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ABSTRACT
Our current understanding on the dynamic interaction between large-scale motions in the approach-
ing turbulent flow and wind turbine power is very limited. To address this, numerical studies of a
small-scale three-bladed horizontal axis wind turbine with cylinders placed in front of it to produce
energetic coherent structures of varying scale relative to the turbine size have been carried out to ex-
amine the temporary variations of the turbine power. The predicted spectra reveal a strong interaction
between large-scale turbulent motions generated by cylinders and the instantaneous turbine power.
More specifically, it shows how the large dominant turbulent scales of incoming flow affect the spec-
tral characteristics of turbine power, i.e, determining the level and trend of the turbine power spectrum.
Comparisons reveal that there are two critical frequencies recognisable in the turbine power spectrum:
the first one, close to the turbine rotational frequency, above which the coupling of upstream flow and
turbine power disappears; the second one, identified for the first time and related to the dominant
large-scale motions which dictate the level and trend of the turbine power spectrum. This study also
shows that the strong scale-to-scale interaction between the upstream flow and turbine power reported
previously does not appear at high Reynolds numbers.

1. Introduction
Wind turbines operate in a turbulent flow environment

and large-scale turbulent motions cause a highly fluctuating
electrical power feed into the grid. It is shown that the com-
plex structure of turbulence dominates the spectral charac-
teristics of power output for one single wind turbine as well
as for an entire wind farm [1]. As more and more wind tur-
bines become integrated into our electric grids, a proper un-
derstanding what causes wind turbine power output fluctu-
ations becomes increasingly important to ensure grid effi-
ciency and stability in future networks. Despite of its impor-
tance, the correlation of turbulent wind conditions, including
extreme events and the performance of wind turbines indi-
vidually or in farm is still not well understood.

There are experimental and numerical studies confirm-
ing that flow unsteadiness leads to strong temporal variations
of the power output of individual wind turbines and of the
entire farm. For example, Herp et al. [2] showed that the
turbine wake expansion is highly variable, and that this vari-
ability has a negative effect on the wind-farm power opti-
mization potential. Morales et al. [3] and Milan et al. [1]
showed that power fluctuations of the turbines depend not
only on the mechanical and electrical control systems but
also on the wind input through analysing and modelling the
effect of turbulent fluctuations on the power output of a sin-
gle wind turbine and of an entire wind farm.

The above studies mainly focus on small-scale turbu-
lent motions (high frequency) and there are few studies fo-
cusing on large-scale turbulent motions having wavelengths
comparable with the turbine scale or larger (low frequency).
Whilst, wind tunnel experiments [4, 5, 6] and large eddy
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simulations (LES) [7] have shown that spectral densities of
velocity in the wakes of turbines have a −5∕3 slope that
transit towards the -1 range at lower frequencies, wind tun-
nel experiments [8] and numerical studies [9] addressed an
approximate −5∕3 scaling regime for the wind farm power
output possibly due to the interactions between the turbines.
These studies show that there are important temporal corre-
lations/anticorrelations between the power output of turbines
in wind farms.

A good understanding of this interaction is particularly
important in wind farms where the flow approaching down-
stream turbines will be determined by the far wake of up-
stream turbines which are characterised by a velocity deficit,
increased turbulence intensities and a vast range of turbu-
lence/motion scales. Andersen et al. [10] showed how self-
organised motions or large coherent structures yield high
correlations between the power productions of consecutive
turbines, which can be exploited through dynamic farm con-
trol. It has been shown that complex interactions between
downstream turbines affect the total-power variations of the
wind farm in the intermediate to low frequency range [9].
This can significantly influence turbine farm operation with
decreased power output and increased fatigue loading of de-
vices [11]. Observations by Neustadter [12] and Barthelmie
et al. [13] suggest that wake related losses can reduce a wind
farm’s average power output by 10%. It has been shown that
the wind farm power output is strongly sensitive to small
variations of the wind direction and it should be taken into
account for the optimal control and grid integration of wind
farms [14]. Numerical studies by Porté-Agel et al. [15], and
the observations of Hansen et al. [16] indicate that power
losses can reach over 40% for a particular single wind direc-
tion.

Increased fluctuations in power output and turbine loads
can be significant in some conditions, which has also been
observed in measured data [13]. Kealy [17] showed a coeffi-
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cient of variations (the ratio of standard deviation to mean
value) as high as 0.716 for variations in a 3-MW turbine
power output in real-time caused by the variations of wind
speed. Previous studies have shown that power output spec-
tra are correlated to spectral density of the upstream flow
velocity below a critical frequency close to the turbine rota-
tional frequency but become uncorrelated at higher frequen-
cies above that [18, 19, 20, 21]. Furthermore, Ahmadi &
Yang showed that spectral density of power output corre-
lates very well with that of velocity at the rotor plane for all
frequencies at low turbulence ambient [21].

