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Background

In standard conditions a wind farm operator will exploit its assets at maximum financial
optimum. This will practically result in maximizing the power production of the wind farm. In
certain cases, however, reasons arise that the operator wants or is required to limit this
production to a sub-maximum level.

Control Methods

We are here interested in looking at the technical mechanisms to control the power production in
a wind farm.

Pitching. Pitching of the blades leads to a decrease in power, ensuring that the generator will not
get overloaded. The same aerodynamic principle can be used before rated power, in order to
reduce the wind power. An increase in the pitch angle, will lead to a lower power production.
While applying the pitching mechanism, the rotor speed is kept constant, so the power
production will drop.

Over-speeding. The second common method of wind power control is to allow the rotor to
speed to increase above its optimal point

Yawing. A third mechanism is yawing the rotor out of the wind from its optimal point. When
looking at the effect of yawing on the power coefficient there is, however, much more debate
than with the previous two methods. When the turbine is in yawed position, the blades of the
rotor endure an extra cyclic load due to the in-plane velocity component. Another effect of
yawing a wind turbine is that one actually may, by this action, be able to guide/lead the wake
from an upstream turbine such that the wake does not hit a down-wind turbine. The down-wind
turbine may therefore be exposed for wind that has a larger energy potential than what is in the
wake from the up-wind turbine.

Here, we like to study the effects of yawing the turbine. There exist 2 model wind turbines in the
Aerodynamics Laboratory, that can be used for experiments in the Large Wind Tunnel. The wind
turbine models are equipped with sensors for measuring torque and rotational speed, and the
wind tunnel has equipment for thrust measurement and a diversity of equipment for measuring
velocity characteristics in the turbine wakes.
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Investigation of the rotational effects on
the wake behind a wind turbine in yaw

John Magne Gitmark, Norwegian University of Science and Technology, 2016.

Abstract—The wake effect of yawing an upstream turbines
is of interest in order to increase power production. In this
study, the case of yawing is considered as asymmetric do to
the tower and rotor rotation, and measurements have been
performed in a wind tunnel. The rotational effects when yawing
are obtained by investigating the difference between a disc and a
rotor with the same drag and diameter. This is performed during
a tower-symmetrical setup, and shows that the wake deflects
approximately 1 radius for the disc and significantly less for the
rotor at optimal tip speed ratio. The disc wake is similar to a jet
shape in a crossflow and counter-rotating vortices are present,
which is not the case for the rotor.

Moreover, the differences between yawing in the different
direction are investigated and show that for positive yaw-angles,
the wake spreads more out and deflects more to the side and
to the floor. Furthermore, for negative yaw-angles, the wake is
located closer to downstream the rotor centre. These differences
are slightly less present during shear flow conditions, in addition
to a more sideways deflected wake.

Keywords—Yaw, wind turbine, wake, wind tunnel, rotation, disc.

I. INTRODUCTION

It is a well known fact that wakes behind wind turbines
may lead to wind velocity deficit and power reduction for
downstream turbines, and therefore important to understand
the related physics in order to design and control wind farms.
Much research has been performed regarding wakes in wind
farms, and [1] is an example. Additionally, [2] found that due
to the atmospheric boundary layer, the economy based optimal
spacing is 15 rotor diameters (D), despite the commonly
used spacing of 7D. Natural wind conditions usually involve
turbulence, and is desired to investigate due to more mixing.
Therefore, a relation between turbulence and the output effect
is revealed in research performed by [3].

As a solution to the physical challenges regarding the
wake velocities, there are different ways to control the power
production of individual turbines to gain a higher overall power
production. One example is [4] who investigated the effect of
yawing the downstream turbines. It is also possible to influence
the overall efficiency by reducing the power production of the
upstream turbines, and [5] did wind tunnel experiments by
changing the tip speed ratio and blade pitch of an upstream
turbine, resulting in increased overall power output.

In addition, it is possible to yaw the upstream turbine,
which has been done by [6], [7], [8], [9] and [10]. In the

J. M. Gitmark is a master student at the Department of Engergy and Process
Engineering, Norwegian University of Science and Technology, Trondheim,
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experiment of [6] it was found that the wake deflects to the
side, depended of the yaw-angle and downstream distance.
Moreover, [7] investigated the performance of a turbine placed
3D downstream of a yawed turbine. They found that under
these conditions, the optimal yaw-angle of the first turbine
is approximately 30°. Both [8] and [10] did wind tunnel
experiments with a shear flow, which is important since the
flow is similar to real conditions. [8] compared results for
laminar and turbulent inflows and found that for a spacing
distance of 2D, the optimal yaw-angle for laminar flows is
10°. However, with a turbulent flow, yawing did not yield any
positive results. [10] used PIV to track the wake up to 12D
and found that the wake recovery is asymmetrical. A near wake
study was performed by [9] who also investigated the outcome
for high and low tip speed ratio under yawed conditions.

