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Siting wind turbines near cliffs—the effect of wind
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ABSTRACT

The optimal siting of wind turbines in the vicinity of cliffs is investigated with respect to inflow yaw angle, using wind
tunnel experiments. Wind statistics are measured above a generic forward facing step, namely, the speed-up, turbulence
intensity, changes in wind direction and the persistence and frequency of vortices shed from the crest of the cliff. The
experiments demonstrate that at half a cliff height above the cliff, and that same distance downstream of the crest, there
exists an optimal region with increases in wind speed, combined with lower levels of turbulence intensity across the range
of inflow angles that were investigated. In contrast, the far wake experiences a velocity deficit and an increase in turbulence
intensity, when compared with the inflow. Furthermore, vortices are shed from the downstream reattachment region and
persist beyond 10 cliff heights downstream. Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Various wind farms across the world are sited atop sheer cliffs, particularly in coastal locations. The cubic relationship
between velocity and power output provides the impetus for siting wind turbines in locations with long ocean fetches
and topography-induced speed-up.1,2 In siting wind turbines, the wind speed is one of the primary variables determining
the financial viability of a wind farm.2 However, turbulence intensity (TI), variation in wind direction, inflow angles and
low-frequency buffeting from persistent vortices shed from the crest of the cliff affect wind turbine fatigue loading,
wind-rotor alignment and power output.

Previous studies have investigated cliffs by using the forward facing step (FFS) as a first-pass approximation. These
investigations have characterized the speed-up, TI, flow separation, size of the recirculation region, effects of boundary
layer thickness and Reynolds number over FFSs, as well as having described the underlying flow structure and aspects
of the flow dynamics.1,3–9 Nevertheless, the effect of wind direction on the flow over an FFS has been given little attention,
yet variations in wind direction as a function of spatial location remain an important consideration in wind turbine siting.

A schematic of the flow structure and the inflow and geometric parameters associated with the FFS are shown in
Figures 1 and 2. In siting wind turbines on cliffs, the aim is to capture the maximum wind speeds induced by the FFS,
whilst avoiding the regions associated with the flapping vortices shed from the crest of the FFS. Researchers such as Sherry
et al.,9 Castro and Dianat3 and Largeau and Moriniere5 warn of the recirculation region immediately downstream of FFSs,
the size of which is typically measured using the mean reattachment length, XL, as a proxy.

In particular, a work by Kiya and Sasaki4 was able to characterize the structure of the recirculation region downstream of
a sharp-edged, blunt flat plate. Measurements along the edge of the shear layer revealed a linear increase of the integral time
scales, increasing as a function of distance downstream. From this observation, they deduced that the rolled-up vortices
from the sharp edge successively amalgamate upstream of the reattachment. They characterized regular shedding of
‘large-scale’ vortices from this recirculation region. They also observed the accumulation of vorticity in that region,
resulting in the growth of the recirculation region, followed by the ejection of an ‘extremely large’ vortex and a
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corresponding reduction in size of the recirculation region. The ejection of this larger-scale vortex was observed at
one-sixth the frequency of the standard large-scale vortex ejection.

The persistence of these flow structures downstream will adversely affect wind turbines that are sited downstream of the
mean reattachment region, as they will be subjected to the buffeting associated with the turbulent recirculation region, and
resulting vortex ejections cause a reduction of both instantaneous energy production and increased fatigue loading. Pitch
angles, regions of high shear and veer (change of wind direction with height) all impart unbalanced loads across the wind
turbine rotor.

An important parameter affecting the size and behaviour of the separation bubble is the ratio of boundary layer thickness
to step height (δ/h). Largeau and Moriniere5 highlight that the size of the downstream recirculation region increases as δ/h is
reduced because the inflow TI, which is largest near the surface, will interact with the separation region, facilitating its
breakdown.

