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Abstract. The inflow an individual wind turbine experiences in a farm layout is strongly
dependent on flow interaction effects with the turbines surrounding it. In addition to the well-
known wake flows, lateral and upstream flow interaction effects, commonly described as wind
farm blockage effects, have also recently gained some attention.

In this work, flow measurements in the upstream induction zone of neighboring turbines are
presented for different arrangements of three to seven porous actuator discs. It is shown how
the upstream induction zones of individual discs merge into a single zone when decreasing the
lateral spacing between three discs. As a result, the central disc experiences a higher thrust
force than its neighboring discs. For farm arrangements in two rows, an aligned disc setup is
observed to result in a larger upstream velocity decrease than offset arrangements.

1. Introduction

The presence of a wind turbine rotor causes the upstream wind speed to reduce when approaching
it. For an array of multiple neighboring turbines, this effect can increase as the induction
zones of the single turbines can build up to a larger induction zone. While most of today’s
commercial wind farm flow models focus on wake effects only, these “wind farm blockage” or
“induction zone” effects are not yet widely considered [1]. According to a recent study by Bleeg
et al. [2], neglecting these effects has led to over-estimations of wind farm energy production.
By combining power production field-data and flow simulations they showed that wind farm
blockage led to lower front row power generation than expected for a single isolated wind turbine.
An experimental and numerical investigation of the upstream induction zone of a single model
wind turbine was presented by Medici et al. [3]. While experimental results showed a larger
induction zone extension than predicted by vortex sheet theory, the numerical simulations gave
a good match. Newer experimental results presented by Bastankhah & Porté-Agel [4] again
show a good agreement of the upstream velocity field with vortex sheet theory.

A single row of wind turbines was investigated by Meyer Forsting et al. [5] using Computational
fluid dynamics (CFD) simulations as well as an inviscid vortex model. Results show higher
power production for the blocked central turbine compared to an isolated turbine. This power
increase could be linked to a larger velocity reduction in the upstream induction zone when
blocked by neighboring turbines. Power and flow field results from a tightly spaced row of three
model wind turbines was presented by Feszty et al. [6]. The wind tunnel experiment found a
larger induction zone for three turbines than an isolated turbine, and measured a higher power
output for the central turbine. Wind tunnel experiments on larger model-scale wind farms were
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presented by Ebenhoch et al. [7]. The tests indicated a much larger upstream induction zone
when the farm’s turbine density was increased. Their measurements and models showed that
the inflow on a large wind farm can be affected up to 30 rotor diameters upstream from the first
row. Segalini & Dahlberg [8] performed a combined experimental and numerical study, which
indicated that the velocity decrease in the front row also depends on the wind farm layout.
They proposed a simple functional dependency between the velocity decrease, number of rows
and spacing. A large-eddy simulation by Wu & Porté-Agel [9] investigated flow effects inside
and around large wind farms dependent on the stratification of the atmosphere. They found a
significantly larger induction zone for stronger thermal stratification.

Drawing upon the analogous principles of operation, blockage effects and their impact on power
production have also been studied for tidal stream turbines arranged in a channel of limited
size. A model for tidal turbine power extraction dependent on channel blockage was developed
by Garrett & Cummings [10]. Later, Nishino & Willden [11] introduced the idea of a global
and local blockage for tidal turbines. They could derive an optimum lateral turbine spacing in
a blocked channel. This concept was later applied to wind turbine rotors by Nishino & Draper
[12]. They found that the limit of power extraction for a closely spaced lateral array of wind
turbines increased when optimizing the local blockage.

In this paper we present lab-scale measurements of the upstream induction zone of three to seven
turbines arranged in one and two rows. The basic turbine arrangements aim to give insight on
how the upstream induction zone depends on turbine separation, an added second row and their
configuration, whether offset or aligned. Compared to a real full-scale wind farm the presented
experiments are intentionally performed with low spacing in order to better demonstrate the
blockage effects. A number of additional experimental adaptions, such as a low number of
turbines, no rotational effects and a rather high C7 present further simplifications compared to
flow effects in full-scale wind farms.

