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circuit wind tunnel with a test section of 2.0 × 2.5 m and a fetch
of 20 meters. The fetch can be equipped with variable levels
of roughness to produce different boundary layer profiles with
specific turbulence characteristics. The maximum wind speed
in the boundary layer section is of the order of 16 m/s. A relatively rough 1:400 scale atmospheric boundary layer simulation
was developed using a trip-board, 4 spires and carpet roughness.

Abstract

Computational Fluid Dynamics (CFD) simulations and Particle Image Velocimetry (PIV) measurements are used to study
the flow over a cliff of isosceles prismatic elements arranged in
sawtooth patterns at a yaw angle of 0◦ . The CFD and the PIV
give similar results; as the flow approaches the cliffs, it accelerates and moves up to pass the obstruction and generates two
delta wing vortices on the top surface of the cliff.

The cliff face was composed of right-angled isosceles triangular
prisms, referred to as ‘triangles’ hereafter. The model was made
from high-density polystyrene and all the triangular prisms had
a base length of 500 mm and a height of 100 mm. The middle triangle was made from plywood. The three components of
the velocity were measured in three horizontal planes over the
plywood cliff using a stereo-PIV system (David and Gicquel,
2006; Felli et al, 2002; Prasad, 2000). The turntable with the
attached model was rotated to simulate different incoming flow
angles. In Figure 1, the flow is moving from left to right, the
yaw angle of the cliff is 0◦ , and the coordinate system xyz is
fixed relative to the tunnel, with its zero at the centre of rotation
of the turntable. In this paper, by convention, the stream-wise
direction is along the x-axis and the upstream free flow does not
have any mean component along the y or z-axes.

Introduction

Wind Energy is one of the fastest growing sources of renewable
energy, adding 24% to its installed capacity in 2009 to reach
159GW worldwide (WWEA, 2010). Typically taking advantage of speed-up effects over topography, coastal and exposed
hilltops are preferred development sites. In Texas, which became the highest installed wind energy capacity state in the
US in 2008, escarpment sites were commonly being developed,
while on the south coast of Australia, many exposed headlands
were seen as potentially the best sites for wind farms. In a recent review, Ayotte (2010) indicated that such sites can generate substantial turbulence, particularly lateral turbulence that is
damaging to wind turbines and can seriously impact wind energy forecasts.

The stereo-PIV system, used to measure the three components
of the velocity, was composed of a double head 200 mJ-perpulse laser and two 11 MPx cameras. It was set up, in this case,
to measure the velocity on a plane of 0.3 × 0.2 m. For each test,
60 PIV velocity fields were recorded and averaged to compute
the mean flow and the turbulence intensity.

The present study was motivated to develop a better understanding of the flow generated over complex topography as a first step
in developing better site classifications, using wind-tunnel tests
and numerical simulations. Whereas the flow over a forward
facing step (a 2-dimensional cliff) has been well studied (Sherry
et al, 2010), the study of steep 3-dimensional topography, such
as found on inland escarpments and coastal headlands has received very little attention. The work of Glanville and Kwok
(1997) is one of the few experimental studies of steep topography that was linked to a specific full scale site where limited
field measurements were undertaken. However, the mountain
studied there was nominally 2-dimensional.
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In the present study, first a series of wind-tunnel tests of
generic 3-dimensional topography utilising isosceles triangular elements arranged in sawtooth patterns were performed,
and second, Computational Fluid Dynamics (CFD) simulations
were studied to develop better understanding of flow complexity
over such surface level changes with shape and wind direction.
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Figure 1: Sketch of the configurations of the cliff model with
the positions of the PIV window.