The yaw misalignment may also affect the outcome when
not wanted. [11] assume a RMS of 10° for yaw misalignment
during a time period of 10 minutes, based on measurements.
This is another reason why it is needed to better understand
the effect of yawing.

CFD simulations are frequently used to predict wakes, and
[12]’s simulation resulted in a difference between positive
and negative direction of yaw rotation. The results from this
has also been used in [13] for power optimization by yaw
controlling, and a yaw-angle of approximately +20°(direction
to be defined) is presented as optimal for 7D spacing. A few
years earlier, [14] did a LES simulation of wakes during yaw.
According to them, discs are occasionally used to simulate
turbines, hence, a disc is used in their simulation.

Discs have also been used to simulate rotors in wind tunnel
experiments, as is excellently shown in [15]. In this paper, the
wake of a small scale porous disc in yaw was investigated at
hub hight and in stream wise cross sections. The 2-dimensional
contour plots of the cross sections show a curled wake
resulting from counter-rotating vortices. These vortices are
shown experimentally by the span wise velocity. Furthermore,
both the stream wise and span wise velocity component are
highly depended on the height of the measurements. The
counter-rotating vortices are also revealed in a following LES
simulation of the disc showing the vertical velocity component
as well. The measured wake centre at hub height matches
the LES simulations of a disc in [14]. Additionally, a LES
simulation of a rotating turbine is performed and the results
show a small mismatch to the disc, however, the wake is still
curved and deflected. This last simulation did not include a
tower.

In this study, the difference between a drag disc and a ro-
tating turbine will be investigated in wind tunnel experiments.
Furthermore, the difference between positive and negative yaw
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Fig. 1. The normalized profile of the shear flow. U,.. s is a reference velocity
measured at the contraction. The black circle represents the rotor in 30°yaw.

direction is taken into account, supported by [12] and [13].
It is believed that this asymmetrical behaviour is due to the
turbine tower together with the direction of rotor rotation. The
setup for this experiment is therefore symmetric regarding the
towers, which will be explained in more detail in the next
chapter. This will later be refereed to as “experiment 1”.

Additionally, the wake behind a yawed rotor in an asymmet-
rical regular setup is investigated for both directions of yaw,
under laminar, turbulent and shear flow conditions (experiment
2).

II. METHODOLOGY
A. Experimental setup

The experiments are executed in a wind tunnel at the
Norwegian University of Science and Technology (NTNU).
The test section is 11 meter long, 1.8 meter high and 2.7 meter
wide. A contraction is placed at the inlet to produce a plugged
wind profile during laminar flow condition. Turbulence and
shear flow for experiment 2 are created by placing grids at
the inlet with regular and irregular spacing, respectively. The
turbulence intensity is between 4% and 5% for both turbulent
flow and shear flow. The normalized velocity profile of the
shear flow, where U,.; is a temporary reference velocity
measured at the contraction, is plotted in Fig. 1. The average
values of all y=constant are used to curve fit according to the
power law, resulting in an exponential value of o = 0.0917.
The calculated velocity at the rotor centre height is used as the
final reference velocity (U, ). More details about the grids can
be found in [16].

The rotor is 3D-printed, has diameter of 450mm and was
mounted on a hub with a diameter of 82mm and a length of
550mm. The hub is resting on a tower with a varying diameter

Fig. 2. The coordinate system and rotor seen from the inlet during yaw in
positive direction.

of 46mm-100mm (Fig. 2). A more detailed description of
the hub and tower is found in [17] (note the different rotor-
size). The turbine is placed on a rotatable 6-component force
balance. The centre of the rotor, which also is the origin
in the coordinate system is placed above the centre of the
balance. This means that the rotor always will be in the centre,
independent of the yaw-angle. It should be noted that the rotor
is small compared to the hub and tower. Nevertheless, there are
strong advantages by using a downscaled rotor to overcome
wall effects during yaw, due to lower blockage. Hence, a
smaller rotor is used in the experiments.