2. Methods

2.1. Ezxperimental setup

The model-scale experiments have been performed at the towing tank laboratory MarinLab at
Hggskulen pa Vestlandet (HVL) in Bergen, Norway. The towing tank has a total length of
50 m, a width of 3.0 m and a depth of 2.2 m. Figure 1 shows the experimental setup with
an upside-down wind farm setup submerged in water. Performing aerodynamic experiments in
water works well as both air and water are Newtonian fluids, i.e. they both follow the Reynolds
scaling for incompressible flows. Aerodynamic experiments in water are thus not unusual and
have been performed in both water flumes [13] as well as towing tanks [14], [15].

The single wind turbine rotors are represented by porous actuator discs with a solidity of

o = 57 % and a thrust coefficient of Cp = 0.95. The discs’ geometry is shown in
Figure 1, Detail 2b. The discs are manufactured from laser-cut aluminum and have a diameter
of D = 200 mm and a thickness of ¢t = 5 mm. The porosity is designed as radially increasing

trapezoidal holes, which is similar to a number of actuator discs used in different wind tunnel
experiments, e.g. Camp & Cal [16], Bossuyut et al. [17], Camp & Cal [18], de Jong Helvig
et al. [19] or Neunaber et al. [20]. The design featuring a radially increasing local porosity is
chosen to resemble the effective porosity of rotating blades. The center of each disc is screwed

onto a small tower, which has a diameter of Dpywer = 12 mm and a total submerged length of
h = 300 mm.
The whole setup is moved with a towing speed of Uy = 0.50 m/ relative to still water, and

the velocity field is measured by an Vectrino+ Acoustic Doppler Velocimeter (ADV) produced
by Nortek. The diameter-based Reynolds number in this experiment is Rep = 10°, which is
about two orders of magnitude smaller than for a full-scale wind turbine, but comparable to most
wind tunnel experiments with a post-critical flow regime which is assumed to be independent of
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Figure 1. Sketch of the experimental setup: Towing carriages to which the ADV Vectrino+ is
mounted (Detail 1) and the submerged setup of actuator discs (Detail 2a). Detail 2b shows the
geometry of one porous disc.

Reynolds number. The ADV is mounted on to an automated traversing mechanism, enabling
control of the horizontal position for the point measurements. As shown in Figure 1, Detail 1,
the ADV’s probe head was downwards facing. The probe was scanning the flow in a horizontal
direction at a fixed depth h = 300 mm corresponding to the discs’ center depth.

2.2. Flow measurements

The Vectrino+ ADV is able to acquire all three velocity components at a sampling frequency
of feample = 200 Hz. The instrument transmits a focused acoustic beam, which is reflected
by seeding particles in a small volume that has a diameter of 6 mm and height of 3 mm.
The back-scattered signal is registered by four receivers. The velocity vector is then calculated
from the Doppler frequency, which makes it possible to acquire accurate velocity data without
calibration. The ADV is equipped with a temperature sensor, which is used to calculate the
temperature-dependent speed of sound in fresh water. The seeding particles are very small hollow
neutrally-buoyant glass spheres with a mean diameter 10 pm. The effective towing length in
the tank, where a constant, fully developed relative flow field is obtained, is about 25 m, which
corresponds to a total sampling time of about 50s at a towing speed of Uy = 0.50 m/s .

2.3. Test case overview
An overview over the different test cases is shown in Table 1. In a first set of experiments the

lateral distance between the three front row turbines is varied from s,/D = 1.0, 2.0 to 4.0
(disc center to disc center), i.e. at s,/D = 1.0 the disc edges touch. In a second set, the first
row is kept at a lateral separation of s,/D = 4.0, while a second row is added at s,/D = 4.0

downstream of it. These rather small turbine separations are only comparable to tightly spaced
wind farms, e.g. Lillgrund wind farm [21], but were chosen intentionally in order to be able to
see distinguishable effects. The number of discs in the second row was varied from two to four,
in both aligned and offset setups. The measurement locations upstream of the front row for the
wind farm (WF) setups is shown in Figure 2. Measurements have been taken along the upstream
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Table 1. Test case overview: Single Disc (SD) and Wind Farm (WF) test cases.

Test case discs rows s,/D s,;/D aligned/offset
SD 1 1 - - -

WF3 1D 3 1 1 - -

WF3 2D 3 1 2 - -

WF34D 3 1 4 - -

WF32 4D 5 2 4 4 offset

WF33 4D 6 2 4 4 aligned

WF34 4D 7 2 4 4 offset

centerline in negative z-direction in front of the central disc, outer disc and in between them.