Despite many previous studies there still remains a key
question on how the range of scales in the approaching turbu-
lent flow can interact dynamically with the device and influ-
ence its ability to produce power. This is obviously of critical
significance for determining the performance of a real-life
wind turbine but is still not well understood despite a few
studies focusing on maximising power and reducing the ef-
fect of wind on wind turbine loadings [22, 23]. Similarly,
little is known about how the dynamics of large-scale coher-
ent motions affect the rate of wake recovery of axial-flow
wind turbines.

This study aims to address the above question and ad-
vance our current understanding of the flow-turbine inter-
actions, especially due to large-scale turbulent motions at
high Reynolds number. Those large-scale turbulent motions
are generated in the present study by placing circular cylin-
ders of different sizes in front of a small-scale three-bladed
horizontal axis wind turbine and the main focus is on deter-
mining the effects of the large-scale motions on the turbine
power fluctuations.

The paper is structured as follows: the numerical ap-
proach used in the present study and computational details
are presented in Section 2. Section 3 presents temporal char-
acteristics of predicted velocity field and power/thrust coef-
ficients for different approaching flows and analysis of them.
Concluding remarks are presented in Section 4.

2. Numerical methodology
LES is the most feasible numerical technique among all

the available Computational Fluid Dynamics (CFD) meth-
ods for predicting unsteady turbulent flows accurately at the
moment and in the near future [24, 25, 26] and potentially
able to provide high resolution spatial and temporal informa-
tion needed for this study. Actuator methods have also been
demonstrated to be able to model time-dependent loading on
turbine rotors [27, 28]. As addressed in [29, 30], the combi-
nation of LES and Actuator LineModelling (ALM) has been
successful in modelling turbine wakes and hence the hybrid
LES/ALM approach has been employed in the present study.
The CFD approach used in this study has already been vali-
dated by the authors in simulating horizontal axis wind and
tidal turbines [31, 32, 21]. Figure 1 presents the predicted
axial and tangential blade forces compared against experi-
mental data for a test case already studied by the authors and
presented in [21] confirming the ability and accuracy of the
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Figure 1: Axial and tangential forces of the rotor blades at
wind speed of 15ms−1 [21].

LES/ALM technique used in the present study.
2.1. Large eddy simulation

Large-scale turbulent motions (large eddies) are com-
puted directly in LESwhile and small-scalemotions (smaller
than themesh size) aremodelled using a sub-grid-scale (SGS)
model. The LES governing equations are derived by spa-
tially filtering the three dimensional instantaneous conserva-
tion equations (Navier-Stokes). Those governing equations
are fairly standard, which can be found in many textbooks
and hence will be very briefly presented here.

The filtered governing equations for incompressible flow
can be written in the following conservative form:
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where the bar denotes filtered variables and fi,� is the bodyforce obtained from the ALM technique described briefly
below in Section. 2.2. The sub-grid scale turbulent stresses
are modelled using an SGS eddy viscosity as:
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where �t and k denote the eddy viscosity and SGS kinetic
energy respectively which are obtained in the present study
using a one-equation eddy viscosity model where an extra
transport equation for the SGS kinetic energy [33] is solved.
TheCFD code employed in the present study is OpenFOAM[34].
2.2. Actuator line modelling

The turbine blade geometry is not directly resolved in the
present study and its effects on the flow field are modelled
using the ALM method originally developed by Sørensen&
Shen [35]. Rotating actuator lines are used to represent tur-
bine blades in the ALM technique, with body forces equal
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Figure 2: The hybrid LES/ALM methodology.

and opposite to the lift and drag forces experienced by the
turbine blades being distributed along those rotating actua-
tor lines. The computational procedure is as follows:

• The LES governing equations are solved over thewhole
computational domain initially at each time step to ob-
tain the flow field.

• The computed flow field and the blade geometry com-
bined with available tabulated 2D aerofoil data, i.e.,
CL and CD as functions of Reynolds number and an-
gle of attack are used to calculate the forces at each
blade section.

• 3D rotational effects are accounted for through a cor-
rection factor introduced by Shen et al. [36] being ap-
plied on the computed 2D forces.

• The corrected body forces are then projected smoothly
along the rotating actuator lines and neighbouringmesh
points using a Gaussian function to avoid singular be-
haviour and numerical instability.