The TI itself is another important parameter affecting the breakdown of the separation bubble. Hillier and Cherry,10 Kiya
and Sasaki11 and Saathoff and Melbourne12 provided initial investigations into the effect of inflow TI on the separation
bubble on a flat plate. Kiya and Sasaki11 controlled TI by placing a thin rod ahead of the flat plate, with the TI controlled
by varying the diameter of the rod and the distance of the rod from the plate. Their results quantified the reattachment
length, which they normalized against the half-thickness of the blunt, flat plate. As the TI was increased from 1% to 7%,
the normalized reattachment length decreased from 10 to 3.

Field data characterizing the separation bubble, its development and dissipation are limited. Mann et al.13 used a light
detecting and ranging unit to perform measurements over the 12m high cliff on the Bolund Hill, Denmark. Wind turbine
under-performance at the Tappi Wind Park, in Japan, motivated Ishihara14 to compare linear flow models with nonlinear
flow models and wind tunnel models. The investigation demonstrated that flow separation from the crest of the 150m high
coastal cliffs contributed to the wind turbine under-performance.

A recent study by Rowcroft et al.15 tested the hypothesis that only the flow perpendicular to the crest of an FFS is
accelerated, a hypothesis that Baker16 had applied to railway embankments with some success. Their work relied heavily
on the conclusion from Sherry et al.,9 who established a critical Reynolds number above which XL is largely insensitive.
Rowcroft et al.15 supposed that if the Reynolds number of the flow component perpendicular to the crest was maintained
above the critical Reynolds number, the size of the downstream recirculation region would remain constant with changes in
wind direction. In their wind tunnel testing, they used surface visualization to measure XL in a range of turbulence
conditions and for various values of δ/h for yaw angles between 0° and 50°, at Reynolds numbers ranging from 1 × 105

to 3 × 105, based on the cliff height and the free-stream velocity. In the low TI cases, where stream-wise TI was 4.6% at

Figure 1. Diagram of forward facing step.

Figure 2. Plan view illustrating orientation of the co-ordinate systems. The orientations of the probes are shown in grey. The heads are
facing in the -x direction, but aligned laterally, parallel to the crest in the y′ direction.
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the height of the FFS, increasing the yaw angle up to 40° resulted in notable increases in XL. XL/h increased from 2.8,
at θ = 0°, to 3.8, at θ = 40°. They theorized that the yaw angle increased the stability of the separation region. However,
in the high TI cases, where stream-wise TI was 12.3% at the height of the FFS, XL was reduced, but the relationship
between XL and θ was less clear, with no consistent trend observed.

In the low TI cases investigated by Rowcroft et al.,15 the flow topology was considered using paint droplet surface shear
stress visualizations. Three-dimensionality was observed in the visualizations. Such observations are expected in instanta-
neous measurements;5 the presence of lateral periodicity in the form of distinct shedding from the downstream recirculation
region captured in the time-averaged surface shear stress visualizations is noteworthy.

Whilst the previous research by Rowcroft et al.15 extrapolated surface measurements to test their hypothesis, the current
research focusses on velocity measurements collected above the FFS through various wind directions, for a single δ/h and
TI profile. A quantitative assessment of Baker’s proposition, which Rowcroft et al.15 initially measured with the proxy of
XL, is made using direct comparisons of flow velocity. Probe measurements above the surface of the FFS provide additional
insight into the flow structure as it interacts with the FFS. Furthermore, the speed-up, change in TI, wind veer, pitch angle
and the propagation downstream of coherent structures, which are presented, provide insight into wind turbine siting
strategies.