Transverse profiles have been taken in negative y-direction at z/D = —0.4 and z/D = —1.0.
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Figure 2. Measurement locations upstream of the different wind farm setups. (a) WF3 1D
setup, (b) WF3 2D setup, (c) WF3 4D setup and (d) WF32, WF33 and WF34 setup. Red
crosses (x) show measurement locations, gray horizontal lines indicate the towing tank walls (-).
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3. Results
In this section, the results of the streamwise velocity in the upstream induction zone in front of
the front row discs are presented and compared.

3.1. Single disc

Measurements of the velocity reduction along the centerline from /D = —3.0toz/D = —04
upstream of a single disc are shown in Figure 3 (a). The streamwise velocity is observed to be
reduced to about 82% at half a rotor diameter upstream of the disc. The black line indicates
the expected velocity decrease according to vortex sheet theory [4]:

1
U 2z 22\2| 2
—=1- 1—-— |1 — 1
0o ‘] D [ +(5) ] ®
where a is the axial induction factor of the rotor or disc. The axial induction factor is esti-

mated from the measured Cr coefficient, according to the one-dimensional momentum theory
for ideal rotors [22]:

a= - 5(1-Cn) @)

The measured velocity is observed to decrease further upstream than predicted by vortex
sheet theory, but generally it follows its trend very well. A possible explanation for this slight
mismatch is a radial variation in induction factor a and thrust coefficient Cr that is not taken
into account in the simplified equations (1) and (2). Figure 3 (b) shows a transverse profile
measured at /D = —1.0 upstream of a single disc, where a maximum velocity decrease to
95.5% of the incoming velocity is measured upstream of the center. The velocity profile follows
a Gaussian shape, and is seen to have a relative velocity U/Uy > 1 for y/D >| 1 | indicating
flow acceleration around the disc. The errorbars indicate the precision error calculated from the
standard deviation from repeated measurements in one half of the induction zone.
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Figure 3. Upstream induction zone for a single disc (SD). (a) Upstream centerline at y/D = 0
compared to theory and (b) Upstream horizontal profile at /D = —1.0
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3.2. One-row wind farm

In the first set of experiments the lateral influence on the induction zone of a central disc from
two neighboring discs is investigated. As shown in Figure 4, three different lateral separation
distances are tested, (a) s,/D =1, (b) s,/D =2 and (c) s,/D = 4. Horizontal velocity profiles
are measured at x/D=-0.4 and /D=-1.0 upstream of the front row.

For the closest disc separation s, /D = 1, the induction zones of the individual discs clearly have
merged into one single induction zone. At x/D=-1.0 the relative velocity decreases to 88% in
front of the central disc. The horizontal profile has a Gaussian shape at this location, indicating
that the flow here sees one large object rather than three individual discs. Closer to the setup,
at x/D=-0.4, distinct peaks in the disc centers are clearly distinguishable, yet the individual
zones have clearly merged. A larger maximum relative velocity reduction of 71% upstream of
the central disc is measured here, indicating significant blockage of the neighboring discs.

(a) (b) (c)

T« x/D=-0.4
6l ] I | | o x/D=-1.0

8

30 “ I |
I
216 J L | 1 L

07 08 09 1 1.1 07 08 09 1 L1 07 08 09 1 1.1
U/U, U/, U/U,

Figure 4. Horizontal velocity profiles measured at /D=-0.4 and x/D=-1.0 in the upstream
induction zone for WF3. The lateral separation of the three discs is (a) s,/D =1, (b) s,/D =2
and (c) s,/D = 4. Gray colored lines indicate mirrored data for the symmetrical setup.

When increasing the lateral disc separation to s,/D = 2, as shown in Figure 4 (b), both
velocity profiles at /D=-0.4 and -1.0 show three distinct peaks. The higher velocity reduction
upstream of the central disc indicates a higher local blockage. A maximum reduction in relative
velocity of 74% is measured at z/D=-0.4. When the lateral disc separation is furthermore
increased to s,/D = 4 (Figure 4 (c)), the flow profiles measured at both upstream distances
are very similar in front of the individual discs. The maximum decrease in relative velocity at
x/D=-0.4 is measured at 76% for both the central and outer discs. A significant flow acceleration
is observed in the zone in-between the disc, clearly separating the individual induction zones
from each other.
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3.8. Two-row wind farm

In the second setup, the lateral separation between the front row discs is kept constant at
sy/D = 4, while a second row of two offset (WF32), three aligned (WF33) and four offset
(WF34) discs is added at s;/D = 4 disc diameters downstream. The upstream flow is measured
at the same locations as earlier. The mean normalized velocity field of the streamwise component
are compared for the three setups in Figure 5.