The Gaussian cut-off parameter in the current study is set to
be a constant and has a value between 2 and 3 cell sizes [29].
Figure 2 presents a flowchart summarising the hybrid LES/ALM
methodology. Details of theALM technique employed in the
present study are given elsewhere [31, 32].
2.3. Computational domain

In present study, the computations of a three-bladed hori-
zontal axis small scalewind turbinewith a diameter of dT = 4.5munder three different approaching flows have been carried
out using the hybrid LES/ALM technique. For the first case,
the model configuration and flow conditions conform to the
experimental set up of the European Union project ’MEX-
ICO’, Mexnext (Phase 1) [38, 39]. This case is referred to as
the benchmark test case, denoted as TC1.

In the MEXICO turbine, each blade is composed of a
cylinder, the inner 4.4% of the span; a DU91-W2-250 aero-
foil, from 11.8% to 40% span; a RISØA1-21 aerofoil, from

Figure 3: The blade geometry [37].

Figure 4: A perspective view of the computational mesh (top)
and domain configuration (bottom) at the streamwise and
transverse vertical centre planes of upstream cylinder for TC2.
Scales are in meter.

50% to 62% span and a NACA64-418 aerofoil, from 72% to
100% span, with three transitional zones between the aero-
foils. Figure 3 presents the blade geometry used in the exper-
iments. Since the 2D characteristic data of the RISØ aerofoil
are very different from those of the other two aerofoils and as
a consequence, the measured 2D aerofoil data do not corre-
spond to the actual characteristics of the rotor, in the middle
of the blade, the aerofoil data modified and recommended
by Shen et al. [36] are used in the present study.

The configurations of the second and third cases, de-
noted as TC2 and TC3, are different from that of the first
case as a circular cylinder of different size is placed vertically
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Table 1
Test cases with a cylinder located at the turbine upstream

TC2 TC3
dC2 LC2 Δ2 ReC2 dC3 LC3 Δ3 ReC3
1m 9m 8m 1.04 × 106 2m 9m 10m 2.09 × 106

at the upstream of the turbine to generate large-scale mo-
tions (coherent structures) in the approaching flow. Those
two cases are specifically designed to study how well de-
fined and energetic coherent structures of varying scale rel-
ative to the turbine size can affect the performance of the
turbine. For the cases TC2 and TC3, in each case one cylin-
der is vertically placed on the vertical centre plane at the
turbine upstream. Table 1 presents the cylinders’ lengths
and diameters, their locations and cylinder diameter-based
Reynolds numbers,ReC, for both test cases TC2 and TC3. Infact, in TC2 a cylinder with the length of LC2 = 2dT (= 9m)and diameter of dC2 = 1m is vertically located at the tur-
bine upstream with a distance Δ2 = 8dC2 (= 8m) from it.
Similarly, in TC3 a cylinder with the length and diameter
of LC3 = 2dT (= 9m) and dC3 = 2m respectively is verti-
cally placed at a distance Δ3 = 5dC3 (=10m) upstream the
turbine. The cylinder diameters (dC2 = 1m and dC3 = 2m)have been chosen to ensure that large coherent structures
with length scales comparable to the turbine diameter can
be generated downstream of the cylinders and the vortex
shedding frequencies of cylinders are below the turbine ro-
tational frequency. The cylinder length (2 dT) and locations
upstream of the turbine (8 dC2 and 5 dC3) are determined to
make sure the cylinder wakes would affect the entire turbine
rotor swept area. The cylinders diameters and their upstream
locations have been selected based on some numerical tests
together with the findings reported in [20].

As mentioned above that the turbine blades are not re-
solved directly but modelled using the ALM technique while
the tower is ignored and the nacelle is replaced by a cylin-
der with the same length and diameter [37]; LC = 3.95mand dC = 0.54m. Figure 4 shows a perspective view of the
computational mesh and the domain cut at the streamwise
and transverse vertical centre planes of upstream cylinder for
TC2. The bottom picture in Figure 4 shows clearly positions
of the vertical cylinder upstream of the turbine and the hori-
zontal cylinder representing the nacelle in the computational
domain.

The simulations have been performed for three different
approaching flows at a free streamwind speed ofU∞ = 15ms−1
and a clockwise rotational speedΩ = 424.5 rpm when look-
ing downstream. The corresponding tip speed ratios and tur-
bine diameter-based Reynolds numbers are TSR = 6.7 and
ReT = 4.7 × 106 respectively for all simulations.