2. METHODOLOGY

The research was conducted in the Monash University 450 kW wind tunnel, details of which can be found in Rowcroft
et al.15 The wind tunnel is a closed-circuit wind tunnel with a 2 × 2m working section of length 12m. Upstream, a
4 × 3m settling chamber containing a mesh screen is linked to the working section through a 3:1 contraction of length
2.5m. The mesh was constructed from 0.5 mm diameter vertical and transverse elements, spaced at 2 mm intervals. The
experiments were completed at Reynolds numbers of 1 × 105, using the step height, h= 0.050m, as the reference length.
End plates extending 12 h upstream of the crest and vertically 12 h above the false floor were used. The FFS models
resulted in 2.5% blockage. The yaw angles investigated were 0°, 20°, 30° and 40°. The models spanned beyond 48 h down-
stream of the crest and can be thus considered isolated cliffs, exceeding the threshold of 10 h prescribed by Moss and
Baker7 for defining an isolated cliff at 0° yaw. The false floor extended 47 h upstream of the centre of the crest. The aspect
ratio at θ = 0°, defined as the ratio of model width to model height, was 34. Following the work of de Brederode and
Bradshaw,17 the aspect ratio ought to be maintained above 10 so that the 0° geometry can be considered two-dimensional.
The finite nature of the closed jet wind tunnel implies that even at the elevated aspect ratio of 34, edge effects will be sig-
nificant for non-zero yaw cases, and the lateral flow speed will tend to reduce. Paint droplet surface shear stress visualiza-
tions performed by Rowcroft et al. over FFSs at a range of yaw angles demonstrated that edge effects impacted significant
portions of the flow.18 However, a central region, free from edge-effects, was observed for yaw angles up to 50°.18

3. INFLOW CONDITIONS

A single inflow case was examined, corresponding to the ‘Low TI 2’ case in Rowcroft et al.15 The inflow conditions were
measured using a TFI four-hole pressure probe, with a 45° cone of acceptance. For the boundary layer traverse, each point
was sampled for 20 s at a sampling frequency of 2500Hz.

This wind tunnel configuration used a false floor of height 435mm with a tapered leading edge. This configuration was
used to minimize inflow turbulence, so that the flow structures would be most easily visible. Whilst the TI levels are not
representative of the atmospheric boundary layer, field testing has shown that flow structures such as those associated with
separation regions persist in field measurements where TI levels are much higher.13,14 Only the upstream mesh screen was
used to condition the flow. Velocity, TI and integral length scale profiles are presented in Figure 3. TI at the top of the
boundary layer was 2.5%, whilst in the free stream, it was stable below 1%. The integral length scale, approximated by
fitting the von Kármán curve to the power spectral density of the stream-wise velocity time series,19 increased from
0.1m near the surface to 0.3m at the top of the boundary layer, before decreasing beyond the top of the boundary layer
back to 0.1m.

Lateral profiles were measured at a height of δ/2; across a 0.500m span, TI and velocity measurements yielded a lateral
inflow variation envelope of less than ±3.5%.

4. PROBE MEASUREMENTS

To measure flow statistics over the FFS geometries, the region downstream of the crest of the h= 0.050m FFS was
traversed with two TFI four-hole pressure probes.
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Figure 4. Map of speed-up downstream of crest of FFS, as defined by Equation E1. From top to bottom, yaw angles are 0°, 20°, 30° and
40°. Black circles represent measurement locations. Solid trace represents S= 1 contour. Dashed line is the mean reattachment line.

Figure 3. Inflow conditions: velocity, stream-wise TI, and stream-wise integral length scale (xLu).
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The design of the probes is presented in the work of Musgrove and Hooper.20,21 They consider the pressure signals from
the four holes of the Cobra Probe, generating ratios between each of the pressure signals. These ratios are then related back
to calibration surfaces to determine the three velocity components and the static pressure.

Various investigations have been conducted to establish the accuracy of the Cobra Probes, considering both their static
response and their dynamic response. Hooper and Musgrove20 showed that they are insensitive to Reynolds number for the
velocity range 16–110ms-1, giving confidence in the mean data over a broad velocity range, below speeds where measure-
ments would be sensitive to compressibility. Hooper and Musgrove provided further dynamic validation of the Cobra Probe
performance in a swirling jet22 and validated their results against hot wire anemometers and laser Doppler anemometers in
fully developed pipe flow.21 These results demonstrated excellent frequency response up to 1500Hz and are thus capable of
resolving Strouhal numbers up to 1.125, based on the step height used in this work. The work of Largeau and Moriniere5

suggested that the shedding of large-scale structures would occur at Strouhal numbers as high as 0.6, whilst Camussi et al.23

observed peak Strouhal numbers of 0.2 in their FFS investigations. Thus, Cobra Probes are suitable for capturing the
dominant flow physics in non-reversed flow conditions.

