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Abstract

A parameter study investigating the effects of adjusting tip speed ratios (TSR) and turbine distance in a model
scale wind farm was conducted in the wind tunnel facility at NTNU. The aim was to identify optimal turbine operation
and wind park design of the two model scale wind turbines when the downstream turbine operates in the wake of the
upstream turbine. Experiments were conducted with turbine distances of 3.2, 5.3 and 9.0 diameters, and the power
coefficient (Cp) and trust coefficient (Ct) were mapped with TSR steps of 0.5. A shear generating grid was constructed
to imitate typical offshore wind conditions with turbulence and shear. The experimental study revealed significant
positive effects in Cp as well as a moderate increase in thrust when increasing the distance between the turbines. Both
turbines had optimal tip speed ratios of 6 in an undisturbed flow, but the optimal TSR of the downstream turbine
was found to be 4, 4.5 and 5 in varying turbine distances from 3.2 to 9.0, respectively. The optimal tip speed ratio of
turbine 1 seemed to be slightly shifted towards a TSR of 5.5, but this shift was only present at the two smallest turbine
distances. With these distances, the increased energy extraction of turbine two was larger than the energy loss of
operating turbine 1 at a lower tip speed ratio than the design value. All turbine performance measurements conducted
in a shear flow were also compared to similar measurements conducted in uniform flows with and without turbulence.
The comparison revealed that turbulence has a significant positive effect on the efficiency on a downstream turbine,

whereas the wind shear was found not to have any noticeable effect on the turbine performance.

1 INTRODUCTION

The technology of utilizing wind energy is thousands of
years old, but significant aerodynamical improvements
of wind turbines have been developed during the last
decades. Since the 1970’s, the aerodynamical efficiency
of a wind turbine has increased from 0.4 to 0.5, i.e.
enhancing the energy production by 25 % [14]. However,
the potential of making wind energy more profitable
may no longer be dependent on improving single turbine
efficiency. An important focus in ongoing and future re-
search is studying how multiple turbines interact in large
wind farms, and how wind farms can be designed and
operated with respect to this. Offshore wind farms, such
as Horns Rev and Sheringham Shoal, are designed with a
turbine spacing of around 7 diameters. Computational,
wind tunnel and full scale studies have shown that this
gives a total farm efficiency loss of between 5 and 15
%, depending on the wind conditions [1,2,11]. Wind
tunnel measurements conducted at NTNU showed that
operating the upstream turbine in yawed position can
reduce the wake losses significantly [8]. It is therefore of
interest to study how optimizing the position, rotational
speed, yaw angle and pitch angle of turbines can reduce
wake losses in a wind farm.

As there are few possibilities of doing experimental
measurements on full scale wind farms, it is essential to
produce realistic results from wind tunnel experiments

with controlled conditions and computational simulation
models. A group at the Department of Energy and
Process Engineering at NTNU has conducted three blind
tests in NTNUs largest wind tunnel. The measurements
mapped turbine performance and wake development for
model wind turbines in varying tunnel setups [9, 10, 12].
Model simulation specialists from both Norwegian and
international research communities made predictions of
the results using a range of simulation methods. A signif-
icant potential of improving the accuracy and reliability
of these methods was revealed, and it was decided to
conduct a fourth blind test with a slight increase of flow
complexity. The current study is a part of the collection
of measurements which makes Blind test 4.

The aim of this study is two-fold. One focus will be
on examining how changes in distance and rotational
speed of two in-line model turbines affect the turbine
efficiencies in a turbulent shear flow. The shear flow
will be generated by a grid designed specifically for this
study, and will imitate realistic wind conditions in a
typical offshore atmospheric boundary layer. Secondly,
the results will be compared to similar measurements
conducted in a uniform flow, to investigate any changes
in turbine performance due to wind shear. Hence, this
research can reveal coherence between experimental and
computational modelling results in Blind test 4, as well as
contribute to optimizing wind farm design and operation.