The axial, vertical and spanwise sizes of the computa-
tional domain are 14 dT × 10 dT × 10 dT. Cartesian struc-
tured meshes of 5.25 × 106, 8.38 × 106 and 12.54 × 106 grid
points with a resolution nearly dT∕60 in the turbine plane
are used for cases TC1, TC2 and TC3 respectively. Previ-

ous relevant numerical studies [35, 36] showed that a mesh
size equal to dT∕60 is sufficient to obtain grid independent
results for the LES/ALM simulations. For all simulations,
the rotor centre is located on the intersection of horizontal
and vertical centre planes of the computational domain with
a distance 4 dT from the inlet. The time step is chosen to be
500−1 dT∕U to ensure a good temporal resolution [36, 40].
Each run allows air to get through the domain six times (six
flow through times) in order to reach statistically stationary
flow conditions. The statistics are then averaged for the last 23total run time (four flow through times) to remove the effect
of initial transience and obtain statistically stationary mean
results. The simulations were run for 5263, 9332 and 17190
core-hours for cases TC1, TC2 and TC3 respectively. The
upstream cylinder boundary layers are resolved using very
high resolution meshes with y+ ≤ 1 for the nearest wall
cells to capture vortex shedding accurately so that proper
large scale coherent structures can be generated. However,
resolving the boundary layer of cylinder modelling the na-
celle does not really have any influence on the flow field in
this study and there is no point using a very fine mesh which
will increase computational cost. Therefore, a wall model
developed based on the Spalding’s law [41] is adopted near
the solid surface of cylinder representing the nacelle, with
the y+ being approximately 12 for the nearest wall cells.

For all simulations, because of low turbulence conditions
in the benchmark experiment, a divergence-free organized
perturbations superimposed upon a uniform velocity profile
are used at the inlet boundary and the zero normal gradi-
ent is applied for the velocity at the outlet. At the upstream
boundary, the normal pressure gradient is set to be zero and
a constant pressure is applied on the downstream boundary.
The four side walls are treated as periodic boundaries and
no slip wall boundary condition is applied on the cylinders
surfaces.

3. RESULTS AND DISCUSSION
Time series of predicted velocity field and power out-

put are presented and compared in the frequency domain
for the three test cases to investigate how energetic coher-
ent structures of varying scale relative to the turbine size af-
fect the turbine performance. As mentioned above, the first
case (TC1) with no cylinder is referred to as the benchmark
test case and numerical results obtained for two other cases
are analysed and evaluated with respect to it. The numeri-
cal results of the first case, TC1, have already been validated
against experimental data in the author’s previous work [21]
and hence no more validation will be presented here.
3.1. Energetic coherent motions

Figure 5 presents iso-surfaces of the second invariant of
the velocity-gradient tensor (Q) coloured by the mean veloc-
ity, showing the instantaneous flow structures for the three
cases. The middle and bottom figures depict the flow struc-
tures for the cases (TC2 and TC3) with circular cylinders of
diameters 1m and 2m placed at positions 8 dC2 and 5 dC3upstream of the turbine respectively. It can be seen clearly
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Figure 5: Instantaneous view of vortex structures in the flow
field coloured by the mean velocity for three cases with no
cylinder (top), small cylinder (middle) and large cylinder (bot-
tom) in the domain.

that large scale turbulent eddies have been generated in the
approaching flow by locating circular cylinders of different
sizes at the turbine upstream for TC2 and TC3 so that the
interaction between the large scale motions and the instanta-
neous turbine power can be investigated. It is worth noting
that for the case without the cylinder TC1, as mentioned in
Section 2.3, the flow approaching the turbine is characterised
by a low turbulence intensity whereas for TC2 and TC3 the
approaching flows are highly turbulent due to the presence
of energetic large-scale motions generated by the cylinders
upstream.

Figure 6 presents the instantaneous velocity field at the
hub height horizontal plane for the three cases and the cylin-
der and turbine positions are clearly shown as well. As can
be seen from the middle and bottom frames of Figure 6, the
wake produced by the cylinder develops into a highly tur-
bulent flow with a broad range of scales but dominated by
large-scale coherent structures due to the vortex shedding
from the cylinder. Whereas for TC1 (top frame) the turbine
experience an incoming flow with a low turbulence intensity
confirming what is observed in Figure 5. It is worth pointing
out that the characteristics of large-scale motions produced
in cases TC2 and TC3 are not the same due to different cylin-
der diameters and are thus expected to have different impacts
on the turbine performance.

In this study, to address the characteristics of large scale
motions generated by the cylinders quantitatively and inves-
tigate how the range of length scales in the approaching flow

Figure 6: Instantaneous velocity field at the horizontal centre
plane of turbine for three cases with no cylinder (top), small
cylinder (middle) and large cylinder (bottom) in the domain.

can influence the turbine power output, the power spectral
densities of upstream/downstream velocity and power output
presented and compared. The power spectral density (PSD)
is a real, non-negative and even function defined as [42]

Sxx(f ) = lim
t0→∞

E[|Xt0 (f )|
2]

2t0
(3)

where Xt0 (f ) presents the the Fourier transform of the ve-
locity or power fluctuations.