The traverses were conducted at a sampling frequency of 5000Hz and down-sampled to 2500Hz over a period of 180 s.

Figure 5. Magnification of speed-up in the region immediately downstream of the crest, from 0< x< 4 h and 0< z< 1.5 h.
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Free-stream velocity measurements were calculated based on dynamic pressure measurements from the up-stream
Pitot-Static tube. Air density was calculated based on atmospheric pressure measured in the laboratory with a Tief Hoch
barometer, and temperature was measured in the tunnel using a thermocouple. As shown in Figure 2, two sets of Cartesian
co-ordinate systems are used. The global co-ordinate system relates to the orientation of the wind tunnel: x is the direction
of the freestream flow, y is the direction perpendicular to the freestream flow, parallel to the ground plane, and z is the
vertical direction. The magnitude of the wind speed is denoted by U, whilst the velocity fluctuations from the mean in
the x, y and z directions are u, v and w, respectively. The local co-ordinates are based on the orientation of the FFS: x′ is
the direction perpendicular to the crest of the FFS, y′ is the lateral direction along the crest of the FFS and z′ is the vertical
direction, the same orientation as z.

The probes were spaced 50mm apart in the y′ direction, and their heads were aligned parallel to the crest of the FFS,
whilst facing in the -x direction. The orientation and spacing of the probes are shown in Figure 2. Thus, an accurate measure
of the flow within the recirculation region cannot be achieved because of the high percentage of the flow not coming from
within the 45° cone of acceptance. However, in regions more advantageous to wind turbine siting, such as above and down-
stream of the recirculation region, reliable flow statistics have been captured.

5. DEVELOPMENT OF VELOCITY PARAMETERS AS A FUNCTION OF YAW
ANGLE

The results of the pressure probe measurements are presented in the following series of figures, mapping mean speed-up,
turbulence intensity ratio, pitch, yaw, cross-correlation and Strouhal number statistics for four yaw angles: 0°, 20°, 30° and 40°.

Figure 6. Comparison of experimentally measured speed-up with Baker’s hypothesis. Variation between the two is expressed as a
percentage, as describe in Equation E3. Model over-prediction is positive; model under-prediction is negative. Black circles represent
measurement locations. Solid trace represents 5% variation contour. From top to bottom, yaw angles are 20°, 30° and 40°. Dashed

line is the mean reattachment line.
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Speed-up, S, is defined as follows:

S ¼ U x′; z′ð Þ=UP

UBL x ¼ 0; zð Þ=UP;BL
(E1)

Speed-up is visualized in Figure 4, and a close-up of the crest region is shown in Figure 5. U (x′,z′) is the magnitude of
the velocity vector at a point (x′,z′), according to the previously defined Cartesian co-ordinate system. UP is the magnitude
of the velocity vector measured at the up-stream Pitot-Static tube, measured concurrently to U(x′,z′). The Pitot-Static tube
was located greater than 55 h upstream of the centre of the crest of the FFS, 12.3 boundary layer heights above the surface
of the false floor. UBL(x = 0, z) is the magnitude of the velocity vector in the undisturbed boundary layer, that is, without the
model in place, at x= 0. UP, BL is the magnitude of the velocity vector measured at the up-stream Pitot-Static tube, measured
concurrently to UBL(x = 0, z).

Maximum speed-up in each of the cases occurs between the crest and 2 h downstream and above 0.5 h from the surface
of the FFS, decreasing gradually with height. As the yaw angle increases, the maximum speed-up is decreased, and the
region where the speed-up is greater than one is also decreased. This is illustrated by the S= 1 contours presented in Figure 4.