2 EXPERIMENTAL METHODOLOGY

Wind tunnel setup

The wind tunnel (Figure 1) is located in the Fluid Me-
chanics Building at NTNU, and is driven by an electrical
fan which can generate wind with a velocity of up to 100
km/h. The experimental test section in the tunnel has a
width of 2.7 m, a height of 1.8 m and a length of 11 m.
Two wind turbine models with rotor diameters of 0.944
m and 0.894 m were positioned in a straight line in the
centre of the tunnel. The turbine with the largest rotor
diameter, hereby referred to as turbine 1 (T1), was posi-
tioned upstream. Hence, turbine 2 (T2) was positioned
in the wake of turbine 1. Both turbines had a hub height
of 830 mm above the tunnel floor. The rotor area is ap-
proximately 14 % of the cross sectional area of the tunnel,
which is slightly higher than the recommended maximum
of 10 percent [8]. Figure 2 shows a sketch of the setup,
where the diameter of T2 is used as reference for the differ-
ent distances. Measuring thrust force on the downstream
turbine required it to be mounted on a 6 component bal-
ance. Hence, the respective turbine positions in which the
forces could be measured was restricted to the positions of
the hatches in the tunnel floor. It was therefore possible
to conduct measurements with turbine spacings of 3.2, 5.3
and 9.0 diameters, whereas T1 was fixed at 2.0 diameters
behind the tunnel inlet in all measurements.

The model turbines were designed in 2008, using the
14 percent thick NREL S826 airfoil along the whole span.
The design was optimized for turbine 2, but was also
used for turbine 1, which has slightly larger hub size.
This may influence the efficiency of the turbine, as the
blades are more sensitive to stall close to the hub. The
turbines were designed with an optimal tip speed ratio of
TSR = 6, meaning that a tunnel wind speed of 11,5 m/s
would produce a Reynolds number, Re = #, of just
over 10° (c=chord length at tip, w=rotational speed and
v=Kkinematic viscosity). An estimation of a typical 2 MW

Figure 1: The wind tunnel
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Figure 2: Sketch with dimensions [mm]

wind turbine would give a rotor diameter approximately
100 times larger than the model diameter. This means
that in a full scale environment, the Reynolds number of
this turbine would be 100 times larger, i.e. around 107.
Detailed information about the turbine characteristics
and performance is described in Krogstad and Lund [8]

Grid generated turbulence and shear
An essential part of this study was to create realistic off-
shore wind conditions for the experiments. It is possible
to imitate three key characteristics of atmospheric wind
in the wind tunnel; turbulence, wind speed and shear.
As wind shear and turbulence is generated only at the
grid position, their development throughout the tunnel
was measured in all four turbine positions.

Wind shear is the vertical and horizontal difference in
wind speed and direction. The thickness of the atmo-
spheric boundary layer is hence equal to the height in
which the wind shear due to surface properties is negli-
gible. There are several approaches to describing atmo-
spheric wind shear, but the power law is one of the most
common. This law expresses the wind speed, U, as func-
tion of height, z, provided that the wind speed at an arbi-
trary reference heigh, z,., is known:

(1)

The power law coefficient, «, describes the strength of
shear in the wind profile, and hence varies strongly with
the atmospheric stability and wind speed, the surface
roughness and the terrain shape. The International Elec-
trotechnical Commission (IEC) has published an inter-
national standard suggesting a velocity-independent off-
shore power law coeflicient of 0.14 [4]. However, several
measurements show that this coefficient often is slightly
lower, and also strongly dependent on wind speed and at-
mospheric stability [6]. The FINO1 research platform in
the North Sea measured a coefficient of 0.11 at a wind
speed of 11 m/s [6]. Measurements conducted in stabile
atmospheric conditions in the Gulf of Mexico also gave a
power law coefficient of 0.11 £+ 0.03 [7]. A wind profile
based on a coefficient of 0.11 was therefore chosen as a
reference for this study, and the shear generating grid was



Bar no.
(from top) | Height [mm]
1600
1300
1015
795
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385
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Table 1: Positions of the horizontal bars in the shear generating
grid, measured in the bar center.

designed to imitate this specific wind profile.

Turbulence is a measure of wind speed variations in
time. It is often expressed in turbulence intensity, which
is the standard deviation of the instantaneous wind
speed divided by the average wind speed. The FINO1
measurements resulted in a typical turbulence intensity of
around 5 % at a wind speed around 12 m/s, measured at
90 m height [6]. Doppler sodar measurements, conducted
between 50 and 300 m height at the southern coast of
Japan, gave a stable turbulence of just over 7 % at
all heights [13], whereas the IEC standard suggests an
average of 12 % for wind speeds around 15 m/s, and at
90 m height [3]. During the design process of the grid
used in the current experiments, the turbulence was not a
design criteria, but simply a result of the shear generating
design. The final design of the bi-planar grid is shown in
Figure 3 (a), and the horizontal bar positions in Table 1.
The vertical bars have spaces of 240 mm.