(a) (b) (c)

« x/D=-0.4
6l | | | || o x/D=-1.0 |

0.7 0.8 0.9 1 1.1 0.7 0.8 0.9 1 1.1 0.7 0.8 0.9 1 1.1
U/U, U/U, U/U,

Figure 5. Horizontal profiles of the mean streamwise velocity component measured at 2/ D=-0.4
and x/D=-1.0 measured in the upstream induction zone for (a) WF32, (b) WF33 and (c) WF34.
Grey colored lines indicate mirrored data for the symmetrical setup.

It is observed that the relative upstream velocity reduction for the offset cases, WF32 and
WE34, is similar to that of the single row farm, WF3. The offset row of downstream turbines is
seen to influence the velocity profiles only in-between the front row discs, while the peak levels
in velocity reduction are not influenced. Furthermore, the peak levels at x/D=-0.4 and -1.0
do not vary much between the central and outer front row disc, indicating that the additional
blockage imposed from the downstream discs is not significant. This observation is somewhat
expected, given that the upstream influence of a disc s,/D=4 downstream is expected to be
minimal according to vortex sheet theory previously shown in Figure 3.

However, considerably larger upstream velocity reductions are measured for the WF33 case.
Here, three aligned downstream discs are seen to induce relative velocity reductions down to
72% at x/D=-0.4, in front of both the central and outer disc in the front row.

3.4. Comparison of different setups
The upstream velocity reduction in front of the central front row disc measured at x/D=-1.0 is
compared for all the different setups in Figure 6.

The most significant effects on the upstream velocity are observed for a tight lateral disc
spacing as depicted in Figure 6 (a). As mentioned in the introduction, such small lateral
separations between s,/D=1-2 are rather unrealistic in normal wind farm arrangements. For
tightly-spaced multirotor arrangements as described in [23],[24], however, such small rotor
separations could be relevant. For the largest lateral separation, s,/D=4 investigated here,
the velocity profile is observed to be very similar to that measured upstream of a single disc
(SD). The local blockage of the central disc has become so small, that the upstream velocity
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Figure 6. Comparison of upstream velocity profile at x/D=-1.0 upstream of central disc for
(a) SD vs. WF3 for different lateral separations s,/D and (b) SD vs. WF32, WF33 and WF34.

profile at x/D=-1.0 is not significantly affected.

The upstream velocity profile at 2/ D=-1.0 for arrangements of a tightly spaced, two-rowed wind
farm with an inter-turbine spacing of s,/D=s,/D=4 is compared in Figure 6 (b). While the
upstream flow field is unaltered for offset setups WF32 and WF34, the aligned WF33 setup
shows an additional small deceleration of the incoming flow upstream of the front row. These
results indicate that the turbine arrangement in a farm setup, relative to the incoming wind
direction might play an important role for wind farm blockage effects. However, it is at this
point not clear, how a larger number of turbines and downstream rows affect the upstream
induction zone.

4. Conclusions and Future Work

Flow measurements in the upstream induction zone of small wind farm setups have been
presented. For one row of three turbines an additional decrease in the relative velocity upstream
of the central turbine could be observed when the lateral distance to its neighboring turbines
was decreased. For higher lateral separations s, /D > 4, however, no significant influence on the
induction zone of the center disc is determined. When adding a second row of discs at four rotor
diameters downstream, a significantly higher upstream velocity reduction is assessed for a set of
aligned downstream discs. For an offset second row, however, the induction zone upstream of
the front row remains unchanged. These results confirm the findings from Segalini & Dahlberg
[8], where upstream velocity reductions for up to two rows are minimal.

Future work will therefore also investigate these effects for a larger number of turbine
rows and a larger total blockage. Force measurement on the individual discs will also be
provided. Additional wake measurements will examine how the upstream induction zone is
influenced by the expansion and merging of the single turbines’ wake into a wind farm wake
downstream. Furthermore, the experimental results will be complemented by a numerical
simulation framework including both high-fidelity Detached-Eddy-Simulations (DES) as well
as low-fidelity flow-superposition modeling.
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