Figure 7. Magnification of comparison of experimentally measured speed-up with speed-up predicted using Baker’s hypothesis in the
region immediately downstream of the crest, from 0< x< 4 h and 0< z< 1.5 h.
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Baker’s hypothesis is that only the component of the flow perpendicular to the FFS is accelerated. Thus, a comparison
can be made with estimates based on the θ = 0° case with the actual speed-up measured at θ = 20°, 30° and 40°. The
predicted speed-up, SPr, based on Baker16 and Lubitz and White,24 is shown as follows:

SPr θð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S0

2cos2 θð Þ þ sin2 θð Þ
q

(E2)

In this equation, S0 is the speed-up at θ = 0°. The deviation of the model from the measured values is expressed as a
percentage in the colour plots in Figure 6, and a close-up of the crest region is shown in Figure 7, according to the following
equation:

Variation ¼ SPr θð Þ � S θð Þ
S θð Þ �100% (E3)

The discrepancy between the predicted speed-up and the experimental measurements occurs predominantly in the
recirculation region and the shedding downstream of the recirculation region. These regions are associated with the

Figure 8. Map of TI Ratio downstream of crest of FFS, as defined by Equation E4. From top to bottom, yaw angles are 0°, 20°, 30° and 40°.
Black circles represent measurement locations. Solid trace represents TI Ratio= 1 contour. Dashed line is the mean reattachment line.
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well-documented problem of pressure probe measurements being subjected to reversed flow. As the yaw angle is increased,
the downstream region of over-prediction increases in size; in particular, the region of increased variation widens in the
vertical dimension. The contour representing 5% variation between predicted data and experimental data is shown in each
panel of Figure 6. In the θ = 20° case, the contour begins to decay at x/h= 4, and never reaches above 0.5 h above the
surface. At θ = 20°, the region where the model and the experimental data differ by greater than 5% does not appear to
reduce in size with distance downstream. By θ = 40°, the 5% contour continues to gain height through the farthest
downstream measurement plane at x/h= 10.

Thus, as yaw angle is increased, the margin between experimental data and predicted speed-up based on Baker’s
hypothesis increases. However, the key area of interest is the bubble-like region where the greatest speed-up occurs. This
area, which grows above the recirculation region to 1.5 h downstream in each case, remains in excellent agreement between
the experimental measurements and the predicted values, with less than 5% difference between them.

Figure 9. Magnification of TI Ratio in the region immediately downstream of the crest, from 0< x< 4 h and 0< z< 1.5 h.
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Similar to S, the change in TI, visualized in Figure 8, is expressed as a TI Ratio and defined according to the following
equation:

TI Ratio ¼ Iuvw x′; z′ð Þ
Iuvw;BL x ¼ 0; zð Þ (E4)

Iuvw(x′,z′) is the TI based on the three velocity components and is defined in Equation E5.

Iuvw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
3 ðu2 þ v2 þ w2Þ

q

U
(E5)

The BL subscript and the (x′,z′) location have the same meaning as in Equation E1.
A magnified version of Figure 8 in the region of the crest is presented in Figure 9.

Figure 10. Map of flow veer angles downstream of crest of FFS, superimposed with velocity vector plot of pitch angles. From top to
bottom, yaw angles are 0°, 20°, 30° and 40°. Black trace represents veer angle = 10° contour. Lighter coloured trace represents pitch

angle = 8° contour. Dashed line is the mean reattachment line.
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The region of highest TI, as shown in Figures 8 and 9, is the recirculation zone for all yaw angles examined. Beyond the
recirculation region, vortices are still ejected downstream. These vortices gradually weaken, resulting in a reduction of the
TI ratio. However, the TI, even 10 h downstream, is in the order of two to three times that measured in the inflow conditions
up to a height of 1.5 h above the surface.

Wind veer, depicted in Figure 2, is defined as the angle projected on the x–y plane between the x direction and the x–y
components of the local flow velocity vector. Variation in wind veer as a function of height above the surface results in yaw
misalignment and imbalanced loads on wind turbine rotors. Wind veer is plotted in the colour plots in Figure 10,
superimposed with a velocity vector plot showing the pitch angles. Contours representing a pitch angle of 8° are traced
in lighter coloured, whilst contours representing yaw angles in excess of 10° are traced in black. A zoomed in visualization
is presented in Figure 11. Ideally, wind turbines should not be subjected to large pitch angles, or variations in yaw angle as
a function of height above the ground. The primary standard used in the wind energy industry to certify wind turbines is
from the International Electro-technical Commission (IEC), IEC61400-1,25 which requires that wind turbines be capable
of operating for inflows with pitch angle up to ±8°. At the crest and through the recirculation region, the pitch falls outside

Figure 11. Magnification of pitch and veer in the region immediately downstream of the crest, from 0< x< 4 h and 0< z< 1.5 h.
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of this design envelope in each model. However, in each case, the measurements taken at 0.5 h downstream of the crest, for
z> 0.5 h, were within the range of 0°–4°.