Figure 7 presents spectral densities of streamwise and
transverse velocity components, vx and vy, for the cases TC2and TC3 (1 dT upstream and dT∕8 downstream of the tur-
bine) at the top and bottom frames respectively, comparing
with those of the case TC1. In Figures 7 to 14, upst and
dnst denote upstream and downstream respectively. The fre-
quency in the figure is normalised by the turbine rotational
frequency, fT. One major difference observable between the
spectral densities (1 dT upstream of the turbine) for TC1 and
the other two cases is that the turbulent kinetic energy level
is very low for TC1 because of its low turbulence intensity
as shown in Figures 5 and 6.

For the case TC3, spectral densities show a peak at the
frequency of 0.2 fT for both velocity components at both up-
stream and downstream of the turbine while the spectral den-
sities of the velocity components for the case with no cylin-
der TC1 do not show a similar peak at this frequency. This
peak is due to the circular cylinder vortex shedding which
leads to the generation of large-scale coherent structures ap-
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Figure 7: Comparing spectral densities of streamwise and
transverse velocity components at the turbine upstream and
downstream between cases TC1 and TC2 (top) between cases
TC1 and TC3 (bottom).

proaching the turbine. The presence of the peak at 0.2 fT(vortex shedding frequency) in the spectral densities at both
upstream and downstream of the turbine with the same or-
der of magnitude strongly indicates that large-scale coherent
structures generated by the cylinder have not only reached
the turbine but also passed it before breaking completely
down to smaller scale structures. This situation provides
a great opportunity to investigate how large-scale and en-
ergetic motions can affect the wind turbine performance at
high Reynolds number flows, and especially whether "the
strong scale-to-scale interaction" between the approaching
flow characteristics and the instantaneous turbine power out-
put reported by Chamorro et al. [20] for tidal turbines work-
ing at lowReynolds number flows also exists at highReynolds
numbers.

A close look at the variations of spectral densities against

Figure 8: Spectral coherence between upstream and down-
stream velocity components; streamwise: black line, trans-
verse: red line.

frequency for TC3 reveals that the spectral densities stay
more or less constant at frequencies below the vortex shed-
ding frequency and then start to decrease monotonously at
frequencies higher than that. This is likely due to the large-
scale coherent structures breaking down and transferring en-
ergies through this process to smaller ones. Comparing spec-
tral densities of velocity components between cases TC1 and
TC3 shows how the energetic large-scale coherent motions
modify the energy contents in different scale of velocity fluc-
tuations and its variation trend over a broad range of scales.

The top frame of Figure 7 presents spectral densities of
velocity components for TC2 at both turbine upstream and
downstream, and similar to TC3, a peak at frequency of 0.4 fTis clearly visible in the spectral densities of streamwise and
transverse velocity components at the turbine upstream. How-
ever, this peak disappears downstream of the turbine con-
trary to what happens in TC3 where the peak (at 0.2 fT) isstill clearly observable downstream of the turbine. This could
imply that in TC2, large-scale coherent structures produced
by the cylinder break down to smaller ones sooner than in
TC3. Since mesh resolutions for both cases are approxi-
mately the same and Rec2 is also lower than Rec3, the fasterbreaking down of large scales structures in TC2, can not be
related to the simulation inaccuracy. The most likely rea-
son for this is due to the smaller cylinder diameter (1 dT)in TC2 and hence the dominant large-scale coherent struc-
tures are smaller than those generated in TC3, and also the
energy contents of those structures are lower than those in
TC3, making them more susceptible to breaking down and
hence disappearing sooner. It is notable that because of this,
in TC2 the level of energy for both streamwise and trans-
verse velocity components at the downstream are consider-
ably less than those at the upstream contrary to what seen in
TC3. On the other hand, a relative longer distance selected
in TC2 (8 dC2 vs. 5 dC3) is another possible reasonwhy thoselarge-scale structures disappear downstream of the turbine.
This relatively longer distance is needed to cover the rotor
swept area as much as possible by the developed cylinder
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wake. Comparing spectral densities of velocity components
between cases TC1 and TC2 confirms the key role of the
energetic large-scale coherent motions in modifying the en-
ergy contents in different scale of velocity fluctuations and
its variation trend over a broad range of scales.

