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INVESTIGATION AND MODELE1NG OF DYNAMIC INFLOW EFFECTS.

It. Snel and J. G. Schepers (editors),
Netherlands Energy Research Foundation, ECN,

P.O. Box, I, 1755 ZG Petten

This paper describes the progress in the CEC JOULE project Dynamic inflow. The following organizations (and persons) co-
operate in the project:

Netheflands Energy Research Fonndation, (ECN) (coordinator), together with Stork Product Engineering (SPE), both NL: |t.
Snel, J.G. Schepers, Th. van~Holten.
University of Stuttgart, (UniSt, D) : S. Wagner, R. Bareifi, K. Braun.
Garrad lthssan and Partners, (Glf, UK): R. Rawlinson-Smith.
Technical Univerisity of Denmark (TUDk, Dk): S. Oye.
Delft University of Technology (DUT, NL): G.W. van BusseI, N.J. Vermeer.
National Technical University of Athens (NTUA, Gr), together with Universit~ du le Havre (UdH, Fr): S.Voutslnas, S.
Huberson.
Teknikgruppen AB (TA) together with FFA, both S: H. Ganander, A. Bj6rck.
KEMA, NL: H. Hutting.
The aim of the project is to develop one or more engineering models for the wake induced instationarity and nonufuformity

in the rotor inflow. The models are being implemented in state of the art computer codes for dynamic load predictions. They are
validated by comparing calculated results with measurements, and with results from more sophisticmed vortex wake models. The
Danish 2MW ’ljaereborg machine has been used quite succesfully for experimental data, while the first results of tests in the open
jet wind tunnel of the Delft University of Technology are becoming available.

Section ~ looks at the different situations in which dynamic inflow can be of importance and how they are, or will be,
covered in the project. Axial symmetric flow situations, such as in coherent windgusts and in (idealized) fast blade pitch angle
changes, have first been adressed. This part of the project has now been concluded. The main results are summarized in section 2.
Section 3 discusses the first results for yawed operation, both from experiments and the preliminary modelling, while section 4
shows the further validations and verifications that will done within the project.

The project is sponsored by the CEC under the Joule-I and Joule II programmes and by the various National Agencies or
participants.

I. IMPORTANCE OF DYNAMIC INFLOW MODELLING

The term dynamic inflow is used to indicate the
dynamic response of the inflow velocities in the rotorplane,
to changes in the load conditions on the rotor. Figure 1
shows a simple example, in which the blade pitch angle
undergoes a rapid change from an intial value 0~ to a new
value 02. Blade element-momentum (bern) theory gives two
different equilibrium values of the induced velocity
pertaining to the two pitch angles, viz. u~.~ and u~:2, In most
nero-elastic response calculations, it is assumed that the
inflow is always in equilibrium with the loads. In reality,
however there is time needed to accelerate the air from
velocity U ui.~ to U-u~.~. This means that when the change in
pitch angle is sufficiently fast, the inflow velocity will
essentially still be equal to U-uu and only gradually change
to the new equilibrium value. The consequence of this for
the ~ngle of attack a is also shown in figure 1. Instead of
the instant change from a~ to ~t~ as suggested by equilibrium
theory, there is an important overshoot in the angle of
attack, indicated by the heavy line. It will be clear that for a
finite rate of change of the pitch angle, the actual
’overshoot’ will depend on the time scale involved in the
adjustment of the inflow.

The blade loads will exhibit an ’overshoot’ (as
compared to equilibrium values) in accordance with the
overshoot in the angle of attack. In fact there is another time
dependent effect here, as loads do not instantaneously
respond to angles of attack either. There is also time needed
for the accomodation of the flow around the section. This
effect will be referred to by instationary profile
aerodynamics (ipa). One can intuit that this involves the
acceleration of a volume on the scale of the sectional chord,
whereas the inflow involves masses on the scale of the
rotordiameter. Indeed the ’ipa’ has a much shorter time scale

(see also [11 for a more exact discussion) than the dynamic
inflow phenomena. It can be argued that in wind turbine
aerodynamics, its main importance is in stall. The present
project chiefly concerns the instationarity due to dynamic
inflow, although the effects of ipa will be touched upon.

