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Abstract

Detailed wake characteristics are simu-
lated with two different models; the actua-
tor line (ACL) wake model with turbulent
inflow conditions and the engineering Dy-
namic Wake Meandering (DWM) model.
The ACL wake model, based on the Ellip-
Sys3D CFD code, simulates all the basic
physical phenomena of the wind turbine
wake, whereas the DWM model is an en-
gineering code with much less computa-
tional demands than the ACL wake model
but still modelling the most important
physical characteristics of the wake, i.e.
the deficit meandering and the added
wake turbulence. The simulated results
are compared to experimental results from
an innovative experimental setup compris-
ing inflow measurements with a five hole
pitot tube on a full scale 2 MW turbine op-
erating in wake conditions. Details of wake
turbulence characteristics are presented
and discussed. The length scale of the
added wake turbulence was estimated to 8
m from the ACL results and this is consid-
erable less than the length scale of 33 m
of the ambient turbulence. The added
wake turbulence only increased the flap-
wise fatigue loads with 6% in the present
case.

1. Introduction

The phenomenon of wake meandering is
long known empirically, but has not until
recently been treated in a satisfactory
manner on the wind turbine load modelling
side.

In [1] a consistent, physically based, the-
ory for wake meandering is formulated.
Contrary to the traditional wake load ap-
proach, based on introduction of the con-
cept of effective turbulence originally re-
sulting from the Joule project “Dynamic
Loads in Wind farms” [2], the new ap-
proach is a unifying description in the
sense that both turbine power and turbine
load aspects can be treated simultane-
ously. This feature potentially opens for
wind farm topology as well as wind farm
control optimization, which is expected to
be of crucial economic importance for de-
sign and operation of large (offshore) wind
farms as well as improving loads predic-
tions for turbines in wake in general.

A key driver/mativation for the formulation
of the new wake theory is the recognition
that the wake generated intermittent dy-
namic loading of down stream turbines
results in both an increased (apparent)
turbulence intensity and a significantly
modified structure of the (apparent) turbu-
lence as seen by down stream turbines.
We consider both correct turbulence in-
tensity and correct turbulence structure as
crucial for realistic load prediction. This is
because an increase of the turbulence
intensity basically will result in identical
relative loads increments in all turbine
subcomponents, whereas a modified tur-
bulence structure in general will result in
significantly different impacts on different
turbine components.

In the meandering frame of reference, the
wake is characterized by a mean wind
decrease (i.e. wake deficit) and a signifi-
cantly modified turbulence field. In a wake
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load context, the meandering wake deficit
is of primary importance for the increased
loading of a turbine operating in a wake
and this is the basic mechanism in the
DWM model complex presented first time
in 2003, [3], [4] and subsequently applied
to characterization of extreme loads in
wake operation [5].

In the first versions of the DWM model the
increased wake turbulence (added wake
turbulence) was not included. However, a
first attempt to include this in the model
was presented in a paper from 2005 [6].

The turbulence effects, caused by an up-
stream located turbine, concern genera-
tion of additional small-scale turbulence
with characteristic eddy sizes up to ap-
proximately one rotor diameter, and in-
clude contributions from conventional me-
chanically generated turbulence, caused
by the wake shear, as well as from the
blade bound vorticity, consisting mainly of
tip and root vortices. The tip vortices will
initially take the form of organized coher-
ent flow structures, but later, due to insta-
bility phenomenon’s, gradually break down
and approach the characteristics of con-
ventional isotropic turbulence with a length
scale shorter than that of atmospheric tur-
bulence. Wake turbulence is consequently
characterized by being both instationary
(develops with the downstream transporta-
tion time) and inhomogeneous (vary in
general across the wake regime). Typi-
cally, the wake turbulence tends to be
more isotropic and displays increased tur-
bulence standard deviation and reduced
turbulence length scale. The high-
frequency part of the spectra will probably
follow the inertial sub-range law, but with
higher dissipation rate than in the ambient
turbulence case. Characterization of wake
turbulence and how to model it in the
DWM model is the primary subject of the
paper.

