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ENGINEERING MODELS FOR DYNAMIC INFLOW PHENOMENA

H. Snel and J.G. Schepers !

ABSTRACT

Within the CEC Joule program, a joint investigation project was started up concerning dynamic inflow
effects. These effects describe the wake induced unsteadiness of the flow in the rotorplane.

Aim of the project is the definition and implementation of engineering models within the current state-
of-the-art computer codes for dynamic load calculations. These models are to be gqualified by means of
comparison with both existing sophisticated models (dynamic vortex wake calculations) and with exper-
iments to be carried out on the Danish Tjaereborg 2 MW turbine.

The paper discusses the first results of tha project. Proposed engineering models are presented. Com-
parisons between results of the proposed models and the free vortex wake model of the University of
the Bundeswehr, Munchen are shown, for simplified cases, viz: a step on the wind speed and simple
pitching transients. Finally, some first measurements for a pitching transient are shown and compared
with calculations for some of the models. Both measurements and calculations show important effects
of dynamic inflow, resulting in large overshoots of loads compared o stationary values. The agreement
between meagurements and calculations is very encouraging.

1 INTRODUCTION

Wind turbines operate in a very instationary enviromment.
The aerodynamic loads on blades and structures consequently
are of an ingtationary nature, Nevertheless, mast of the op-
erational computer codes for the prediction of these loads
and of the dynamic behaviour of turbines, make use of quasi
steady aerodynamics. Comparison of calculational results
with measurements has shown that, under certain circum-
stances, important and systematic differences are obtained
which can be attributed to the unsteadiness.

Instationary effects may be divided into two parts, viz:
¢ instationary profile aerodynamics and
o dynamic inflow.

The first part accounts for the dependence of sectional aero-
dynamical forces on the time varying angle of attack. This
includes the effect of the shed vorticity (due to changes in
the circulation) in the immediate near wake on the shedding
blade itself. The characteristeric time scale is the ratio of
the chord to the effective velocity seen by the blade section,
approximately ¢/(f.r). For a larger wind turbine (D of the
order of 50 m}, this will vary between approximately 0.2 s
{at blade root) and 0.01 s (at the tip).

The second part, dynamic inflow, accounts for the influence
of the time varying trailing wake vorticity on the infiow ve-
locity in the rotor plane. The characteristic time scale for
this phenomenon is D/U/. For large turbines, this will be of
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the order of b to 10 seconds, hence one to two orders of mag-
nitude larger than the profile time scale. Phenomena having
a time scale large compared to this may be regarded as quasi
steady.

Conditions for which dynamic inflow is of importance in-
clude:

» coherent windgusts (typical time scale of a few sec-
onds);

¢ blade pitching actions (time scale .5 to 2 seconds};

s 1P phenomena such as yawed operation {time scale 1
to 2 seconds).

Within the CEC Joule program, a project was started with
the aim of improving the currently used aerodynamic and
aercelastic response programs, by implementation of a veri-
fied engineering’ model for dynamic inflow effects. The qual-
ification ’engineering’ is meant to indicate that the model can
be implemented within PC or workstation based programs,
without unduly increasing the run time.

The following parties participate in the project:

s Netherlands Energy Research Foundation (ECN), NL
{(coordinator);

o University of the Bundeswehr (UBM), Munchen, G;
Garrad Hassan and Partners (GH), UK;

+ Delft University of Technology (DUT), NL;

¢ Technical University of Denmark (TUDK), Lyngby, Dk;

s FFA, Aeronautical Research Institute of Sweden
(FFA), 8.



This paper describes the project and the work procedure,
and reports on the important progress obtained so far (end
of May 1991).