Procedure and elements of uncertainty
Each separate measurement was finished in one day to
avoid sudden changes in atmospheric air pressure. The
wind speed was found by measuring static pressure differ-
ence in a contraction area in front of the tunnel test sec-
tion. Pitot measurements of the shear flow in an empty
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Figure 3: (a) The grid generating shear and turbulence. The
mesh width is 240 mm, mesh heights vary between 16.5 (at
floor) and 300 mm, and the solidity is 38 %. (b) The quadratic
grid generating turbulence, with a mesh size M=240 mm and
solidity of 35 %. Both grids are bi-planar, and have quadratic
bars with sides of 47 mm.

wind tunnel had shown that the velocity in hub height
changed throughout the tunnel. Relation factors between
contraction measurements and pitot measurements were
therefore identified in each turbine position. These rela-
tion factors were used in further calculations to ensure the
correct reference velocity in each turbine position. Both
the static pressure difference and pitot velocity measure-
ments were calibrated using a manually handled manome-
ter, which could potentially be misread by + 0.5 mm. A
misreading of 1 mm showed to change the velocity by only
0.4 % and the turbine efficiency of 1.5 %. The tunnel fan
was continuously adjusted so that the velocity was 11.5 £+
0.05 m/s.

The turbulence intensity was measured using hot wire
anemometry, calibrated with a pitot tube measurement.
The hot wire had shown to have some drift in the sig-
nal, and was therefore calibrated before and after each
measurement. It was never used for more than an hour
between calibrations. In all hot wire measurements, the
highest drift that was measured affected the turbulence
intensity by 2,6 %.

Torque and RPM were measured inside the turbine
nacelle, using a torque transducer and laser counter,
respectively, and thrust was measured using a Schenck
balance.

Comparison of data
The aim of this study was not only to examine the effects
of turbine spacing and rotational speed in a shear flow, but
also to see if the shear flow generated different results than
a uniform flow did in previous measurements. The com-
parison measurements had partly been conducted using
a turbulence generating bi-planar grid, shown in Figure 3
(b). This grid is designed to make a turbulent and uniform
free stream, and is reviewed in Davidsen & Krogstad [5]
and in the Blind test 3 paper [10]. It had shown to gener-
ate a turbulence of approximately 10% 2 diameters from
the grid, which had dropped to 5% at 5 diameters from
the grid. In a tunnel without grids, the flow has a low
and constant turbulence intensity of 0.23%. Turbine dis-
tances of 2.8, 5.2 and 9.0 were examined in the comparison
measurements.

When processing the results from this experiment and
the comparison experiments, the main focus was on the
power coefficient, Cp, and thrust coefficient, Cr, of tur-
bine 1 and 2. Both coefficients are dimensionless functions
of air density, rotor area and a reference velocity. C'p also
requires a measurement of the power production,P;qior,
whereas Cr requires a measurement of the thrust force on
the rotor, Ty otor:

Protor
Cp=——robor 2
%pvrifArotor ( )
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As the velocity is cubed in the power coefficient calcula-
tion, choosing a correct reference velocity was crucial for
producing a good basis for result comparison. In a uniform
flow, the position of the reference velocity measurement is
insignificant, as the theoretical amount of energy hitting
the turbine will be independent of position. However, the
denominator in the Cp equation is strongly dependent on
the reference height in wind shear measurements. To en-
sure that the position of the reference velocity was con-
sistent with the actual center of energy in the rotor area,
a three dimensional numerical integration of the energy
profile was executed. The center of energy is at the height
of the third root average wind speed, which is calculated
in the following way:

Uref =

The rotor was divided into 10 segments with area A;, as
the velocity, U;, had been measured at 10 heights within
the upper and lower limit of the rotor area. The calcula-
tion showed that the center of energy was 4 cm below hub
height. This revealed that using the hub height velocity
gave power coefficients approximately 2% lower than using
the third root average of the velocity profile. To ensure
the best possible comparability, the height of the reference
velocity was therefore adjusted to 4 cm below hub height
in all shear flow calculations, shown in Figure 4.