The characterization of the wake turbu-
lence is mainly based on simulations with
a full equation wake model based on the
actuator line concept [7], [8] which re-
cently was extended to handle turbulent
inflow conditions [9]. This latter extension
of the ACL model means that the model
now can be run with full realistic inflow
conditions and this has developed the
model to a strong tool for studying details
of the wake flow and for tuning engineer-
ing wake models such as the DWM model.

The numerical results are compared to
dedicated measurements on a 2MW tur-
bine that was operated in different single
wakes from neighboring turbine in the
small Tjeereborg wind farm in Jutland, Be-
sides strain-gauges at the blade root, on
the shaft and on the tower, the turbine was
in a short period in 2002 instrumented with
a five hole pitot tube on one of the blades.
This instrument gives detailed information
about the local inflow to the blade and can
therefore be used to characterize the wake
flow in a rotating frame of reference. This
has the big advantage that simultaneous
and instantaneous measurements of wake
flow and free flow can be made by meas-
uring in partial wake situations. If further
measurements with very low ambient tur-
bulence are selected, the wake meander-
ing will be small and the specific wake tur-
bulence characteristics can be measured
without being influenced by apparent tur-
bulence caused by the meandering of the
velocity deficit.

2. Model description

This section describes the different models
involved in the numerical simulation of the
wind turbine wake.

2.1 The ACL model

Navier-Stokes solver

The computations of the global flow field
have been carried out using the 3D flow
solver EllipSys3D developed by Michelsen
[10], [11] and Sgrensen [12]. This code
solves the discretized incompressible Na-
vier-Stokes equations in general curvilin-
ear coordinates using a block structured
finite volume approach. EllipSys3D is for-
mulated in primitive variables (pressure-
velocity) in a non-staggered grid arrange-
ment. The pressure correction equation
was solved using the SIMPLE algorithm
and pressure decoupling is avoided using
the Rhie/Chow interpolation technique.
The convective terms were discretized
using a hybrid scheme combining the third
order accurate QUICK (10%) scheme and
the fourth order CDS scheme (90%).
Large eddy simulation (LES) was used to
model the small length scales of turbu-
lence. The resulting equations thus only
govern the dynamics of the large scales,
while the small scales here were modelled
using the so-called mixed scale model
[13].
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Actuator line model

The wind turbine rotor was simulated us-
ing the actuator line model developed by
Sgrensen and Shen [7]. This model com-
bines a three-dimensional Navier-Stokes
solver with a technique in which body
forces are distributed radially along lines
representing the blades of the wind tur-
bine. Thus, the flow field around and
downstream the wind turbine is governed
by full three-dimensional Navier-Stokes
simulations using LES, whereas the influ-
ence of the rotating blades on the flow
field is computed by calculating the local
angle of attack to determine the local
forces from tabulated airfoil data.

Atmospheric boundary layer

model

The atmospheric boundary layer is mod-
elled using a technique where body forces
applied to the entire computational domain
is used to impose a given but arbitrary
steady wind shear profile, while free-
stream turbulence was modelled by intro-
ducing synthetic turbulent velocity fluctua-
tions to the mean flow upstream the rotor.

The method of prescribing a given wind
shear profile by imposing body forces was
presented by Mikkelsen et al. [8] and is
essentially based on the immersed
boundary technique. The idea is to con-
duct an initial computation without the
wind turbine included in order to establish
the steady force field required to obtain the
desired mean wind shear profile. The ob-
tained force field is afterwards stored and
kept fixed in the subsequent computation
where the wind turbine is included.

The atmospheric inflow turbulence was
simulated using a technique [9] where un-
steady concentrated body forces, intro-
duced in a plane located 1 rotor radius
upstream the upstream rotor, are produc-
ing the synthetic turbulent velocity fluctua-
tions. The introduced turbulence field was
generated in advance by using the Mann
algorithm [14], which simulates homoge-
nous, stationary, Gaussian and anisotropic
turbulence with the same spectral charac-
teristics as observed in the atmosphere.

