake does not only induce velocities perpendicular to the rotor plane,
but also in lateral direction, see below. Furthermore, it must be noted that at the root of the blade a large
amount of vorticity will be released under a certain skew angle which induces axial velocities in yaw.
The root vortex effects will be asymmetric around ¢, = 270 degrees (in case of positive yaw) and they
generate much higher harmonics, because they are felt by the passing blade almost impulsively. Root
vortex effects and the lateral induced velocity are automatically included in the free wake methods, but
they are not included in the engineering methods, because they complicate the models considerably and
the effects were expected to have minor practical importance.



32 Analysis of yawed campaigns.

Measurements under yawed conditions were made on the Tjaereborg turbine, the Uniwex turbine and the
wind tunnel model. Measurements were available of the blade root bending moments. In addition flow
field measurements were available from the wind tunnel.

From the flatwise moments at blade root, the yawing moments can be obtained from:

bl=B

Myaw = E Mﬂat,ibl(d)r,ib[) 'Sin@r,fbl) v

i=1

(flatwise moment is defined positive when the blade tends to be bent in the downstream direction.
Yawing moment is defined positive when it turns the nacelle anti-clockwise seen from a top view). It
must be noted that the yawing moments as defined above, are not the real moments as experienced on
the rotor hub, since the contribution of the blade root forces is not accounted for. However the effects
which are of importance for the present study, are expected to be apparent in the yawing moments from
equation.

The main emphasis in the JOULE projects has been on the azimuthal binned averaged values of the
flatwise moment and yawing moments,

Figure 9 shows the measured results of the binned averaged flatwise moments on the Tjaereborg turbine
for different yaw angles. The maximum of the flatwise moment for zero yaw is reached at an azimuth
angle of approximately 180 degrees. This maximum shifts to azimuth angles of 90 degrees for positive
yaw and to 270 degrees for negative yaw. This is in agreement with the expected influence of the skewed
wake geometry on the induced velocity distribution, described above. It must be noted that this shift in
phase (which is not predicted with a conventional method) is responsible for the stabilizing yawing
montent (negative yawing moment for positive yaw angles and positive yawing moment for negative yaw
angles), according to 7.

In figure 10, the measured flatwise moment for the case with large positive yaw angle is compared with
the calculated results from an engineering method, a conventional method and a free wake method. There
are still relatively large differences between the engineering method result and the measurements, but
most important is that the engineering method predicts the maximum flatwise moment at an azimuth
angle of about 90 degrees, as is the case in the measurements. As a consequence the resulting yawing
moments aré stabilising. The conventional model gives a large phase and amplitude error and a yawing
moment which is only slightly stabilizing. It is interesting to note that at an azimuth angle of 270° there
is a discrepancy between the engineering method result and the measured result. The hump in the flatwise
moment is predicted well with the free wake method but not with the engineering method. This hump
may be caused by root vorticity effects, which are automatically included in the free wake methods.
However there is still uncertainty about this subject because the hump did not appear in all yawed cases.

The binned averaged flapwise moments measured on the Uniwex turbine are presented in figure 11. For
negative yaw the maximum of the flatwise moment is reached at an azimuth angle of approximately 180°,
where for positive yaw, the minimum is reached at an azimuth angle of approximately 180°. This
corresponds to the expected influence of the advancing and retreating blade effect. The shift in phase to
azimuth angles 90° or 270°, as found for the Tjaereborg cases is not present. This is explained by the low
values of induction for the Uniwex case ({the measurement conditions appear to be close to stall, despite
the relative low ambient wind speed of approximately 8 m/s) and the lower rotational speed of the
Tjaereborg turbine. Then the advancing and retreating blade effect becomes dominant on the influence of
the skewed wake geometry on the induction.

Farthermore the wind tunnel environment delivered interesting flow field measurements under yawed
conditions, which cannot be made in the free stream: Horizontal flow velocities are measured in the near
wake with a hot wire system, 3 em (5%R) downstream of the rotor plane at three radial positions (SO%R,



70%R and 90%R). The horizontal velocities are measured at several positions at the rotor plane. For one
measurement point, the hotwire was fixed at a certain azimuthal and radial position and the blade was
passing the hot wire during 10 revolutions. Then the mean value of the measurements was determined.
Thereafter the hot wire was moved to another position. By combination of the averaged results at all
measurement points, a curve was constructed which gives the wake velocities as function of azimuthal
position, see figure 12. The measurement is shown together with the calculation from the free wake
methods from Unist. and NTUA and with the result as would be obtained from an engineering model. It
is remarkable to see that in these measurements the total velocity is lower in the upwind part, contrary to
the result expected from the engineering methods and described above, that the velocities are larger in the
upwind part. The free wake methods reproduce the measurements more accurately. The explanation is that
the measured velocity is not that perpendicular to the rotorplane, but the total horizontal velocity which
also contains an in-plane, lateral component, induced by the skewed wake. This component is taken into
account in the free wake methods, but not in the engineering methods. It was not considered worthwhile
to implement this component in the engineering methods, because the effect of it on the loads was
expected to be limited.

4. Conclusions

1. The projects have provided very useful insights in the behaviour of the induced velocities in the
rotor plane under several conditions.

2. Measurements and calculations showed important effects of dynamic inflow on the mechanical loads
at fast pitching transients and at yawed conditions. At fast pitching transients large overshoots in the
loads were apparent. At yawed conditions, the influence of the skewed wake on the induced velocities
effected the phase and amplitude of the azimuthal binned averaged flatwise moments. For partial span
pitch conditions and for wind gusts, the dynamic inflow effects were much less.

3. Direct evidence of dynamic inflow was found in the wake flow measurements in the wind tunne] at
pitching transients and yawed conditions. A surprising result was that under yawed conditions, the
skewed wake does not only effect the axial induction (which was expected from helicopter
aerodynamics), but also the inplane velocities.

4, The dynamic inflow effects were predicted well with the engineering methods, developed in the
present project. Therefore it is recommended to replace the conventional equilibrium wake models by
one of these engineering methods. However, more research is required to establish the practical
importance of root vorticity effects and the inplane velocities induced by the skewed wake, which
until now are not included in the engineering methods.
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