830

Figure 4: Velocity in reference height is slightly lower than the
velocity in hub height, so that the ”extra” energy above the
reference height is equal to the missing energy below reference
height. Dimensions are in millimetre.

3 RESULTS AND DISCUSSION

Shear grid modification

The grid design was modified several times, changing both
the mesh sizes and the number of horizontal bars, which
revealed that relatively large changes in mesh size often
had only a small effect on the wind profile. However, a
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Figure 5: Wind profile measured 2, 5, 7 and 11 diameters down-
stream shear generating grid.
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Figure 6: Turbulence intensity measured 2, 5, 7 and 11 diam-
eters downstream shear generating grid.

small position modification of the lowest horizontal bar
had a large effect on the entire wind profile. After carefully
adjusting this bar, the wind profiles shown in Figure 5 were
achieved. The vertical profiles were measured at the four
turbine positions, 2, 5, 7 and 11 diameters downstream
of the grid. The figure shows that the wind profiles are
relatively consistent with a power law wind profile with
a coefficient @ = 0.11 and a wind speed of 11.5 m/s in
hub height (830 mm). The wind profiles reveal a small
increase in the wind shear gradient towards the end of the
test section.

The turbulence intensities were measured with a single
hot wire (see Figure 6). The turbulence intensity from the
shear grid is about the same as from the quadratic grid
at the 2D-position. 10-11 % is slightly higher than what
is expected in typical offshore wind conditions. However,
it decreases rapidly, and lies between 3 and 5 % in the
three downstream positions. The turbulence levels slightly
increase close to the tunnel floor, relative to the rest of the
turbulence profile.
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Figure 7: Cp of turbine 1 and 2 without interaction.
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Figure 8: Ct of turbine 1 and 2 without interaction.

Single turbine efficiency and thrust

Figure 7 shows the efficiency of each turbine in an
undisturbed air flow. Both turbines have optimal tip
speed ratios of TSR=6, at which turbine 1 has a Cp of
0.43 and the Cp of turbine 2 is measured to be 0.49.
The difference in maximum efficiency is due to the rotor
blades being designed to fit the hub of turbine 2. The
thrust coefficients (Figure 8) shows that turbine 1 has a
higher drag than turbine 2.

Turbine interaction in a shear flow

Figure 9 shows a summation of the power coefficients of
both turbines. The blue dots represent the points in which
the Cp value has been measured, and the coloured surface
is linearised between these points. This plot is based on
the results from measurements with a turbine distance of
5.3 diameters, but the shape of the plot is relatively similar
with turbine distances of 3.2 and 9 diameters. The total
Cp is quite stable around the optimal tip speed ratios, and
operating turbine 1 at a tip speed ratio within a TSR, of
6 +1 will not change the total Cp more than 2%.
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Figure 9: Cp T1 4 Cp T2, with distance 5.3 diameters.
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Figure 10: Ct for turbine 2 in the wake of turbine 1, with
distance 5.3 diameters.

Figure 10 shows the thrust coefficient of turbine 2 in
the 5D measurement. As the thrust coefficient of turbine
1 is independent of the tip speed ratio of turbine 2 (TSR
T2), it will stay as in Figure 8 in all measurements. How-
ever, the thrust coefficient of turbine 2 shows to be quite
strongly affected by turbine 1. Standing behind an opti-
mally operated turbine 1, the second turbine experiences
a drag which is around 2/3 of what it experiences in an
undisturbed flow. The thrust coefficient is lowest when
turbine 1 runs at optimal rotational speed, since this is
when turbine one extracts the most energy from the wind.

To further investigate the power and thrust coefficients
in a shear flow, a selection of featured measurements are
presented in Figure 11 and 12. The plots are based on
measurements conducted at turbine 1 tip speed ratios
(TSR T1) of 5, 6 and 7, and for all three turbine dis-
tances (3.2, 5.3 and 9.0 diameters). The results show a
distinctively improved total efficiency at a large turbine
distance. Focusing on a tip speed ratio of 6 for turbine 1
reveals an improvement of maximum total Cp from 0.66