Computational domain and
boundary conditions

The computations were conducted in a
Cartesian computational mesh with di-
mensions (X, y, z) = (20R, 24R, 28R),

where z is in the flow direction and y is in
the vertical direction. The upstream turbine
was located 9.5R downstream the inlet
and the other turbine was positioned fur-
ther downstream according to the layout of
the wind farm. A high concentration of grid
points was distributed equidistantly in the
region around and between the two rotors
in order to preserve the generated flow
structures in the wake. In the equidistant
domain a rotor radii was resolved with 30
grid points and outside this region grid
points were stretched away towards the
outer boundaries. The grid consisted of
144 grid points in respectively the x and y
direction and 384 grid points in z-direction.
The boundary conditions were the usual
inlet and outflow conditions in the main
flow direction, no-slip at the ground, far-
field velocity at the top and periodic condi-
tions on the sides.

2.2 The DWM model

The Dynamic Wake Meandering (DWM)
model complex is based on the combina-
tion of three corner stones — 1) modeling
of quasi-steady wake deficits, 2) a sto-
chastic model of the down wind wake me-
andering and 3) added wake turbulence.

The wake meandering part is based on a
fundamental presumption stating that the
transport of wakes in the atmospheric
boundary layer can be modeled by con-
sidering the wakes to act as passive trac-
ers driven by the large-scale turbulence
structures. Modeling of the meandering
process consequently includes considera-
tions of a suitable description of the “car-
rier” stochastic transport media as well as
of a suitable definition of the cut-off fre-
quency defining large-scale turbulence
structures in this context.

For the stochastic modeling of wake me-
andering, we imagine a wake as consti-
tuted by a cascade of wake deficits, each
“emitted” at consecutive time instants in
agreement with the passive tracer analogy
[1], [19]. We then subsequently describe
the propagation of each of the “emitted”
wake deficits, and the collective descrip-
tion of these thus constitutes the wake
meandering model.

Adopting Taylor's hypothesis, the down-
stream advection of these is assumed to
be controlled by the mean wind speed of
the ambient wind field. With this formula-
tion the wake momentum in the direction
of the mean flow is invariant with respect
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to the prescribed longitudinal wake dis-
placement. This is a considerable simplifi-
cation allowing for a straight forward de-
coupling of the wake along wind deficit
profile (and its expansion) and the wake
transportation process.

As for the dynamics in the lateral- and ver-
tical directions, each considered wake
cascade-element is displaced according to
the large-scale lateral- and vertical turbu-
lence velocities at the position of the par-
ticular wake cascade element at each time
instant.

In mathematical terms, the wake deficit
dynamics in the lateral direction, y, and the
vertical direction, z, is thus assumed de-
scribed by the following differential equa-
tion system

d I
W)y y.2t4) @
dz(t,t

(dtO):Wc(vavt:to) , @)

where v; and w, are the spatially depend-
ent large-scale turbulent velocities, and ty
denotes the time instant at which the con-
sidered cascade element is emitted.

The choice of a suitable stochastic turbu-
lence field, that in turn defines the sto-
chastic wake transport process, is not
mandatory, but may be guided by the
characteristics of the atmospheric turbu-
lence at the site of relevance. These char-
acteristics encompass in principle not only
turbulence standard parameters such as
turbulence intensity, turbulence length
scale and coherence properties, but also
features like degree of isotropy, homoge-
neity of the turbulence, Gaussianity of the
turbulence etc..

The meandering mechanism in the DWM
model has been successfully verified by
correlating DWM predictions with direct
full-scale measurements of the instanta-
neous wake position obtained from LiDAR
recordings [18].