2 WORK PROCEDURE

The work in this project will be restricted to the effects of co-
herent wind gusts and pitching transients. The first step ex-
isted in the identification of a number of possible approaches
for engineering models, by the various participants. These
are discussed in section 3. Calculational resulis obtained
with these models are to be compared with:

e 3 sophisticated unsteady vortex wake model, a8 con-
tributed by the UniBundeswehr, Munchen. This is not
an ’engineering’ model as defined in section 1, needing
a large amount of computer time. Inclusion of such a
model in aeroelastic codes for use in turbine design is
not a practical proposition at present;

» full scale measurements on the Tjaereborg 2 MW tur-
bine, to be contributed by the TUDk, Lyngby.

In fact, the basic procedure to achieve a (number of) verified
model(s) will be through mutual comparison of calculated
results and comparison with the free wake model and mea-
surements. Insight gained in this manner will lead to model
improvement.

A first, preliminary round of calculational exercises was agreed,

considering & simple step on the wind speed and a simple
pitching transient for the Tjaereborg geometry. No struc
tural dynamic effects were to be considered. These first re-
sults were to be compared ouly with results from the un-
steady vortex wake model. This part of the project has been
executed and is reported in section 4.

The next calculations with the models will be taken in ac-
cordance with the measurements that become available from
the Tjaereborg turbine. In fact, a first set of measured data
has already been obtained, see section 5. The first simulation
of these cases with the ECN models is reported in section 6.
Measured signals include the blade flapwise moment at 2.75
m radial position, and the forque on the main shaft, These
car be compared with calculational results. The calculations
wiil also yield time histories of induced velocities in the rotor
plane, that will aid in the interpretation of the results.

After substantial evaluation of more calculations and mea-
surements, verified models can be implemented in the aero-
dynamic and aeroelastic response codes used by the various
participants.

3 PHYSICAL DESCRIPTION OF PHENOMENA
TO BE MODELED

The velocity field in the rotorplane equals the vectorial sum
of the instantaneous free stream velocity and the velocity
induced by the presence of the turbine, including its wake.
This latter part is to be modelled as dynamic inflow.

Within the framework of the momentum-blade element the-
ory, employing control volumes, this is difficult although con-
ceptually not impossible, One must account for the change in
time of the momentum contained in the control volume (ac-

celeration or "apparent mass’ effacts) and for outflow across
the lateral volume boundaries (time changing streamiines).

It is simpler to think in terms of a vorticity representation of
the wake (and the blades). The wake vorticity exists of shed
vorticity and trailing vorticity, both time dependent (see fig-
ure 1, from [1]).
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Figure 1: Vortex shedding

The vorticity is formed at the blade and convected down-
stream with the local total velocity, partly wake induced.
Equally, the strength of trailing and shed vorticity depends
on the wake, through its effect on the angles of attack. This
mutual interaction is the same as in Prandtl’s lifting line
theory, see also ref {2]. Dynamic inflow phenomena depend
mainly on the trailing vorticity, the shed ’near wake’ being
acconunted for through unsieady profile asrodynamics. How-
ever, instationary free wake methods such as employed by
the UBM will include both effecis,

Engineering methods cannot be based directly on vortex wake
representations, due to excessive computer time. Often they
will be modified forms of the momentum-blade element
methods.

In the project six models (including the free wake model)
with quite a different approach are applied:

o ECN,iw. : The induced velocities in both axial and
tangential direction are calculated with a cylindrical
vortex sheet model. The vortex distribution on the
cilindrical wake iz obtained by the time history of the
shed tip-vorticity which is related to the axial force
on the blade. With the Biot-Savart law the induced
velocities can then be found. Tt is assumed that the
wake extends up to four rotor diameiers downstream.
Inputs that may be semi-empirically adjusted are the
axial convection velocity and the effective diameter of
the cylindrical wake. Although this method demands
a relatively long computer time it is more flexible in its
application than the second ECN modei:

e ECN, d.e.: The induced velocity in axial direction is
calculated with the blade element - momentum equa-
tion with the addition of a time derivative of the in-
duced velocity:
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The value of the time constant is deduced from the
equations for the cylindrical wake mentioned above

{ECN, i.w.).
e n [1-r/Reosd] e
f“(R) B 2#/]0 [1+(r/R)?—2r/Rcos ¢]3/2u¢5
In a similar way the tangential induced velocity is cal-

culated from the tangential momentum equation with
time constant r/R.