with distance 5.3 diameters to 0.7 with distance 9.0 diame-
ters. Since turbine 1 experiences the same wind conditions
in all measurements, the improvement of total Cp is solely
due to better wind conditions for turbine 2, meaning that
the efficiency of turbine 2 has increased with over 20 %.
The increase in Cp for turbine 2 from 3.2 to 5.3 diameters
at the same tip speed ratios is 15 %. An investigation
of how the tip speed ratio of turbine 1 affects the Cp of
turbine 2 reveals that for all turbine distances, a turbine
1 TSR of 5 gives a higher total Cp than a turbine 1 TSR
of 7. In the 9D measurement, this proved to be partly
due to an increase in turbine 1 Cp, but in the 3D and
5D measurements the Cp of turbine 1 was equal at the
two different TSRs. This means that although turbine 1
extracts the same amount of energy, turbine 2 still expe-
rience more energy in the wind if turbine 1 operates at
TSR=5. The increase in turbine 2 Cp is 5 % at distance
5.3 diameters and 9 % at distance 3.2 diameters. One hy-
pothesis is that this is a result of turbine 1 blocking the
wind more effectively at higher tip speed ratios, but this
would have to be further examined before making a con-
clusion. However, the shift of maximum power coefficient
towards a lower optimal TSR for turbine 1 occurs in all
turbine distances, and is also examined in Figure 14.

Figure 12 presents the measured thrust coefficient of
turbine 2 as function of the turbine’s tip speed ratio. The
graph shows that the increase in Ct is steeper the larger
the turbine distance is, i.e. with more energy in the wind.
It also shows that the thrust is more dependent on the
tip speed ratio of turbine 1 when there is a small distance
between the two turbines. Operating turbine 1 at a TSR
of 5 will lead to a slightly higher Ct on on turbine 2 than
operating it at a TSR of 7.

The torque and the thrust are measured in wind
which is significantly decelerated by turbine 1. However,
exactly how much the velocity has decelerated is not
known, and the the turbine 2 TSR therefore uses the
free stream velocity of 11.5 m/s as reference. This leads
to a displacement of the measured Cp and Ct values
towards a TSR which is lower than the actual value, since

TSR = 6025‘*’f, where w is the rotational speed of the
turbine. The difference between the wake velocity and

the free stream reference velocity is highest when turbine
2 is positioned close to turbine 1, meaning that the plot
from the 3D measurement has the largest displacement of
tip speed ratio. Accordingly, the 9D plot is closest to it’s
actual TSR position. This displacement effect is why the
thrust coefficient in Figure 12 is measured to be larger in
the 5D measurement than in the 9D measurement at low
turbine 2 tip speed ratios.

The effects of turbulence and shear on turbine perfor-
mance
In addition to investigating how rotational speed and tur-
bine spacing affects the turbine performance in a shear
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Figure 11: Total Cp measured at turbine 1 tip speed ratios of
5,6 and 7.

—+— TSR 1=5 at distance 9D
—®&— TSR 1=6 at distance 9D
—&— TSR 1=7 at distance 9D
—— TSR 1=5 at distance 5D
—&— TSR 1=6 at distance 5D
—— TSR 1=7 at distance 5D
—— TSR 1=5 at distance 3D
—&— TSR 1=6 at distance 3D
—&— TSR 1=7 at distance 3D

Ct turbine 2

TSR turbine 2

Figure 12: Ct for turbine 2 measured at turbine 1 tip speed
ratios of 5, 6 and 7

flow, a comparison to similar measurement in flows with
and without turbulence was conducted. Although mea-
surements in a shear flow were conducted with turbine
distances of 3.2, 5.3 and 9.0 diameters and turbulent/non-
turbulent measurements were conducted with turbine dis-
tances of 2.8, 5.2 and 9.0 diameters, all are hereby referred
to as 3D, 5D and 9D measurements, respectively. Turbine



1 did not show any significant changes in performance in
the different flow characteristics, but turbine 2 was more
affected. The power coefficients of turbine 2 with a dis-
tance of 5D to turbine 1 are presented in Figure 13. The
figure shows that in an air flow with no turbulence or wind
shear, the downstream turbine has a lower Cp when tur-
bine 1 is operated optimally, compared to the turbulence
and shear flows. As a flow without turbulence or shear
will have a lower mixing of the air in the turbine wake,
there will be less energy in the incoming flow to turbine 2.