The disc used in experiment 1 has the same drag force
as the rotor at optimal tip speed ratio. It is made by two
wooden discs fasten together and adjusted by tape to get the
exact same drag. In order to make the symmetrical setup
described in the introduction, an additional tower is placed
between the hub and the roof (Fig. 3). In this way, the direction
of yaw is independent of the result. To make the setup as
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Fig. 3.  The disc attached to the turbine with additional tower on top at
30°yaw. Note that the belt was taken off during measurements for symmetry.

symmetric as possible, the transmission belt is removed during
the measurements of the disc. This is however not possible
when using the rotor, which may cause smaller differences to
the result. The rotor is placed in the exact same position as
the disc for comparison.

In experiment 2, the positive and negative direction of yaw
need to be defined. The definition of the coordinate system (x,
y and z), rotor rotation direction and yaw-angle () is shown
in Fig 2 in front view and in Fig 4 form above.

All wakes in this experiment are measured horizontally
along the z-axis at hub height 3D, 6D and 9D downstream.
Due to findings in initial studies, the yaw-angle of £30°is
chosen as the main focus. Wake profiles for turbulent and
shear flow conditions are also obtained for these angles of yaw.
Nevertheless, during laminar flow condition, wake profiles for
+10°, +20°and 4+40° of yaw is also measured at the same
distances. More important, to fully understand the behaviour
of the wake for both positive and negative yaw-directions, 2-
dimensional contour plots are made for the complete cross
section at 6D during laminar flow conditions.

B. Data acquisition

The wind velocity for the wind tunnel is measured by
using pressure taps at two different cross sections in the inlet
contraction. The pressure difference is measured by a pressure

Fig. 4. The coordinate system and rotor seen from above during yaw in
positive direction.

transducer and converted to an electrical signal, then amplified
and filtered before converted to a digital signal in a 16 bit
DAQ. The digital signal is logged into a computer by using
Labview. The pressure transducer is calibrated by using an
inclined manometer.

A two component laser Doppler velocimetry (LDV) from
Dantec Dynamics is mainly used to collect data for the wake
velocity. Series of 50,000 samples obtained during a time
period of generally 20-30 seconds has been taken, and free
stream velocity was logged simultaneously.

Nevertheless, a constant temperature Hot wire system from
Dantec Dyamics has also been used for some of the measure-
ments. The Hot wire system was calibrated with a pitot probe
and temperature corrected according to [18]. The output signal
was unfiltered and not amplified before converted to a digital
signal.

The Hot wire measurements and the LDV measurements
have been compared for validation, with matching results. Both
were separately mounted to a travers when used.

C. Uncertainties

There are some uncertainties in the experiment, and the main
sources are the calibration of the pressure transducers and the
hot wire system. Except for the LDV, the same equipment are
used in [19] and for wake measurements behind a turbine, the
uncertainty for the normalized velocity (u/Uyey) is approxi-
mately 4% with a 95% confidence interval. Furthermore, the
uncertainty value for LDV measurements is expected to be less
due to high sensitivity and no need for calibration.

III. RESULTS
A. Power output

Cp-values and C'p-values for yaw-angles between -50° and
+50° have been measured. The Cp-curve and Cr-curve for
v = 0° are plotted in Fig. 5 and Fig. 6, respectively. The
optimal tip speed ratio of approximately 3.4 is revealed, which
is the chosen rotational speed during the study. Moreover,
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Fig. 5. The Cp-curve for v = 0°.
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Fig. 6. The Cp-curve for v = 0°.

the maximum value of C'p for all values of 7 are plotted
together in Fig. 7. As can be seen, the power output is close
t0 Cpmaz(y = 0) - cos3(7), as expected [10]. Note that the
power is slightly lower for positive yaw-angles compared to
negative yaw-angles, which also is the case in [12].

B. Experiment 1

The focus in experiment 1 is to investigate the effects caused
by rotation, and is performed by measuring the wakes behind a
disc and a rotor. A two dimensional wake profile of the stream
wise mean-velocity and span wise mean-velocity of the disc at
6D is plotted in Fig. 8 and Fig. 9, respectively. The black circle
in the centre represents the yawed disc. Each plot consists of
545 measuring points with a spacing of 50mm in the wake
region.
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Fig. 7. The maximum Cp for different yaw-angles.
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Fig. 8. The mean stream wise velocity of the drag disc, v = 30°, x=6D.

In the stream wise velocity plot (Fig. 8), the tower wakes
are visual between z/R = 0 and z/R = 1 at both the top
region and the lower region. Furthermore, when analysing the
curled wake of the disc, it can be seen that the wake centre
(maximum deficit) is shifted approximately one radius to the
left at hub height. Moreover, the wake is symmetric about the
z-axis. To validate, this measurement taken at 6D is between
the boundaries of the results [15] obtained at 5D and 8D. The
results in [15] are however not as symmetrical as in this study,
which is believed to be caused by the tower-asymmetry.