Implementation of the DWM

model in HAWC2

In the present paper the DWM model is
implemented in the aeroelastic code
HAWC?2 and expanded with some new
functionalities. One new thing is that the
deficit and the development of the deficit
downstream is calculated internally in the
code, whereas previous versions of the

DWM model used deficits calculated ex-
ternally by usage of an actuator disc
model. Another new feature is the inclu-
sion of added wake turbulence, which
represents the turbulence contribution
from the upstream turbine, mainly from tip
and root vortices. The last new feature is
the possibility of having several wake
sources, which is especially useful for
simulations of turbines in wind farms with
more than one neighbouring turbine pre-
sent.

The DWM model implementation consists
of the following 5 steps, where the first 4
are calculated initially:

1. Calculation of the start deficit of
the upstream turbine by calculat-
ing the induced velocities for a
turbine assumed to be identical to
the wake turbine but with possible
different operational conditions.

2. Expansion of the deficit caused by
pressure variation in the near
wake region.

3. Developing the deficit as function
of downstream distance from the
wake generating turbine taking
into account the turbulent mixing
including the part from ambient
turbulence.

4. Wake meandering process of the
cascade of deficit centres.

5. Added micro turbulence in the
deficit region

Step 1: The wake sources are assumed to
consist of turbines with properties identical
to the wake loaded turbine. Induced ve-
locities in annular elements are calculated
based on traditional BEM theory. Pitch
angles and rotational speed are chosen to
match the mean operational condition at
the selected wind speed.

Step 2: The expansion of the wake caused
by the pressure rise in the near wake re-
gion (within 2 diameters downstream) is
also calculated based on BEM theory. The
far wake velocities are reduced to
U,=Uy(1-2a), where the velocities at the
rotor is U;=Ug(1-a). Considering equilib-
rium of mass flow in an annular stream
tube at the turbine and in the far wake is
expressed in (3) and (4)

3)

m=pUy(1-g )(rt,2i+1_rt?i )
m=pU,(1- 23 )(r\i,nl_rve,i) (4)

leading to an expression of the radius of
the next outer element based on the in-
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duction and the previous inner element
radius in (5).

1-g
Irw,i-*—l = \/—al-( rt%Jrl - rt% )+ I‘\/\Zl,i (5)

Uo U1 Uz

Fw i1

Tw,i

Pg P P =Pg

Figure 1. Wake expansion of an annular
BEM stream tube due to pressure
changes in the near wake region

Step 3: The development of the wake
deficit in the far wake field (more than 2
diameters downstream) is except for ex-
pansion caused by the local pressure field
close to the rotor, mainly affected by turbu-
lent mixing [15], [16], [17], [18]. The im-
plemented model to handle the expansion
caused by turbulent mixing is strongly in-
spired by the work of Ainslie. The turbulent
mixing occurring outside the near wake
region is described by the Navier-Stokes
equations disregarding pressure terms.
Further on, the gradients of mean quanti-
ties are very much bigger in radial direc-
tion (denoted r) than in axial direction (de-
noted x) which leads to the thin shear
layer approximation of the Navier-Stokes
equations (6).

UQ.FVQ:_EE( u_v) (6)
OX or r)or

where U and V denote the mean velocity
in the axial- and radial directions, respec-
tively, u and v denote the respective fluc-
tuating velocity components in these direc-
tions, and an upper bar denotes temporal
averaging.

Introducing the eddy viscosity concept, the
Reynolds stresses are expressed as

— oU

—uw=u0r —

Ur 5 @)
with the eddy viscosity given by
o1 (%)=l (XU () ®)

where U, and |, are suitable velocity- and
length scales of the turbulence that in

general will vary with the downstream dis-
tance x, but assumed independent of the
radial coordinate. The length- and velocity
scales are taken to be proportional to the
instantaneous wake half width b, and the
velocity difference, Ug-U., across the
shear layer, respectively, where U, and U,
denote the ambient velocity and the centre
wake velocity. Introducing (7) and (8) into
(6) the governing equations are reformu-
lated as

uY Y (o g(rﬂ) ©)
OX or r jor\_ or

with

vr =kab(Ug —U¢ )+ o1, (10)

where k, is an empirical constant for the
flow field. k,=0.002 seems to give results
comparable to actuator disc results [18].
vTa IS @ viscosity term depending on the
ambient turbulence level
vrp = KyTi (11)
where k; is another empirical constant and
Ti is the turbulence intensity of the ambi-
ent turbulence.