As previously discussed, in the non-zero yaw angle cases, the veer angle will tend to be underreported because of
the constrained nature of the flow. This has been mitigated by implementing an aspect ratio of 34, which is significantly
larger than the minimum aspect ratio of 10, as recommended by de Brederode and Bradshaw for the 0° case.17 Surface
visualizations presented by Rowcroft et al.15 demonstrated significant edge effects; however, a central region apparently
unaffected by edge effects was also observed. Thus, measurements in this region provide an acceptable representation
of the infinite step.

The measured veer angle and its variation with height above the surface prove to be an issue through the recirculation
region, where speed-up is low, turbulence intensity is high and pitch angle is high. In the wake region beyond the recircu-
lation bubble, the veer remains significant, in spite of the constrained nature of the flow. The region up to 0.5 h above the
surface undergoes a veer of greater than 10°, which can be seen in the 20°, 30° and 40° models.

Figure 12 presents cross-covariance maxima normalized by the number of samples from the two traversing Cobra
Probes. A magnified view of the crest region is presented in Figure 13. The probes are spaced in the y′ direction at one step
height, that is, 50mm. Within the recirculation region, near the crest of the FFS, there is clearly an increased correlation

Figure 12. Plot of the normalized cross-covariances between two probes traversing h= 50mm apart in the y direction over an FFS.
From top to bottom, yaw angles are 0°, 20°, 30° and 40°. Black circles represent measurement locations. Dashed line is the mean

reattachment line. Solid trace represents the cross-covariance = 1 contour.
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between the two Cobra Probes relative to the free-stream flow. This increase in correlation persists through the last plane of
measurement downstream in each case. The persistent increase in correlation downstream of the separation bubble
demonstrates the presence of fluid structures that emanate from the bubble. This is consistent with the structure described
by Kiya and Sasaki.4 The presence of these vortex structures causes TI ratio to increase and speed-up to reduce in the
downstream region.

Increased yaw angle implies that the probe spacing in the y direction is reduced. Consequently, as the yaw angle was
increased, increases in the size of the regions of correlated flow, and increases in the magnitudes of the correlations, were
observed. At θ = 0°, the cross-covariance values decay rapidly from the high correlations associated with the separation
region, although increased levels of correlation persisted through the farthest downstream plane. By θ = 20°, the reattach-
ment length increased from the θ = 0° case, and the regions of increased cross-covariance are clearly visible in the θ = 20°
case around the mean reattachment line. From θ = 20°, the size of the correlation region remains almost constant, as
evidenced by the cross-covariance = 1 contour presented in each of the plots in Figure 12. However, the magnitude of
the correlation continued to increase.

Figure 13. Magnification of normalized cross-covariances in the region immediately downstream of the crest, from 0< x< 4 h and
0< z< 1.5 h.
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Whilst these experiments have been conducted on flat, smooth surfaces, increased roughness and the presence of
obstacles such as fences or vegetation that might be encountered in the field would promote mixing, and thus accelerate
the breakdown of the recirculation region and the persistent vortices that propagate downstream.

The development of Strouhal number (St) is presented in Figure 14. The Strouhal number was calculated based on the
free-stream velocity, the step height and the highest energy containing frequency from the Power Spectral Density (PSD) of
the U-component of the time series at each point. In the low-energy regions, for example, in the undisturbed boundary
layer, acoustic peaks were recorded by the Cobra Probes at Strouhal numbers between 0.3 and 0.32. Thus, in the plots
presented in Figure 14, where these spikes were evident, the maximum Strouhal number was set to zero.