The span wise velocity downstream of the disc centre shows
a velocity component pointing towards the direction of wake
deflection(in Fig. 9), and velocity components pointing in the
opposite direction above and below. Again, this is confirmed by
findings in [15], and counter-rotating vortices are expected to
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Fig. 9. The span wise velocity of the drag disc, v = 30°, x=6D.
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Fig. 10. The mean stream wise velocity of rotor in symmetric setup with
two towers, v = 30°, x=6D.

be present, resulting in the curled shape of the wake. The wind
also tend to move towards the vertical centre for y/R = —2.5
to —3, as expected for a flow around a cylindrical tower.
The wake shape is also the same as the expected shape of a
jet in a crossflow [20]. Similar, the flow shape is a product of
counter-rotating vortices, and is according to [21] caused by
a pressure difference at the leeward side. To find if this holds
for the disc as well, the pressure at the downstream side of
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0.02 0.04 0.06 0.08 0.1
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Fig. 11. The span wise velocity of rotor in symmetric setup with two towers,
v = 30°, x=6D.

the disc needs to be measured, which is not performed in this
study.

The same plots have been made after replacing the disc
with the rotor, and the stream wise velocity and the span wise
velocity can be found in Fig. 10 and Fig. 11, respectively.

One of the most significant differences between the disc and
the rotor wake is the position of the wake centre. For the rotor,
the wake is positioned close to the centre, and has therefore
moved almost one radius compared to the disc-measurements.
The lower tower wake is also stronger than the top tower wake,
and since the attached belt is the main geometrical difference
between the towers, it is a possible reason. The rotor wake
also tends to more towards the lower tower, and it is unclear
if it is only due to the stronger tower wake, or if the rotor
rotation also plays a part.

The magnitude of the span wise velocity in Fig. 11 is much
lower than the velocities for the disc. Neither is there a clear
pattern of positive and negative velocities, believed to cause
the highly reduced wake deflection in Fig. 10.

The measured rotor wake is different from the CFD-
simulated result in [15] of a rotor without any towers. This
shows that the combination of a rotating rotor and blockage
due to towers may reduce the wake deficit significantly.
Nevertheless, the over dimensioned tower and hub should be
kept in mind, believed to enhance the effect. A smaller hub
and tower is recommended for further research to validate the
CFD-simulation of the rotor in [15].

C. Experiment 2

The main focus in experiment 2 is to investigate the differ-
ence of yawing in positive and negative direction. To better
understand the phenomena, measurements of the cross section
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Fig. 12. The mean stream wise velocity of rotor in asymmetric setup, v =
+30°, x=6D.
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Fig. 13. The mean stream wise velocity of rotor in asymmetric setup, v =
—30°, x=6D.

at x=6D for both v = +30° and v = —30° have been taken
and stream wise velocities are plotted in Fig. 12 and Fig. 13,
respectively.

The situation when yawing in the positive direction is by
no doubt complicated. From Fig. 12, the wake tends to “wrap
around” the centre. A large part of the rotor wake is moved
downwards, while the remaining is shifted approximately 0.5R
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Fig. 14. The span wise velocity of rotor in asymmetric setup, v = +30°,
x=6D.

V/Uyeg|—]

0.1 -0.08 -0.06 -0.04 -0.02 O 0.02 0.04 006 0.08 0.1

y/R[]

1 2 3

3 -2 -1 0
z/ R[]

Fig. 15.
x=6D.

The span wise velocity of rotor in asymmetric setup, v = —30°,

towards the side. The “hump” located about z/R =1, y/R =
0 is most plausible caused by the hub.

The span wise velocity plot in Fig. 14 is similar to the span
wise velocity for the rotor with two towers(Fig. 11), but has a
higher order of magnitude. This might be the reason why the
wake shape are similar to the wake in Fig. 10, but more spread
out. Unfortunately, the vertical velocity component could not
be obtained, which could have lead to interesting observations
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Fig. 16. The wake velocity behind the rotor for v = +30°.

and potentially explained the downwards movement of the
wake.

For v = —30° in Fig. 13 and Fig. 15, the wake is less
complex. The wake centre is slightly below the origin and has
the same width as for v = 430°. Unlike Fig. 14, the whole
wake is within the height of the rotor and is therefore described
as flat.

Fig. 15 shows that the span wise velocity is similar to the
span wise velocity for the disc in Fig. 9. Hence, it is possible
that this setup produces counter-rotating vortices as for the
disc. However, the wake does not have the same curled shape
as the disc, so differences are expected. To obtain the vertical
velocity component is therefore of interest for the future.