DUT: The velocities are calculated with an accelera-
tion potential method. First the accelerations experi-
enced by particles of air in an initial and 20 ultimate
situation are calculated. To get the velocities in the
rotor plane the accelerations obtained in the initial sit-
uation are integrated up to a certain distance upsiream
of the rotor plane and from that point onwards the ac-
celerations from the ultimate situation are integrated.

GH: The axial induction factor is calculated by a method

based on Pitt and Peters [3]. The original method is on
global disk level but GH applies the method on blade
element level, It results in a differential equation for
the axial induction factor ¢ instead of the induced ve-
locity u; as in the "ECN, d.e.” and "TUDkK” methods.

e TUDk: The induced velscities in axial direction are cal-

culated with the blade element - momentum equations
with the addition of a time derivative of the induced
velocity, This is similar to "ECN, d.e.”. TUDk how-
ever uses two differential equations. These have the
following form:

y+r1.% = :€+k.’r‘1.%§-
z+r2.£ = ¥
dt
with £ = 0.6 and:
n = 1.1 R
(1-13e)'U

T o= [0.39-—0.26(%)2]:1

This amounts to one short and one longer time scale for
the decay. The time constants follow from an actuator
disk-vortex ring program which includes the effect of
wake expansion.

UBM: In the UBM free wake method the blade is
covered with panels having constant doublet strength.
The induced velocities are calculated with the Biot and
Savart law using the vortex strength gained by doublet
differences (Kutta condition). Due to the external flow
field and the induced velocities at the blade, points
from the separation edges move downstream and build
up the panels of the free wake which is deformed in
such a way that the forces on the wake vanish. The
kinematic boundary condition on the blade is fulfilled
in the model. The method results in the:

— Doublet distribution along the blade;
~ Wake geometry;
— Representation of the flow field.

This type of method can be sensitive to numerical de-
tails in the treatment of the wake vorticity.

4 TFIRST CALCULATIONAL ROUND

It was agreed that the first calculational round should con-
sist of elementary calculations for simplified axi symmetrical
wind conditions. Axial induced velocities and (aerodynamic)
flapping moments along the rotor blade were calculated as
well as axial force and rotorshaft torque. The calculations
were performed on the Danish Tjaereborg turbine at Esb-
jerg. This is a 2 MW, three-bladed, 60 meter diameter tur-
bine, which is described in more detail in [4] and [5]. The
wind speeds were chosen such that the turbine is not in the
turbulent wake state while the loading is high. The calcula-
tions are performed for a step on the pitch angle {0-2-0 deg,
at U = 10 m/s) and a step on the wind speed (13-10-13 m/s,
at 8 = 0 deg), see also figure 2 and 3.
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Figure 2: Step on the pitch angle,
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Figure 3: Step on the wind speed.

It was agreed that the project should focus on dynamic
inflow effects and not on comparison of steady state results.
Therefore the quantities are presented in a non-dimensional
way, i.e:

Ag as f(t) and Ag,

with;
Ag =[g- ga)/[g2 ~ 91] (1
Ags = [g — 1131]/%1 (2)
¢ = actual value
¢s1 = stationary value at begin conditions
gs7 = stationary value after stepin for U



4.1 Resulis of first calculational round

In the figures 4 until 9 some typical results are presented
for the calculational cages described above. In the tables 1
and 2 the corresponding values far the stationary differences
between two quantities ( Ag,/gs) are given. The free wake
calculations of UBM for the entire period would take some
hundred hours on the IBM RISC/6000 used. Therefore the
time domain was split in two parts, each starting with the
appropriate steady state. In the figures the two paris are
connected by a straight line (between t 2 8.7 secs and ¢ =
39.8 s). However for the determination of the g,9 value the
average was taken of the state resulting a few seconds after
the first step, and the sieady state before the second step.
This explains why the results of UBM do not depart from
1.0 at the second step.