Similar phenomena as those occuring for a rapid pitch
change will occur for any change in conditions that modify
the induced velocity in the rotor plane, e.g wind gusts. In
the case of yawed flow operation, the loading of the turbine
blades changes periodically, and the inflow will respond
with time delay. In the Joule-I project, full span pitch, wind
gusts (axially symmetric) and yawed flow are considered. In
a Joule-ll continuation, also partial span pitch will be
addressed.

Dynamic inflow can be modelled by realizing that the
distribution of vortices in the wake is responsible for the
induced velocity in the rotor plane. By following the
creation and transport of wake vorticity in time, and
calculating the velocity induced by it in the rotor plane, a so
called free vortex wake model is obtained~ From a
fundamental point of view, these methods describe the main
characteristics well, although neglecting viscous effects such
as vorticity diffusion. However, they need a large amount of
computer time.

The present project concentrates on methods that can be
used by designers in PC or workstation based nero-elastic
analysis codes, referred to as ’engineering methods’. The
models proposed by the various participants are in fact
adaptations of the bern metbod, transforming the algebraic
equilibrium equations into differential equations reflecting
the dynamics of the process. In the construction of the
models, the basic concepts of wake vorticity are used, but
translated to time delays in different parts of the rotor plane,
Vortex wake models of various degrees of complexity are
used in the project to enhance the detailed understanding of
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the phenomena and with that validate the engineering
methods. At the same fune, field measurements and wind
tunnel measurements are used for the quantitative validation.

2. AXIAL SYMMETRIC CASES

2.1 .Pitch steps
Four pitching transients (i.e. pitching steps as sketched

in fig. I) at different loading conditions were measured at
the Danish Tjaereborg turbine and compared with cal-
culafions. The computational models, developed and
implemented within the present project, were described in
some detail in 1I].

The models can be divided into differential equation
models (ECN,de, GH and TUDk), prescribed wake models
IECN,iw), and free wake models (DUT, NTUA, UniSt). The
first type of models are relatively simple modifications of
the standard hem methods, where a time derivative of the
induced velocity is added to the equation of the axial
induced velocity. Time delay functions (and their
dependence on radial position) were obtained by considering
the velocities induced by simplified wake geometries.

The measttred values for blade and shaft loads were
averaged over a number of realizations, and over the three
blades in order to filter out structural effects, stochastic wind
influences and deterministic effects as (average) windshear
and tower shadow. The averaging process is described in
12I. Typical results for the calculated and measured flatwise
blade bending moment and rotor shaft torque are shown in
figures 2 and 3.

A clear overshoot in the loads can be seen. The
measnred range between maximum and minimum flatwise
moment is about 375 kNm where the range between the
equilibrium values is about 210 kNm. For the rotorshaft
torque, these numbers are 210 kNm and 45 kNm. In general
the calculated ranges are in good agreement with the
measured ones. Table 1 shows the measured overshoots in
flatwise moment for all the cases which have been inves-
tigated. Index 1 refers to the initial and final (equilibrium)
values, index 2 refers to the intermediate one. The value of
Id0/dt)~ gives the pitching rate for the first step, and (d0/dt)~
gives the value for the second, returning step.

0, t-2

9~5 3~0 530 420 210

8~1 3,7 7.2 7.2 670 46O 2t0 375

7~8 ~0.2 3.4 slow 5.3 675 470 735 500 175 265

5~6 1.2 3.2 1~5 1.5 92O 8[0 930 770 I~0

Table 1. Comparison of equilibrium and dynamic load
variations.

The indication ’slow’ for d0/dt means that for this case
the pitch change was done at a slow, exponential rate. From
the table it can be seen that the overshoots depend on the
loading (the induction factor) and the pitching rates. The
overshoots become less apparent for lower induction factors,
i.e. higher wind speeds and for lower pitching rates. Since
pitch control normally becomes active at high wind speeds,
this implies that the effect of dynamic inflow on the fatigue
life may be limbed.