The wake behaves slightly different during shear flow con-
ditions at hub height, and it is therefore desirable to measure
a 2-dimensional wake profile to see the complete wake at this
condition.

To check if the same phenomena is happening at other
locations downstream and for other angles of yaw, horizontal
wake profiles at y = 0 has been measured. Fig. 16 shows
the wake profiles for v = +30° at x = 3D, 6D and 9D,

and Fig. 17 shows the wake profiles for v = —30° at the
same locations. These plots show clearly that the wake profiles
during v = +30 are slimmer than for v = —30 at other

distances. Also, at v = +30 there is a second hump to the right,
which is resulting from the hub, just as in Fig. 12. The wakes
for positive yaw is also shifting more to the side compared to
the opposite direction, as shown earlier.

Horizontal wake profiles at 6D for v = 0°, +20° and +40°
are plotted in Fig. 18, and for v = 0°, —20° and —40° in
Fig. 19. It is clear that wake profile gets slimmer for higher
values of positive yaw, in addition to a more deflected wake
centre. This is however not the case for negative yaw-values

1.2 T T T
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I"IJ\/
0.6 ———-30deg. at 6D i

——-30deg. at 9D
0‘5 1 1 1
-4 -2 0] 2 4
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Fig. 17. The wake velocity behind the rotor for v = —30°.
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Fig. 18. The wake velocity behind the rotor at 6D for positive yaw (7).

when the profiles get wider for increased angles of yaw. The
complexity of the wake should be kept in mind, and a full 2-
dimensional wake measurement is needed to fully understand
the influences caused by adjusting the angle. Nevertheless,
the plots indicate that the earlier shown differences between
directions are kept.

The wake profiles during turbulent and shear flow are shown
in Fig. 20 and Fig. 21 for v = +30° and v = —30°, respec-
tively. In general, the same differences apply for these condi-



MASTER THESIS, NTNU, JUNE 2016

095}

'?.6/ {_J'r,-(:ljr‘

0.85}

081

—— +40deg. at 6D
— 2 ', at 6

07+ 20deg. ’Lr 6D
——Odeg. at 6D

0.65 ; ' '
-4 -2 0 2 4

¥ | | ——+30deg. laminar
0.8 I'I ——— +430deg. turbulent |
| —— +30deg. shearflow
0.75 : . L
-4 -2 0 2 4
z/ R[]
Fig. 20. The wake velocity behind the rotor during different conditions,
v = +30°.

tions as well. It is shown that the wakes recover faster during
turbulent conditions, as expected due to mixing. Regarding the
shear flow condition, the wake is the widest for positive angles
of yaw, and barely the most narrow for negative angles of yaw.
Therefore it is possible that the differences between the yaw
directions are smaller for shear flow conditions. Moreover, the
shear flow measurements are slightly the most deflected wake
in both plots. All the findings during shear flow conditions are
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Fig. 21. The wake velocity behind the rotor during different conditions,
v = —30°.

also represented at 9D(not shown) as a validation, and further
investigation is of interest.

IV. CONCLUSION

In this study, the differences of the wake behind a disc and a
rotating rotor in yaw have been investigated. It was found that
the wake behind a disc has a symmetric curled shape caused
by counter-rotating vortices similar to the the shape of a jet
in a crossflow. During the chosen setup, the wake behind a
disc deflects significantly more than the wake behind the rotor,
and the counter-rotating vortices are in-existent when using the
rotor.

Furthermore, the investigation of wake behaviour at the
different yaw-directions has taken place. The wake spreads
out for positive angles of yaw, and deflects from the centre.
Moreover, the wake is wide and flat for negative angles of
yaw, and stays closer to the centre. This behaviour is indicated
at other downstream distances, as well as for other values of
yaw. Moreover, the difference seems to be slightly less affected
by the yaw-direction for shear flow conditions, in addition to
having a minor increase of sideways deflection.

V. SUGGESTIONS TO FURTHER RESEARCH

The hub and towers in this study causes strong effects to the
wake, hence, it is suggested to investigate the effects by using
smaller turbines for the chosen rotor size. This will expectantly
give a better understanding of the importance of the physical
dimensions regarding the tower and hub.

In order to track and investigate the counter-rotating vor-
tices, it is suggested to measure the velocity component in
z-direction. This will hopefully lead to answers regarding
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the reason to wake behaviours, especially for yawing in the
negative direction where a span wise velocity is present.

To get a better understanding of the wake behaviour during
shear flow conditions, it is suggested to measure the wake
in a 2-dimensional cross section. This will hopefully yield
explaining results relevant for real wind conditions.
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