Methods
Wind-Tunnel Tests

Figure 1 presents a sketch of the 2.5 m wide cliff model installed in the boundary layer wind tunnel of the School of Civil
Engineering at the University of Sydney. The tunnel is an open

The 5-triangle cliff spanned the full 2.5 m width of the wind
tunnel and was 4.7 m long with an additional 0.9 m long downstream wedge. The three components of the velocity were mea-
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uBL [m/s]
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simulations. A horizontal velocity boundary layer profile of
uBL = 1.14 · ln(6119z + 1) in [m/s], where z is the height in
meters, a turbulence intensity of 0.17, corresponding to the experimental data, and an eddy viscosity ratio of 10 were set at the
inlet. The top boundary was also set as an inlet with the same
properties as the real inlet. An average static pressure of 0 Pa
was set at the outlet. The two lateral sides of the parallelepiped
were set as periodic boundaries (so only one triangular cliff was
simulated). The cliff ground was treated as a no-slip smooth
wall, whereas the ground upstream of the cliff was considered
as a rough wall with a sand-grain roughness of 0.015 m corresponding to a physical roughness of around 0.5 mm.
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All numerical simulations were carried out with the commercial
CFD solver, ANSYS CFX13 (ANSYS 2010). CFX13 is based
on a coupled finite volume solver for the mass and momentum
(and energy if required) equations. The numerical scheme uses
a collocated pressure based method and a modified Rhie-Chow
algorithm to avoid decoupling. The resulting algebraic equations are solved by an algebraic multi-grid method. All velocity
calculations use a second order bounded differencing scheme
while a first order upwind scheme is implemented for the convective terms in the turbulence equations, and a second order
scheme is used for all diffusive terms.
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Figure 2: Stream-wise velocity u, in the xz-plane, of the boundary layer without any obstacle.

sured over the middle prismatic cliff, at three different heights
above the cliff, for 9 different incoming flow angles. While the
measuring plane was set at 14.3 mm above the cliff, three incoming flow speeds (umax of 7, 9 and 12 m/s) were tested for
each angle to ensure that the results were independent of the
incoming flow velocity. For all other tests the velocity was constant (9 m/s). In this paper, only the PIV results at 14.3 mm
above the cliff, with 0◦ yaw angle, and a umax of 9 m/s are
presented.

The SST (Shear Stress Transport) model is used in this work.
It combines the k − ε and the k − ω models by way of a blending function Menter (1994). The blending function ensures that
the k − ε model is used in the free shear region, while the k − ω
model is used near walls so the flow is resolved through the
viscous sublayer. The SST model was designed to give highly
accurate predictions of the onset and the amount of flow separation under adverse pressure gradients by the inclusion of transport effects into the formulation of the eddy-viscosity ANSYS
(2010). This results in a major improvement in terms of flow
separation predictions. The superior performance of this model
has been demonstrated in a large number of validation studies
Bardina et al (1997). The curvature correction option was activated.

The PIV system was also set to measure the boundary layer
profile in a vertical plane without any obstruction (Figure 2).
Numerical Simulations

The flow being modelled is a steady flow, with a Reynolds number of approximately 100,000 based on the length of the triangular cliff and on the inlet velocity at the height of the cliff.
The fluid is air, considered incompressible and isothermal, at
a temperature of 25◦ C. The computational domain is shown in
Figure 3 and is 10 lcliff long (3 lcliff in front of the cliff) and
10 hcliff high, based on a cliff length (lcliff ) of 0.25 m and a
cliff height (hcliff ) of 0.1 m. The zone of interest of this simulation is a rectangle located at z = 0.1143 m above the cliff and
going for 0.2 m along the cliff, that is −0.1 m < x < 0.1 m
and −0.15 m < y < 0.15 m. This zone is where PIV data are
available.

The computational mesh was composed of 1.3 million tetrahedral elements. An inflation mesh comprising 30 layers was used
along the ground in front of and on top of the cliff, with a first
layer thickness of 0.1 mm. A body-sizing of 4 mm was used in
the region of interest, whereas a coarser body sizing of 20 mm
was used around the cliff. Within the computational mesh, the
coarsest size of element was set to 70 mm. A mesh dependency
was performed and it corroborated the choice of the mesh used
in this study.