2.2 Time scales
The pitching steps are performed with a finite pitching

rate. It is clear that the overshoot will depend on the change
which has already occurred in the wake at the end of the

pitching movement, i.e. on the time scale of the process in
comparison to the time scale of the pitch change.
Information about the time scale has been obtained by
determing the relevant values from the measurements and
the model results.

Thereto an exponential behaviour of the load F is
assumed according to:

Fit) = F~ + IF: - F,)*[I - expl-(t - h)/f(t)ll

with fit) the time scale.
It must be emphasized that the determination of the

time scale from the measured results is very difficult due to
the fluctuations in the measured signal, which results in an
uncertainty in the equilibrium values. The time scale
appeared to be strongly dependant on the exact values of the
equilibrium values. Nevertheless some agreement between
calculated and measured time scales for time steps not too
long after h (say t<h+D/U) was found. In this period the
most relevant change in load takes place.

At time t=h+0.5D/U, both the measured and calculated
time scales have values between 0.3 and 0.SD/U for most
cases. The spread in the calculated time scales was about
0.15D/U. A more reliable validation of the time scale is
expected fi’om wind tunnel measurements.

2.3 Coherent wind gusts
Calculations reported in [1], showed little effect of

dynamic inflow modelling on the calculated load
fluctuations due to coherent wind gusts. This was explained
by the relatively small change in induced velocities that
result from the gusts which are considered. To investigate
this in a detailed matter, an expression is derived from the
blade element impulse relations which gives the change in
the equilibrium values of the induced velocity, as function
of the change in wind speed and the design parametecs.

The expression takes the following form:

Au = H AU

in which Au represents the change in induced velocity and
AU gives the change in wind speed while:

H = o £,2 dc,/dc~ (0 + ctc3 / 4(1 - a)

The main assumptions used in the derivation of this equation

neglect of a’, ca, tip losses and higher order terms;
linearized theory;
small inflow angle;

It appears that the value of H is very small for the
Tjaereborg turbine. For other turbines the factor H may be
larger. In effect, for the WPS-30 turbine, evaluation gives a
higher value. Therefore the dynamic inflow effect may be
more significant for other turbines.

So far, analysis of eases of steps on the wind speed has
been based on calculations only. Field measurements for
well defined gusts are very rare. It is expected that wind
tunnel measurements with the use of a gust generator, will
give more information about this subject. Such
measurements are planned within the project, to be
performed at the free jet wind tunnel facilities of the DUT.

3. YAWED OPERATION

Extension of the models to yawed operation is done to
improve the predictive capabilities of the models for
asymmetric conditions. Apart from blade and shaft loads, the
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asyremelric hub loads (yawing and tilting moments) form
the main interest. From the practical point of view yaw
misafigment is a fact of life, and is of importance to the
load spectra of yaw bearing, tower and shaft.

Field measurements of loads correlated with yaw
misalignment are difficult in the sense that the actual (time
dependent) misalignment angle is very hard to measure,
while (unknown) windshear also interacts with the
misaligmnent effect. It was decided to use field
measuremeuts to detemdne general trends and order of
magnitude, while wind tunnel measurements will be used to
study the effects in a controlled environment. In the Joule-I
project, field measurementsate obtained from the
Tjaereborg turbine.

3.l.Tjaereborg measurements
The measurement campaigns on the Tjaereborg turbine

have been finalized and the results are being processed.
Figure 5 shows some preliminary results for the measured
yaw moment, averaged over 30 seconds. Figure 4 defines
the yaw related quantities as used in the study.

Notwithstat~ding the large amotmt of scatter, it is clear
that a reasonably high restoring yaw moment exists. For a
yaw misalignment angle of around 45 degrees the scatter is
less and the measurements consistently show a yaw moment
of some - 170 kNm.