The main observations on the results are:

¢ Animportant dynamic wake effect is visible for the step
in pitch angle: Most calculations predict a change in ro-
torshaft torque just after the step in pitch angle which
is more than B times the stationary change. {Note from
table 2 that the stationary change in rotorshaft torque
is rather small). The predicted change in flapping mo-
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Figure 4: Non-dimensional axial induced velocity at r = 15
m for step on the wind speed.
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Figure 5: Non-dimensional flapping moment at r = 2.75 m
for step on the wind speed.
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Figure 6: Non-dimensional rotorshaft torque for step on the
wind speed.

ment is about 1.5 times the stationary change. The
dynamic wake effect appears to be rather limited for a
step on the wind speed. The reason is that the changes
in u; between the equilibrium states are rather smail al-
though this does not hold for the inner blade elements.

¢ Gernerally speaking the agreement between results is at
least qualitatively good although there are differences
in time scale. The most striking deviations are:

1. The relative peak loads predicted by the UBM
Just after the step in pitch change are much lower
than predicted by most other participants. This
may partly be due to the larger stationary changes
predicted by UBM in particular for the rotorshaft
torque (see table 2).

2. UBM also predicts a large peak in axial induced
velocity just after the step in pitch angle and to
a lesser degree just after the step in wind speed.
This is possibly caused by instationary proitle aero-
dynamics which is automatically included in this
method.
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Figure 7: Non-dimensional axial induced velocity at r = 15.0
m for step on the pitch angle.



. The axial induced velocity predicted by 'ECN,
i.w." in the case of a wind speed step first changes
in a direction further away from the new equilib-
rium situation.

. The results predicted by ECN, d.e.’ in the case
of a pitch angle step have not reached equilibrium
at the end of the calculations due to a larger time
scale.

5. The results of TUD and UBM show higher fre-
quency fuctuations which are a resuls of the vor-
ticity shed by the previous blade. For this reason
TUD finds in general a shorter time constant than
most of the other participants where the waka is
"averaged” over one revolution.
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Figure 8: Non-dimensional flapping moment at r = 2.75 m
for step on the pitch angle,

B=0102%U =10mjs

109 pmrmrmr———rer e ECN i
3'05 1 ECN, de. 3
of— CrE
o a |
40 N e
- b OS TUDE 13
% 20 o UM ]
0. 3
= :
q 20
40 E
]
60 F
40|
100 " T I R TR N L1 1 1 a3
0 15 ) 45 60 75

time [s]

Figure 9: Non-dimensional rotorshaft torque for step on the
pitch angle.

5 FIRST MEASUREMENTS

Some first measurements of flapping moment at blade root,
and rotorshaft torque on the Tjaereborg wind t{urbine were
made available for a stepwise pitch change [6]. The measured
time history of the pitch angle is shown in figure 10. The
pitch rate was fixed at 1 deg/sec. There is some uncertainty

as to the exact value of the initial pitch angle which is 0 or
0.5 degrees. The wind conditions were between 7 to 8 m/s.
In order to extract the most information about the dynamic
wake effects nine time series are synchronized with respect to

the pitch angle change and then averaged. The flap moment
is also averaged over the three blades to further reduce the
influence of turbulence, wind shear and tower shadow.
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Figure 10: Measured pitch angle.

5.1 Simulation of the measurements

The time between the receipt of the measurements and the
preparation of this paper was too short to request simula-
tion calculations from the participants. Nevertheless some
first results of simulation with the ECN models are shown
here. It is assumed that the incoming wind field is axi sym-
metrical with wind speed 7.4 m/s. The step in pitch angle
is assumed to be from 0.25 degrees to 2.25 degrees and vice-
versa with pitch speed 1 deg/s. The aerodynamic flapping
moments calculated by the ECN-models are reduced with 9%
to account for centrifugal stiffening according to [6].