To further investigate how adjusting the tip speed ra-
tios of both turbines correlates with the wind farm per-
formance, a colourmap showing the performance as func-
tion of TSR turbine 1 and TSR turbine 2 is presented in
Figure 14. The colour expresses the relation between the
measured total power coefficient (the sum of Cp 1 and Cp
2) and the maximum possible total Cp in an undisturbed
flow. As temperature and atmospheric pressure can affect
the maximum Cp, it was decided to use the maximum
Cp of turbine 1 in the current measurement as reference
for the maximum Cp of both turbines, instead of sepa-
rately measured maximum Cps. Hence, the maximum Cp
is unique for every colourmap, yet only with very small
variations.

The shift of the optimal tip speed ratio of turbine 2
(vertical axis) is strongly present in the 3D measurements.
Although the area of the tip speed ratios producing the
maximum power coefficient includes several TSR compo-
sitions, operating turbine 2 at a TSR of between 4 and 4.5
seems to be an optimal operation point in all flows. In-
creasing the turbine distance to 5 diameters slightly shifts
the optimal tip speed ratio of turbine 2 towards TSR =
4.5. Operating in a flow with no turbulence or shear, how-
ever, turbine 2 still has an optimal TSR closer to 4. This
tendency continues in measurements conducted with a

No grid Turbulence grid
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turbine distance of 9D. The optimal TSR for turbine 2
has increased to 5 for all flows. Changing the focus to-
wards the tip speed ratio of turbine 1 (horizontal axis),
the differences are smaller between the different flows and
turbine distances. In both the shear flow and turbulence
measurements, turbine 1 tip speed ratios between 5 and
6.5 all seem to be in an optimal operating area at all dis-
tances.

In Figure 15, the power coefficient of turbine 1, turbine
2 and the sum of these two are presented as functions of
tip speed ratio for turbine 1. In each graph, only data
from the optimal tip speed ratio for turbine 2 is plotted.
Hence, the 3D plot shows results from TSR T2 = 4, the
5D plot shows results from TSR T2 = 4.5 and the 9D
plot shows results from TSR T2 = 5. Also in this figure,
the results have been corrected with an individual factor,
so that all measurements have a maximum turbine 1 Cp
pf 0.45. Again, this is to eliminate any effect on the Cp
results coming from variations in atmospheric pressure.

It is very clear that for all turbine distances, the Cp
of turbine 2 is significantly lower in a non-turbulent flow.
Compared to these results, the turbine 2 Cp in a shear
flow is 25 % higher with turbine distance 5D and a tur-
bine 1 TSR of 6. The difference between power coefficient
measurements in a turbulent flow compared to a turbulent
shear flow is very small, except in the 3D measurement.
Here, the Cp is slightly higher in the flow with wind shear.
This effect could imply that the shear has a positive effect
on the air mixing at this distance, but it is also very likely
that this is simply a result of the turbine spacing being
0.4 diameter larger in the shear flow measurement. The
effect is not visible at larger turbine distances, where the
power coefficients are practically equal.

Shear flow grid
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Figure 13: Comparison of turbine 2 Cp without grid, with
turbulence grid and with shear flow grid.
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Figure 14: Colours representing the total Cp (sum of both tur-
bines) of each measurement relative to the maximum possible
total Cp.
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Figure 15: The separate and totalised turbine efficiencies mea-
sured at optimal tip speed ratio for turbine 2.
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Figure 16: Thrust coefficients measured on turbine 2 at dis-
tance 5D and turbine 1 TSR of 6.

Comparison of thrust coefficient

Figure 16 shows the measured thrust coefficients of tur-
bine 2, when turbine 1 operates at TSR = 6 and there
is a distance of 5 diameters between the turbines. The
reason for the relatively large difference in thrust mea-
sured in a shear flow compared to the uniform flow has
not been established, but several parameters affect the re-
sults to varying degrees. One influence is the shifting of
the Ct curves from using the free stream velocity as a
reference for the tip speed ratios. This creates uncertain-
ties in the comparison of thrust in different flows. There is
also a possibility of human errors in both the experimental
procedures and the post-processing of experimental data.
Assuming that the difference in Ct is simply caused by
an incorrect offset reading would mean that the incorrect
thrust measurement could be moved vertically dependent
on the size of the misreading. Assuming that the two tur-
bulent flows will produce the same thrust at a tip speed
ratio of 0, a parallel adjustment of the shear flow thrust is
added to the plot, shown as a black line. If these assump-
tions are correct, this may indicate that the difference in
thrust caused by wind shear is almost non-existent.