In addition to the momentum equation (6)
the flow must fulfil the continuity equation
given by

10 (y), Y
ror OX

The flow problem defined by (9) and (12)
is solved using a finite difference scheme.

Velocity Deficit Downstream

rv)+ 0 (12)

1.1
1

0.9

08 [A
07

U, 1]

06 Pt

05 k=

Deficit 0D ——
Deficit 2D - 1
Deficit 4D -
Deficit 6D -
Deficit 8D -——-—-
Deficit 10@

0 0.5 1 15 2 25 3

04 (-

03

0.2

R[]
Figure 2: Final deficit in selected down-
stream distances including pressure ex-
pansion from 0D to 2D and turbulent mix-
ing (using k,=0.002) further downstream.

Step 4: The turbulence field chosen as the
stochastic transport media generating the
wake meandering is the Mann turbulence
model [14], [19], since this turbulence field
is fully correlated between u, v and w, for-
mulated in cartesian coordinates and en-
ables unequal grid resolution and size in
the three directions, see Figure 3. A
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course grid resolution is chosen in the in-
plane direction since this first of all en-
ables an effective cut-off frequency filter-
ing neglecting all eddies with a size less
than the rotor, secondly to enable very
large spatial dimensions of the box which
is especially important if several wake
sources are considered. A special feature
when using several upstream wake
sources in the same turbulence field is that
if a wake passes the centre of the next
turbine, the two wakes will remain together
for the rest of the transport since they
meet the same turbulence. The grid reso-
lution in the u-direction is chosen with a
finer resolution in order to get a smooth
continuous variation in deficit centre posi-
tions. It is important that the grid point ve-
locities represent the mean value of a grid
cube in order to provide a correct spatial
filtering.

Figure 3: Mann turbulence box layout for
the meander turbulence. A course grid
resolution (size of 1 rotor diameter) is seen
in the in-plane v,w direction whereas the
resolution in the u-direction is chosen to
be fine.

Step 5: The turbulence created by the up-
stream turbine is modelled as a separate
Mann turbulence field with a short length
scale and a ratio between variance of the
u, v and w component of 1.0 correspond-
ing to isotropic turbulence. The resolution
of the box is high (128x128 points) in the
in-plane direction covering 1 rotor diame-
ter so small eddies can be resolved rea-
sonably. The box length in the u-direction
consists of 128 points covering 2.5 rotor
diameters. Turbulence is reused when
points outside the box are requested. The
V,w centre position of this turbulence box
follows the centre position of the individual
wake deficits. The turbulence is scaled
based on the deficit depth and gradient
according to (7). Two empirical factors kp,;
and kp, are inserted to schedule the gain
of the two different contributions

OU et (")
or

kmt(r)zll_udef (qkml + kmz (13)

Velocity Deficit 3.3D Downstream

" Deficit
Deficit Derivative -

0.5

U
A\

-0.5

0 05 1 15 2 25 3
R I-1

Figure 4: Deficit and derivative used for

micro turbulence scaling.

The influence of added wake turbulence
can be seen in Figure 5 where small rip-
ples in the angle of attack can be seen
when the blade enters a wake load situa-
tion. These ripples contribute to small load
cycles in the blade loading.

SIMULATION -« DWh modal

LOCAL INFLOW ANGLE [deg.|

NO WAKE TURBULENCE ——
| WAKE 'IJRB'JLENICE ADDED =——
BO a5 20 95 100

TIME [s0c ]

MEASUREMENT -- STRONG SHEAR AND WAKE

LOCAL INFLOW ANGLE [deg.)