The colour plots in Figure 14 are scaled to capture Strouhal numbers in the range 0 to 0.5, identifying the shedding
from the separation bubble. The Cobra Probes are able to capture fluctuations of frequencies up to the Nyquist frequency
of 1250Hz (St = 1.82). The maximum Strouhal numbers in the colour plots has been limited to 0.5 because of the ambi-
guity between the shear layer vortices, the decay of the shear layer vortices to fine-scale turbulence and signal aliasing at
the high frequency end of the spectrum. Regions where velocity fluctuations occur at Strouhal numbers greater than 0.5,
associated with the shear layer vortices and fine-scale turbulence, are highlighted by the St= 1 contour. The regions
affected by these flow regimes extend between 1 and 1.5 h vertically from the crest of the step and from the crest to
beyond the mean reattachment line.

Figure 14. Development of Strouhal number. From top to bottom, yaw angles are 0°, 20°, 30° and 40°. Black circles represent mea-
surement locations. Dashed line is the mean reattachment line. Solid trace represents the St = 1 contour.
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The low-frequency shedding from the recirculation region is present for each of the wind directions examined, illustrated
in Figure 14. The peak Strouhal number in the downstream region is in the range 0.15–0.25, independent of yaw angle.
This range is consistent with the work of Camussi et al.23

The visualizations of the peak Strouhal numbers in Figure 14 show that there is a decrease in Strouhal number with
distance downstream, which implies that the speed at which the vortices propagate downstream reduces with distance
downstream, relative to the free-stream velocity. As the yaw angle is increased, the decrease in Strouhal number and thus
the decay in vortex propagation velocity are delayed. This is consistent with the increasing stability in the vortex structure
induced by the yaw angle.

6. CONCLUSIONS

This work described the effect of yaw angle on flow over an FFS. Velocity measurements provided specific insight
into optimal wind turbine siting locations for generic cliff geometry, as well as providing an opportunity to test Baker’s
hypothesis. The following statistics were considered through a range of inflow yaw angles: speed-up, turbulence intensity,
pitch and yaw angles and the identification of vortices shedding from the recirculation region at the crest of the FFS.

Outside of the recirculation region, Baker’s hypothesis was shown to be a good approximation to determine the speed-up
as a function of yaw angle. Baker’s hypothesis can be readily applied as a large number of studies have reported speed-up
or velocity measurements for the θ = 0° FFS cases.1,5,8,9,26 Discrepancies observed outside of the recirculation and wake
regions were of the order of 5%.

Large pitch angles were observed at the crest of the cliff. These were outside the design envelope specified in the
standard IEC61400-1.25

Wind turbine rotors will encounter high veer, high TI, lower wind speeds and unfavourable shear profiles should they
pass through the recirculation bubble—between the crest and three to four step heights downstream, up to heights of 0.5 h.

Beyond 10 h downstream of the crest, a wake profile still exists. As the vortices propagate downstream, their gradual
diffusion results in an increase in diameter of the vortex. If sited in this region, rotors will be subjected to reduced wind
speeds, increased turbulence intensity, wind veer and low-frequency buffeting, all resulting from the vortex ejections from
the recirculation bubble. These effects were observed as far downstream as 10 h and 1.5 h above the surface of the FFS.
The Strouhal number of the buffeting was measured in the range of 0.15–0.25 and was found to be independent of the
yaw angle.

A region approximately 0.5 h downstream of the crest, and above 0.5 h above the surface, provides a region with the
following characteristics: increased wind speed; lowest turbulence intensity at that height and reducing with increased
height; pitch angles within the design envelope defined by the standard IEC61400-125; low wind veer and away from
the low-frequency buffeting associated with shedding vortices. This location maximizes energy output, whilst minimizing
fatigue loading across the inflow conditions investigated. Shear layer vortices will still be observed in this region.

This work did not consider the lateral variations along the crest of the FFS, which might be encountered due to the
inherent ruggedness of cliffs, and is the subject of future research.
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