The results of the flapping moment at blade root and the
rotorshaft torque are given in the figures 11 and 12.

The measurements appear io be in a good gualitative and
even quantitative agreement with the calculational results.

The non-dimensional change in flapping moment in the mea-
surements (estimated from the figure) is approximately 1.75.
The value predicted by "ECN, i.w.” i9 approximately 1.6.

The rotorshaft torque is very difficult to compare in terms of
non-dimensional quantities due to the uncertainty in the very
low value of the stationary change. From the figures however
it can be seen that the quantitative agreement between the
measured and predicted peak values of the rotorshaft torque
is good.

The measured results confirm the first observation made in
4.1 that the dynamie wake effect is important in the case of
pitch angle variations.

The measured time constants appear to be in reasonable
agreement with the calculated ones.
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Figure 11: Measured and calculated flapping moment at ¢ =
2.75 m for step on the pitch angle,
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Figure 12: Measured and calculated rotorhaft torque for step
on the pitch angle.

6 CONCLUSIONS

The first calculation resulis obiained with simple models for
dynamic inflow have been presented. Also some initial mea-
surements were presented.

Tt wag shown that, for pitching transients in conditions with
substantial induced velocities, the dynamic inflow effects are
very important both for the blade flapwise moments (and
axial force) and for the rotorshaft torque {and hence power),
Overshoots by a factor of 1.5 are produced (both for cal-
culations and measurements) as compared to standard quasi
steady calculations. Hence the inclusion of verified models in
prediction codes is imperative, especially for pitch controlled
turbines, and in any case for aerodynamic braking actions.

The effect is much less for coherent wind gusts. This can
be explained by the relatively small change in induced veloe-
ities that result from the gusts that have been considered.

The models employed show generally good qualitative agree-
ment, The main difference is in the resulting time constant(s)
describing the process. There is good hope that these can be

tuned by comparison with measurements and the resulting
improved understanding of the phenomena.
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Table 1: Non-dimensional difference *) between equilibrium
values for the step in wind speed.

ui(r = 15.0m)  myop(r = 2.75m)  myprg

ECN, iw. -0.689 -0.261 -0.509
ECN, d.e. 0.015 -0.262 -0.496
TUD 0.034 0,244 -0.488
GH -0.020 -0.272 -0.498
TUDk -0.029 -0.264 -0.495
UBM -0.106 -0.246 -0.475

Table 2: Non-dimensional difference *) between equilibrium
values for the step in pitch angle.

wi{r = 15.0m) mpaplr = 2.T5m)  Myoeg

ECN, i.w. -0.219 -0.148 -0.026
ECN, d.e. -0.171 -0.134 -0.034
TUD -0.170 -0.140 -0.039
GH -0.188 -0.132 -0.027
TUDk -0.175 -0.132 -0.025
UBM -0.114 -0.160 -0.102

*) Defined by Ag/g,



List of symbois:

a

Cn

m flap
Miarq

Ay

A E

eff

> 2R £

Ag,

o -1

axial induction factor {-}

number of blades |]

chord lenght [m]

normal force coefficient [-]

rotor diameter [m]

flapping moment [kNm]

rotorshaft torque [kNm]

initjal value for quantity q

value for quantity g after step in pitch angle
or wind speed

rotational frequency (= §2/2r) [Hz]
rotor radius [m]

radial position [m]

time s}

wind speed [m/s]

effective wind speed seen by blade [m/s]
axial induced velocity {m/s}

angle of attack [deg]

rotational speed [rad/s}

rotor azimuth angle {deg]
nondimensional change in quantity g with
respect to the initial condition (ega. 1)
stationary change in quantity q (eqn. 2)
local solidity { = Be/2mr) |-]

pitch angle [deg]

time constant [s]