The following boundary conditions were set for the numerical

z
yaw
y
pitch

Two convergence criteria were set. First, the root mean square
residuals were set to be below 10−4 . Second, three monitor
points were created at the height of interest z = 0.1143 m, one
centred at the beginning of the cliff and two others further
away along the cliff edge. The calculation was stopped when
values of velocity and pressure at these points did not change
anymore.

x

roll

Results
Delta wing vortex

The flow over the triangular shaped cliffs is similar to the flow
over a delta wing, (Johari and Moreira, 1998). As the flow approaches the cliffs, it accelerates and moves up to pass the obstruction. The streamlines in Figure 5 show the formation of the
vortices over the cliff, while Figure 4 compares quantitatively
the results obtained with the PIV and the CFD simulations.

Figure 3: Computational domain.
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Figure 4: Speed-up ratio M = (Mu , Mv , Mw ) at z = 14.3 mm over the cliff. The first column ((a), (d) and (g)) represent the PIV results,
the second column ((b), (e) and (h)), the CFD results for an ideal case and the third column ((c), (f) and (i)), the CFD results for an
inclined cliff with a 1◦ roll angle and a 1◦ pitch angle.

results for an ideal case, where the cliff is horizontal and parallel to the floor. The speed-up results, in this case, are symmetric
over the triangle:

Speed-up ratio

All velocities presented in the following sections were normalized using the speed-up ratio M(z = h), computed as follows
for a given height h:
V
(z = h + hcliff ) − VBL (z = h)
M(z = h) = cliff
|VBL (z = h)|

• A speed-up ratio Mu (Figure 4b) between 0.3 and 0.5

(1)

where Vcliff is the mean velocity measured at a height h above
the cliff, hcliff is the height of the cliff, and, VBL is the mean
velocity of the boundary layer measured at a height h above
the wind tunnel floor without the cliff model. To simplify the
notation, the over-line above M was dropped even though the
speed-up ratio is defined as the mean value. A speed-up ratio of
1 represents an increase of velocity by a factor 2 over the cliff,
a speed-up ratio of 0 denotes no change in velocity and a speed
up ratio of −1 indicates a stagnation point with a velocity of
zero over the cliff.
Comparison of CFD and experimental data

Figure 4 compares the three components of the speed-up ratio
M = (Mu , Mv , Mw ) at z = 14.3 mm obtained from the PIV measurements (first column, Figures 4a, 4d and 4g) and two CFD
simulations (second and third columns, Figures 4b, 4e, 4h, 4c,
4f and 4i). The middle column of Figure 4 represents the CFD

Figure 5: Velocity streamlines around the cliff for an incoming
flow of 0◦ .
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along the symmety axis of the triangle demonstrates an increase of the stream-wise velocity of 30 to 50% and could,
a priori, justify the installation of wind turbines on the top
of the cliff. As the power of a wind turbine is a function
of the velocity to the power of 3, the substantial power
gain from a speed-up ratio of 0.4 is 2.7. Away from the
axis of symmetry of the triangle, the speed-up ratio can
have negative values down to −0.5, which means that the
stream-wise velocity above the cliff is half the velocity of
the free stream at the same relative height h. Clearly these
are not good positions for a wind turbine as the power output is significantly reduced.

each cliff. These vortices are strong and turbulent and quite
sensitive to the pitch and roll angles. The speed-up ratio over a
triangular cliff with a yaw angle of 0◦ ranges from -0.8 to 0.8,
i.e, from a velocity that is only 20% of the free stream velocity
to a velocity of 180%. The complexity of the flow field has been
revealed in this unique three-dimensional study and makes this a
difficult region for taking full advantage of potential speedup effects associated with cliffs for wind energy considerations. The
CFD results, combined with the PIV measurements, proved to
be very valuable to fully understand the flow over the cliff and
can be an essential tool to position the wind-turbine.
*

• Mw (Figure 4h) clearly shows an upward flow upstream
of the cliff with a maximum upward velocity at the cliff
edge. Once the wind has passed the edge, the two vortices
start to form and grow in a cone of 30◦ .
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Conclusion

When an atmospheric boundary layer flow passes over generic
triangular-shape cliffs, two delta-wing vortices are created on
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