FRE

E INFLOW - FILE 1104-2137 ——
" 1/3 WAKE - FILE 1104-2227 =— {

10 15 20 28 30
TIME [sec]

Figure 5: Added wake turbulence causes
small ripples in angle of attack when the
blade is in the wake loaded area. Top: simu-
lation, bottom: measurements.
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3. Full scale experiment

Selected characteristics of the numerical
predictions, described in Section 2, are
compared with full-scale experimental data
obtained from a 2MW wake operating tur-
bine at the Tjaereborg wind farm in Den-
mark. The rotor diameter of the turbine is
80 m.

The selected characteristics encompass
wake flow field characteristics, as meas-
ured directly in the rotor plane of the wake
operating turbine, and induced structural
response characteristics in the form of
blade root moments.

The blade root moments are established
by standard strain-gauge recordings,
whereas the flow field observations are
based on an innovative experimental
setup [20] using a five hole pitot tube
mounted at the blade leading edge in ra-
dius 24 m, Figure 6.

From the five hole pitot tube measure-
ments of the local inflow angle in the plane
perpendicular to the blade span can be
derived and likewise the local, relative ve-
locity. Due to the geometrical conditions
for the local inflow velocity vector, the rela-
tive velocity signal will mainly show the
characteristics of the two lateral turbulence
components whereas the local inflow an-
gle mainly contain the characteristics of
the streamwise turbulence component.

The measured inflow angle was corrected
for upwash from the bound circulation on
the blade section at the pitot tube whereas
no corrections were applied to the meas-
ured relative velocity.

As the focus of the present analysis is
characteristics of the wake turbulence the
data base was searched for inflow condi-
tions with low ambient turbulence as this is
expected to give low meandering of the
wake. A few data files with such conditions
(turbulence intensity around 3%) were
found and three 10 min. data files meas-
ured within one hour were selected as
they contained both free inflow and wake
conditions for an upstream turbine in a
distance of 3.5 D. Unfortunately, meteoro-
logical conditions with low ambient turbu-
lence are often associated with a strong
wind shear and a change of wind direction
as function of height. This is also the case
for the three selected data files but the
infow conditions in the models were
adapted to give an optimal correlation be-

tween simulated and measured local in-
flow angle, local relative velocity and flap-
wise moment, binned on azimuth. The
wind shear was modelled with an expo-
nential curve with an exponent of 0.7 and
a yaw error of 15 degree was applied. The
relative velocity binned on azimuth pro-
vides an excellent basis for adjusting the
yaw error to the measured data.

Figure 6: The five hole pitot tube mounted
on the leading edge of the blade. (The
plate mounted on the blade is used for
measurement of the angle of the pitot tube
relative to the tip pitch).

4. Results

The simulation results are ordered in two
parts. Firstly, the DWM and ACL results
are compared and different parameters in
the DWM model are tuned on basis of this
comparison. In this way this section also
contains results for discussions of the
wake turbulence characteristics as e.g. the
turbulence length scale.

In the second part of the results section,
the DVM model is run for the specific wake
conditions in the three 10 min. experimen-
tal data files mentioned above. In these
simulations the DWM model is run with the
parameters found in the comparison with
the ACL model

In all the simulations the strong wind shear
as seen in the measurements are applied.
However, only the DWM model results are
directly compared with the measurements
because the experimental conditions were
complicated by the wake occurring on the
lower part of the rotor. In the ACL model
this could potentially give problems with
interaction with the ground surface.
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4.1 Tuning of parameters in the
DWM model

4.1.1 No ambient turbulence

The first load case compared is simula-
tions with the ACL and the DWM with no
surrounding turbulence and an offset in
turbine position horizontally leading to a
1/3 wake loading. The downstream turbine
is further yawed with 15deg since these
conditions fits reasonably to a measure-
ment case used in later comparisons. The
only variations in wind speed affecting the
downwind turbine is the deficit loading 1/3
on the rotor and the wake turbulence from
the upstream turbine.