Alternative way of comparing the flow characteristics at
the upstream and downstream of the turbine can be derived
from the spectral coherence between two quantities. A di-
mensionless parameter bounded between zero and 1, termed
as spectral coherence, Cxy, is defined as:

Cxy =
|Sxy(f )|2

Sxx(f )Syy(f )
(4)

where f denotes the frequency, Sxx(f ) and Syy(f ) presentthe spectral densities of quantities x and y respectively and
Sxy(f ) is the cross-spectral density between x and y. Fig-
ure 8 presents the spectral coherence between streamwise ve-
locity (black line) and transverse velocity (red line) compo-
nents at locations upstream and downstream for TC2. As can
be seen from the figure, although the spectral coherence be-
tween streamwise velocity at the upstream and downstream
is low (about 0.2) at the frequency of 0.4 fT, the spectral
coherence between transverse velocity at the upstream and
downstream is very high (about 0.94) at this frequencywhich
exhibits the signature of large-scale coherent structures pro-
duced by the cylinder behind the turbine. Whilst, this indi-
cates that dominant fluctuations experience different decay
rates at different directions, it still confirms that the turbine
have experienced energetic coherent motions produced by
the cylinder justifying TC2 as a good case to investigate the
interactions between large-scale coherent motions in the ap-
proaching flow and the instantaneous turbine performance at
high Reynolds number flows.
3.2. Turbine power fluctuations

Previous studies [1, 2, 3] have shown that flow variabil-
ity can affect the power output of individual wind turbines
and of the entire farm. For example, as addressed in [18, 19,
43, 21], there is a frequency dependency between the tur-
bine power and upstream turbulence. However, the above
studies mainly focused on the influence of flow variability
at high frequencies. There are few studies [20] that focus
on the effects of large scale energetic motions at lower fre-
quencies. To further investigate how large scale energetic
motions influence the turbine power temporarily particularly
at high Reynolds number flows, the spectral densities of the
turbine power and thrust coefficients predicted for TC2 and
TC3 are presented and compared with those of numerically
obtained for TC1. The power and thrust coefficients are de-
fined respectively as follows:

CP =
Q!

1
2�ArV

3
∞

and CT =
T

1
2�ArV

2
∞

(5)

where � is density, T, Q and ! denote the rotor thrust,
torque and rotational speed respectively and Ar presents therotor area. To investigate how large scale motions affect the

Figure 9: Spectral densities of CP , streamwise (top) and trans-
verse (bottom) velocity components for cases TC1 and TC3.

turbine performance, influences of the streamwise and trans-
verse velocity components on both power and thrust coeffi-
cients are examined because of different decay rates of dom-
inant fluctuations at different directions described before and
since streamwise and tangential velocity components might
have different importance in determining torque and thrust
loads.

Spectral densities of predicted power coefficients for TC1
and TC3 are presented and compared in Figure 9, the spec-
tral densities of streamwise (top frame) and transverse (bot-
tom frame) velocity components are also plotted to facilitate
comparison/analysis. It can be seen that large-scale coherent
structures produced by the cylinder in TC3 not only modifies
the turbulence characteristics of the flow approaching the
turbine effectively as described above but also strongly affect
the level of turbine power fluctuations over a broad range of
scales. Comparing the variation trend of power coefficient
with those of velocity components vx and vx at upstream for
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Figure 10: Spectral coherence between upstream velocity and
CP and spectral coherence between upstream and downstream
velocity for the case TC3; streamwise components (top), trans-
verse components (bottom).

TC3 reveals that there exists a coupling between the instan-
taneous turbine power and the incoming large-scale motions
before a critical frequency (≈ 1.4fT ) at high Reynolds num-
ber. Comparing the spectral densities of turbine power and
velocity components presented for TC1 in Figure 9, show
similar characteristics as those seen above for TC3, in terms
of coupling and critical frequency. This kind of coupling
was also reported in [19] for tidal turbines working in en-
ergetic large-scale motions at low Reynolds number. Above
this frequency (≈ 1.4fT ) the turbine power spectrum and the
velocity spectra show quite different behaviour so that this
frequency is also called the decoupling frequency in previ-
ous studies [18, 19, 21, 43]. Of course, it was already known
that the turbine power spectrum reveals a signature of the
blade frequency fb (= 3fT ) [44, 45].As mentioned previously in Section 3.1 on Figure 7, the
velocity spectrum trend changes at the vortex shedding fre-
quency, i.e., the spectral density remains more or less con-
stant at frequencies below the vortex shedding frequency and
then start to decrease monotonously at frequencies higher
than that. The spectral density of turbine power predicted
for TC3 presented in Figure 9 shows a similar behaviour,
indicating that the dominant large-scale coherent structures
dictate the trend of turbine power fluctuations. This suggests
a possible scale-to-scale interaction between the upstream
large-scalemotions and the instantaneous turbine power around

Figure 11: Spectral densities of CT , streamwise (top) and
transverse (bottom) velocity components for cases TC1 and
TC3.

the dominant structure scales. However, contrary to that ad-
dressed in [20], the power spectrum does not show a notice-
able peak around the relevant vortex shedding frequency.