The ’standard" bern methods do not yield an appreciable
yaw moment. !n fact, for a stiff rotor without tilt or coning,
the aerodynamic situation is symmetric around the 0 (and
180) azimuth position. The yaw moment is obtained by
integrating the loads multiplied by sin(,:P,), and gives an
average of zero for each blade. In order to obtain a nonzero
contribution, the loads should contain ’sine’ like terms.

Applicatitm of a standard model to the Esbjerg turbine
shows the following interesting results:
- Without blade flexibility (hence blade loads in phase with

aerodynamics) there is a very small destabilizing average

moment of about 10 kNm;
- Including effects of blade flexibility (there is a small effect

of blade coning, but more importantly, blade loads lag
behind in phase with respect to aerodynamic loads) there
is a restoring yaw moment of approximately -30 kNm
(20% of the ~bserved value).

It is clear that sufficient accuracy cannot be obtained
with equilibrium wake modelling. Dynamic inflow
modelling gives a further phase shift of the blade loads,
related to the wake geometry, see section 3.3. This is
assumed to give a more realistic result for the calculation of
the asymmetric loads.

3.2 Wind tunnel measurements
The wind tunnel environment makes it possible to do

measuremems of the inflow itself, at different positions
directly behind the rotor plane. Information at this level is
very important for the correct modelling, as the engineering
models work on basis of inflow equations. The first results
of the measurements at the DUT free jet tnnne! are now
becoming available. Important data of the tunnel, the model
and the measurement setup are shown in figure 4.

Figure 6 shows the axial induction factor derived from
the measurements for a number of radial stations, as
~r~ction of the azimuth, for a yaw misalignment of 30
degrees. Tile measurements have been averaged over one
revolution of the rotor. Apart from the tip sections (90% and
95% radial position), the induced velocity is maximum in
the region between 120 and 180 azimuth. For the tip
sections, a phase shift of approximately 60 degrees is

Velocity measurements have been done for 10 and 20

degrees misafigoment as well. The measurements will be
complemented with blade load measurements.

3.3 First modelling efforts
For the modelling of yaw misalignment effects, a

number of aspects are of importance:
a) In the upper half plane the blade will be retreating

and in the lower half plane ad’oancing with respect to the
inplane wind velocity component. This tends to increase the
angle of attack of the blade in the lower halfplane and
therefore increase the vorticity shed there. This effect is
symmetric around zero azimuth and hence of ’cosine’ type.

b) The skewed wake geometry, or the proximity to the
rotorplane of the vortices in the wake strongly influences the
inflow. The trailing tip vortices are closer to the ’upwind’
side of the rotor plane, while the root vortices pass closer to
the downwind side. The velocities induced by the trailing tip
vortices will be symmetric about 90-270 degrees azimuth
line, and hence be of ’sine’ type which does contribute to
the yaw moment. This effect was first modelled by Glauert
[3], who proposed the following distribution of induced
velocity:

ui = tl!.o (1 - r/R K~ sin ~I~)

Later researchers derived values for K, on tlie basis of the
vortex wake geometry. A slightly higher loading on the
upwind part of the rotor results and hence a restoring yaw
n’,oment. If the wake vorticity distribution due to the effects
of advancing and retreating blade (described under a) is
accounted for, a cosine term has to be added to the above
expression.

The ~ot vortex effects will be anti-symmetric around
the 270 degrees azimuth but of much higher harmonic
content. Its effects wfil be mainly of importance in the
region close to 270 degrees, where the distance to this
vortex is small. Finally, as a result of the periodicity of the
blade loading, there will be shed vorticity in the wake whith
both sine and cosine like contributions to the induced
velocity.

Both effects should be present in the modelling. The
’standard’ hem method only contains part a), while the
classical expressions by Glauert for the induced velocity in
helicopter forward flight aerodynamics, contain only the sine
like part of b). Free vortex wake models, as used by NTUA
and UniSt, accelaration potential model of DUT and the
prescribed wake model of ECN, inherently account for both
effects.