b)
Figure 7: Visualization of flow field in a hori-
zontal plane located in hub height. The ro-
tors are indicated as black lines and the in-
flow is laminar; a) Stream-wise velocity; b)
vorticity

Contour plot of axial velocity and vorticity
computed for this case with the ACL
model is shown in Figure 7. As seen the
wake of the upstream turbine is character-
ized by significant asymmetry due to the
non-uniform rotor loading caused by a
combination of the turbine tilt angle and
the strong shear. Furthermore, the figures
reveal a considerable inhomogeneous
turbulence field inside the wake. It is also
seen in Figure 7 that the wake profile
changes immediately before the downwind
turbine. A horizontal shift occurs. In order
to make comparable results to the DWM
model a horizontal offset of 1.9R is as-
sumed in the DWM simulation where the
offset is 1.6R in the ACL simulations.

The standard deviation of the angle of at-
tack, relative velocity and flapwise bending

moment in Figure 9 was used to tune the
empirical constants k,; and k., for the
added wake turbulence. The rainflow
counted load histogram in Figure 9 was
likewise used to determine the correct
length scale of the added wake turbu-
lence. A good agreement between the two
models is seen with k;,;=0.6, k,,=0.25 and
a length scale of the wake turbulence of
8m (IEC definition of length scale).

The time length of the ACL simulations is
about 3 min. and it can bee seen from the
narrow band of the st. dev. of the different
parameters that there is no indication of a
meandering of the deficit.

Figure 8: Visualization of flow field in a
horizontal plane located in hub height.
The rotors are indicated as black lines
and the inflow is turbulent; a) Stream-
wise velocity; b) vorticity

4.1.2 Influence of ambient turbulence

In the next simulation case, 3% turbulence
is added to the inflow. This value was se-
lected to fit the measurements although
the case will not directly be used for com-
parison of the simulations with measure-
ments as the 1/3 wake condition is still
specified in the horizontal plane. However,
the analysis of the turbulence used for the
ACL model showed afterwards that the
level was about 4%. The influence of the
ambient turbulence is clearly seen in the
contour plot of the velocity u and vorticity,
computed with the ACL model, Figure 8.
The flow field is now much more scattered
when compared with the flow field in
Figure 7.
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With added turbulence the wake, turbu-
lence characteristics become much more
complex than in the case with laminar in-
flow. In the DWM model the 3% turbulence
is also specified for the wake meandering
turbulence box and a meandering trace in
vertical and horizontal direction is com-
puted causing the velocity deficit to
change position as function of time. This
will give variations in the inflow angle but
almost no influence of the relative velocity
[6]. The development of the velocity deficit
from the upstream to the downstream tur-
bine is also influenced by the ambient tur-
bulence as specified by (11) where the
constant k; has to be determined. As the
added turbulence in the DWM model de-
pends on the characteristics of the actual
deficit at the wake operating turbine, its
characteristics are indirectly influenced by
the ambient turbulence.

To illustrate the influence of k;, simulation
results with the DWM model for k;=0 is
shown in comparison with results for
k;=0.001 which was the value selected to
give the best fit. With k;=0 there is only a
limited change of the velocity deficit as
only the turbulence mixing from the radial
gradients of the deficit itself is present.
This gives a high st. dev. on the local in-
flow angle and the flapwise moment as
can be seen in Figure 10 because the
depth of the deficit and the gradients are
only slightly changed and thus the added
wake turbulence will be high.

With a value of k;=0.001 the average level
of the st. dev. of local inflow angle and the
flapwise moment, respectively fits rea-
sonably whereas the shape of the curves
differ somewhat more. It should also be
noted that the level of relative velocity
simulated with the DWM model decreases
slightly. This is because there is almost no
contribution to this velocity component
from the meandering but only from the
added wake turbulence which generally
will decrease for increasing downstream
distance. However, the ACL results show
some increase for the relative velocity
meaning increase in the two lateral turbu-
lence components.