To examine this point further, the spectral coherence be-
tween velocity components vx and vy, and the power coeffi-
cient are presented in Figure 10 and it can be seen that there
are strong coherences between streamwise (top frame) and
transverse (bottom frame) velocity components at locations
1 dT upstream and dT ∕8 downstream of the turbine at the
vortex shedding frequency (0.2fT ). However, no consider-
able coherence is recognisable from the spectral coherence
of the power and upstream velocity components at this fre-
quency. In other words, the high values of coherence for
velocity components confirm that large-scale motions have
passed through the turbine plane but the low value of co-
herence between the upstream velocity and turbine power
reveals no signature of the dominant motion scale in the tur-
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Figure 12: Spectral densities of CP , streamwise (top) and
transverse (bottom) velocity components for cases TC1 and
TC2.

bine power spectrum. This means that "the strong scale-to-
scale interaction" between the upstream flow velocity and
the turbine power addressed in [20] for tidal turbines work-
ing at low Reynolds number flows (ReT = 1.7 × 105) doesnot appear at high Reynolds number flows (ReT = 4.7 ×
106) investigated in the present study. It is notable that, as
reported by Chamorro et al. [20], there were nine exper-
iments during their study and the existence of the strong
scale-to-scale interaction was confirmed in one experiment
only. To the author’s best knowledge, there is also no other
published numerical/experimental work confirming such a
scale-to-scale interaction between the upstream flow veloc-
ity and the turbine power at low or high Reynolds number
flows. Therefore, further studies are required to clarify this
point.

Figure 11 shows the spectral densities of thrust coeffi-
cients for TC1 and TC3, and also spectral densities of stream-

Figure 13: Spectral coherence between upstream velocity and
CP and spectral coherence between upstream and downstream
velocity for the case TC2; streamwise components (top), trans-
verse components (bottom).

wise (top frame) and transverse (bottom frame) velocity com-
ponents. It can be seen that the thrust spectra are similar to
the power spectra shown in Figure 9 and hence more or less
the same conclusion presented abovewith respect to Figure 9
would be drawn from the comparison shown in Figure 11 .

Spectral densities of the turbine power coefficient, CPfor TC2 with a cylinder of diameter 1m and TC1 without
a cylinder are presented in Figure 12. Spectral densities of
streamwise (top frame) and transverse (bottom frame) veloc-
ity components are also depicted to provide a better view on
how the incoming flow influences the turbine power char-
acteristics. It can be seen that, similar to TC3, the turbine
power fluctuations levels have strongly been affected over a
broad range of scales by the large-scale motions generated
from the cylinder vortex shedding. A comparison between
the spectral densities of CP and velocity components vx and
vy at the turbine upstream location shows a strong coupling
between them at low frequencies and reveals how dominant
coherent structures in the approaching flow dictate the spec-
tra trend around the vortex shedding frequencies (≈ 0.4fT )suggesting a possible scale-to-scale interaction, similar to
what found for TC3 with a larger cylinder diameter. Also,
a critical frequency at about 1.3fT is clearly observed for
TC2 in Figure 12 similar to those seen for TC1 and TC3 in
Figure 9, in which there is a coupling between the instanta-
neous turbine power and the upstream velocity components
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Figure 14: Spectral densities of CT , streamwise (top) and
transverse (bottom) velocity components for cases TC1 and
TC2.

before it that disappear at higher frequencies.
As mentioned above, the decay rate of large scale coher-

ent structures in the case with the smaller cylinder diame-
ter (TC2) is higher than that of the case with the larger one
(TC3). This higher decay rate may have a very different im-
pact on different velocity component fluctuations as shown
in Figure 13 that there is a strong coherency between the up-
stream and downstream transverse velocity components at
the vortex shedding frequency ≈ 0.4fT but no considerable
coherency is observed for vx at this frequency. Despite thisdifference between TC2 and TC3, theCP spectral density for
TC2 shows a very similar behaviour to that for TC3 imply-
ing the high sensitivity of the turbine power in responding to
large scale and broadband turbulence in the incoming flow.