Figure 7 shows preliminary results of the first efforts to
obtain engineering models. The geometry choosen here was
that of the Esbjerg turbine~ whithout tower shadow, tilt or
windshear effects. The wind speed was taken uniform at 9
in/s, and the misalignment angle was set at 3fl degrees. The
figure shows calculated induced veloties at r/R = .5 in
function of azimuthal position, following a blade.

The models are too much in a development phase to
describe the details here, but a few remarks can be made.
All models must be consistent with the earlier derived
dynamic wake models for axial symmetry. The model used
by TUDk is of the Glauert type, the Pitt and Peters [4}
model used by GH gives rise to likewise terms. They do
show the same general behaviour as the NTUA free vortex
wake model. The ECN integral wake (a very simple
prescribed, cylindrical wake model) shows the local
influence of the root vortex, maybe in exagarated form
because all root vorticity has been concentrated in a vortex
eminatiug at r=0. The importance of the root vortex,
producing rapid load variations around the 270 degrees
azimuth position, was also noted in [51. The ECN d.c.



/differenfial equatiou) model does not yet reflect the wake
proximity term. Only the advancing and retreating blade
features were implemented in a dynamic manner, tile wake
geometry terms will be added.

Qualitative disagreement with the wind tunnel
measurements, (a maximum of the induced velocity at about
150 degrees azimuth) is evident. This means also that the
Delft measurements are in disagreement with the Glauert
type of modelling. The measured velocity distribution in the
rotorplane, with slightly lower velocities in the upwind part,
suggest a destabilizing yawing moment. Force measurements
still have to be done and analysed to arrive at a conlusion.
The scene see~ns set for a lot of qualitative flow description
and interpretation in order to arrive at more satisfactory
modelling.

5. FURTHER VALIDATION

Further validation of the models (once established) and
the calculated loads is necessary. In the context of the Joule-
I1 program, measurement programs will be done on the 30
m diameter Holec WPS-30 turbine and tile 16 m diameter
UNIWEX turbine, both for axial symmetry (pitching steps)
and for yaw misalignment. Together with the Tjaereborg
measurements, a good range of diameters will be covered.

Finally, the effects of windgusts, as analysed in section
2, will be validated by measurements in the DelR wind
tunnel, where a gust generator will be installed.

6. CONCLUSIONS

The engineering models for dynamic inflow, developed
in the Joule I project, were validated against measurements
at the Tjaereborg turbine. ~lTae measured load overshoots due
to pitching transients can be well reproduced by the models.
Also the predicted time scales of the wake inertia
phenomena compare reasonably well to the measurements,
although a definite conclusion cannot be drawn, due to the
difficulty of the exact determination of time scales from
field measurements.

For coherent wind gusts tile dynamic inflow effect is
relatively small, according to the models. Verification of this
must await wind umnel measurements.

It is recommended that the equilibrium wake methods
which are used in the present state of the art aeroelastic
codes should be replaced by above models.

For yawed /low conditions, the first measurements from
the Tjaereborg turbine and from "~ind tunnel tests were
presented. The most important aspects of the flow which
must be reflected in the models were identified, and it was
shown that present equilibrium models do not account for all
of these. Preliminary results of different models used by the
participants were shown and discussed. There is still some
way to go to arrive at a satisfactory model.
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Figure 1. Influouce of ~vake inertia (dynamic inflow) on
loads after a pitch step.

V = 8.7 m/s; 0 - 0.070~ m 3.716"

Time [sl

Figure 2. Measured and calculated flapping moments as
response to pitch steps.

V = 8.7 m/s; 0 = 0.070* to 3.716’

"" - ~’_-22 ~_-- ---~

Time I~]

Figure 3. Measured and calculated shaft torque as response
to pitch steps.
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Front view

Figure 5. Measured yawing moment as function of yaw
misalignment angle, Tjaereborg turbine.

hot-wire

Top view

Figure 6. Measured axial induction distribution, DUT wind

Figure 4. Definition of rotor azimuth and yaw misalignment
angle, and of wind tunnel setup.

3.0

azimuth [deg]

Figure 7. Calculated induced velocity distribution at r=15m,
30 degrees yaw, Tjaereborg geometry.