The azimuth interval with increased st.
dev. on the parameters has increased
compared with the zero ambient turbu-
lence case but still only about half of the
azimuth interval is influenced.

The Rainflow counting of cycles of the
flapwise moment shows in general good

agreement between the two models, Fig-
ure [9] Figure 10.

4.2 Comparison of the DWM
model with measurements

With the constants in the DWM model
tuned to the results of the ACL model,
simulations with the DWM model were run
for the three different wake conditions in
the measurement. As mentioned, the
wake condition occurred on the lower part
of the rotor centered almost around an
azimuth of 180 deg as seen in Figure 11.
Free inflow, 1/3 and 2/3 wake conditions
were simulated (1/3 and 2/3 is an ap-
proximate characterization of how much of
the swept are is covered of the velocity
deficit from the upstream turbine). In these
simulations the turbine model was with
normal flexibility of the turbine structure
whereas a stiff turbine model was used in
the comparisons of the DWM and ACL
model.

The same comparisons as presented ear-
lier in the paper were made for this case
and the results are depicted in Figure 11.
Overall, there is a good correlation be-
tween the DWM results and the measure-
ment as concerns the st. dev. of the differ-
ent parameters binned on azimuth. As an
example the double peeks in the st. dev.
of the flapwise moment is seen both in the
simulations and in the measurements. The
biggest difference between the DWM
model and the measurements is on the
Rainflow counting results of the flapwise
moment, Figure 11. The 2/3 wake condi-
tion causes considerably higher fatigue
loads in the simulations compared with the
measurements. The difference seems to
be caused by a somewhat lower deficit in
the experiment than computed with the
DWM model. For the smaller cycles it
seems that the added wake turbulence
improves the correlation with experiment.
However, the increase in fatigue caused
by the added wake turbulence was only
about 6% for the present case.

Finally, the simulated and measured PSD
spectra of the relative velocity and the
flapwise moment are compared in Figure
12. The general correlation between the
simulated and measured spectra is good.
One simulation was made without added
wake turbulence and the simulated spec-
trum of the relative velocity then differs
considerably  from the  measured.
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Figure 9: Comparison of angle of attack and relative velocity in radius 24m and flapwise bend-
ing moment at root with 1/3 wake loading between the ACL and the DWM models. No ambi-
ent turbulence present.
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Figure 10: Comparison of angle of attack and relative velocity in radius 24m and flapwise
bending moment at root with 1/3 wake loading between the ACL and the DWM models. Influ-
ence of ambient turbulence and of the k; parameter in the BLE model.
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Figure 11: Comparison of std. of the local inflow angle, local relative velocity and flapwise
moment, simulated with the DWM model and compared with experiment. Figure in bottom,
right corner shows rainflow counting results on the flapwise moment.
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Figure 12: PSD spectra of the relative velocity and the flapwise blade root moment for free
inflow and for 1/3 wake operation computed with the DWM model and compared with experi-

ment.

5. Summary

The DWM model has been further devel-
oped and is now fully integrated in the
aeroelastic model HAWC2. The develop-
ment of the velocity deficits is performed
with a boundary equation model. Tuning of
model parameters in the DWM model has
been performed by comparing results with
the ACL model which now can be run with
turbulent inflow. On basis of the ACL re-
sults, the wake turbulence has been char-
acterized and the parameters in the DWM
model were tuned.

Using a length scale of 8 m (10% of rotor
diameter) for the wake turbulence in the
DWM model and further assuming isotropy
gave a good correlation when comparing
with the ACL model results. The added
wake turbulence increased the fatigue
load of the flapwise blade root moment
with 6% for the present case, indicating
that added wake turbulence is not the ma-
jor cause of increased loading in wakes.
Finally, the DWM model results were
compared with experimental data from a
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2MW wind turbine and in general a good
agreement was found.
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