Figure 14 presents the spectral densities of thrust co-
efficients for TC1 and TC2, plus the spectral densities of
streamwise (top frame) and transverse (bottom frame) veloc-
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Figure 15: Phased-averaged CP (top) and CT (bottom) for
cases TC1, TC2 and TC3 for one turbine revolution.

Table 2
Statistical characteristics of CP and CT

Cases CP ,avg CP ,max CP ,� CT ,avg CT ,max CT ,�
TC1 0.397 0.28% 0.10% 0.709 0.16% 0.05%
TC2 0.309 4.89% 1.56% 0.630 1.86% 0.58%
TC3 0.267 5.95% 2.04% 0.583 3.03% 1.21%

ity components. The comparison reveals a similar behaviour
for the thrust to that for the power as discussed above.

The predicted mean power and thrust coefficients aver-
aged over 81 turbine revolutions for the three cases TC1,
TC2 and TC3 are shown in Figure 15. It is clearly observable
that CP and CT are constant for TC1 without a cylinder but
high unsteadiness in CP and CT is present for cases (TC2,
TC3) with cylinders placed at the turbine upstream. This
demonstrates clearly how temporal characteristics of power
and thrust are strongly affected by the large-scale energetic
motions approaching the turbine. The findings of this study
on variations of the turbine power output caused by the en-
ergetic incoming flow concur with the empirical results of
the variations in a 3-MW turbine power output in real-time
presented by Kealy [17].

Table 2 presents mean, max and standard deviations val-
ues of power and thrust coefficients for the three cases. Since
mean values ofCP andCT are different for three cases, max-
imum and standard deviation values are presented as per-
centages of mean values to provide a better view of their
ranges. As shown in Table 2, larger coherent structures and
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Figure 16: Mean velocity field at the horizontal centre plane
of turbine for three cases with no cylinder (top), small cylinder
(middle) and large cylinder (bottom) at upstream.

higher energetic motions produced by larger cylinder lead
to greater amplitude and standard deviation ratios for both
power and thrust coefficients. It is worth pointing out that the
differences in the mean values of power output and thrust are
due to different mean velocity approaching the turbine. Al-
though the free stream velocity is the same for all cases, flow
past the cylinder experiences a velocity deficit caused by the
cylinder wake as shown in Figure 16 (middle and bottom
frames), which is still not fully recovered at the turbine plane.
As a result of this, the turbine experiences a lowermeanwind
speed leading to less power output and thrust. This finding
suggests strongly that in wind farms downstream wind tur-
bines should not be aligned with upstream ones and also the
distance between them should be large enough so that the
downstream turbines are not in the wake regions generated
by the upstream turbines.

4. Conclusion
To address how the range of scales in large-scale and

energetic flows approaching a wind turbine can affect dy-
namically the spectral characteristics of its power output, nu-
merical simulations of a small-scale three-bladed horizontal
axis wind turbine with a cylinder placed in front of it have
been conducted. Large-scale energetic coherent structures
of varying scale relative to the turbine size have been gener-
ated downstream of the cylinder, which modify the overall
turbulence characteristics of the incoming flow and conse-
quently affect the temporal characteristics of power output

over a broad range of scales. The cylinder diameter has been
carefully selected to produce large coherent structures with
length scales comparable to the turbine diameter and also
to ensure that the vortex shedding frequency is in a range
below the turbine rotational frequency. The cylinder length
and location upstream of the turbine are appropriately de-
termined to generate wakes affecting the entire turbine rotor
swept area.

The predicted spectral densities show how modified tur-
bulence scales because of upstream cylinder, strongly affect
the spectral characteristics of turbine power in a broad range
of scales. The comparison reveals that dominant large scale
motions determine and dictate the level and trend of the tur-
bine power spectrum at low frequencies suggesting a pos-
sible scale-to-scale interaction between the upstream large-
scale motions and the instantaneous turbine power around
the dominant structure scales. In particular, two critical fre-
quencies have been identified in the turbine power spectrum:
the first one, slightly larger than the turbine rotational fre-
quency (≈ 1.4fT ), above which the coupling of upstream
flow and turbine power disappears; the second one, related
to the dominant large-scale motions which determines the
level and trend of the turbine power spectrum (≈ 0.4fT for
TC2 and≈ 0.2fT for TC3). The second frequency, to the au-
thor’s best knowledge, has been identified for the first time
in the present study.

This study also shows that the strong scale-to-scale in-
teraction between the upstream flow and turbine power re-
ported by Chamorro et al. [20] at low Reynolds number does
not occur at high Reynolds number flows investigated in the
present work since the power spectra do not show any con-
siderable peak around the vortex shedding frequency.
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