4 CONCLUSION AND FURTHER WORK

This study investigated the effects of adjusting tip speed
ratios and turbine distance on the wind farm efficiency
in a shear flow. The results may be used as benchmark
cases when searching for optimal design and operation
of full scale wind farms, as well as comparison cases to
computational simulation models. The results were also
compared to model turbine performance measurements
conducted in uniform flows with and without turbulence,
to investigate the effects of wind shear and turbulence.



Shear flow measurement

The turbine performance with turbine spacings of 3.2, 5.3
and 9.0 diameters were measured in a shear flow imitating
offshore wind conditions with turbulence intensity varia-
tions between 3 % and 11 % and a power law exponent of
0.11. This resulted in maximum total power coefficients of
63 %, 66 % and 70 % with the different turbine distances,
respectively. As this increase came almost exclusively from
turbine 2, this turbine had an increase in Cp of 15 % and
20 % when adjusting the turbine distance from 3.2 to 5.3
and from 5.3 to 9.0 diameters, respectively.

Reducing the tip speed ratio of turbine 1 from TSR =
7 to TSR = 5 had no effect on the power coefficient of
the upstream turbine at turbine distances of 5.3 and 3.2
diameters. Still, the power coefficient of the downstream
turbine had an increase of 5 % and 9 %, respectively. This
means that although turbine 1 extracts an equal amount
of energy from the wind, turbine 2 still experience more
energy if turbine 1 operates at a lower TSR. This effect
was not present at the highest turbine distance of 9D, and
obviously decrease to insignificant levels at high turbine
distances. However, this means that a small reduction of
the tip speed ratio of upstream turbines may have a posi-
tive effect on the total energy production in a wind farm
when downstream turbines experience wake losses, and
also that the extent of this effect depends on the turbine
distance.

Measuring the thrust on the downstream turbine
proved to be strongly dependent on the turbine distance,
and slightly dependent on the tip speed ratio of turbine 1
at turbine spacings of 3.2 and 5.3 diameters. Hence, the
positive effect on the Cp of turbine 2 due to a reduced tip
speed ratio of turbine 1 is followed by a negative effect of
higher Ct on turbine 2.

Comparison measurements
The comparison of measurements conducted in varying
wind conditions revealed large improvements of turbine
2 efficiencies in a turbulent shear flow compared to a
uniform flow without turbulence. This confirms the
positive effects of effective air mixing behind an upstream
turbine. The power coefficient of turbine 2 was for
instance 25 % higher in the shear flow at optimal tip
speed ratios and turbine distance 5D. Comparing the
measurement of a uniform turbulent flow with the shear
flow did however not reveal any large differences. The
only measurement resulting in a different Cp was the 3D
measurement, where the shear seemed to provide more
energy to turbine 2 faster than the uniform turbulent
flow. The difference in turbine 2 Cp was about 9 % at
optimal TSRs in this measurement, but may however
come from the fact that the shear flow measurements
had a turbine distance which was 0.4 diameter larger.
In general, the effects from adjusting tip speed ratio of
turbine 1 were all most present in measurements were the
air mixing between the turbines is smallest, i.e. at small
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turbine distances and without wind turbulence.

Further work

For further studies in the NTNU wind tunnel using the
shear generating grid, a thorough examination of the three
dimensional wind field would help understanding the char-
acteristics of the flow, and possibly reduce the uncertainty
when choosing a reference velocity for performance calcu-
lations. Another research possibility using shear generat-
ing grids is studying in what extent the wind shear creates
an oblique load on the rotor blades, leading to a pitch mo-
mentum on the turbine. This, and examining how a tur-
bine standing partially in the wake of an upstream turbine
experiences a yaw momentum from the uneven horizontal
energy distribution, could increase the knowledge about
wind turbine wear and fatigue.

To examine the wake losses relative to the turbine dis-
tance, more model turbine measurements should be con-
ducted at typical full scale turbine distances, such as 7
and 8 diameters. Such measurements would contribute
in the challenge of finding the optimal turbine distance,
when comparing wind farm production with costs related
to area and infrastructure. Also a further investigation of
the effect on turbine 2 Cp when reducing the tip speed
ratio of the upstream turbine could be conducted, helping
to understand this effect in detail.
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