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An experimental investigation of the recirculation zone formed downstream of a forward facing step
immersed in a turbulent boundary layer has been undertaken using particle image velocimetry. Bluff
body ﬂow is observed with the ﬁxed separation point located at the leading edge of the step. The
recirculation region dimensions are characterised over a range of Reynolds numbers (1400–19 000),
with Reh based on the step height and the free stream velocity. Turbulent perturbations are produced in
the free shear layer which develops between the recirculating ﬂow close to the step and the free stream
ﬂow. Contour maps of ampliﬁcation factor, streamwise perturbation velocity and Reynolds stresses are
constructed, providing insight into optimal placement of structures within such topographical features.
The mechanisms affecting the reattachment distance, namely the turbulent mixing within the
boundary layer and the velocity deﬁcit in the boundary layer, are discussed.

1. Introduction
Separating and reattaching ﬂow phenomena are of particular
interest for wind engineering applications. One area of wind
engineering which has seen rapid development in recent times is
wind energy. Wind turbines are commonly sited in the vicinity
of topological features such as coastal cliffs and escarpments in
the atmospheric surface layer due to the localised wind speed
up effects such features produce. Wind ﬂow in the vicinity
of such topographical features is highly complex with ﬂow
separation occurring adjacent to regions of high shear. The
current one-dimensional numerical models used by the wind
industry in their planning process are unable to predict
ﬂow separation. Turbines placed within the recirculation region
atop of a cliff will be subjected to ﬂuctuating loads and
high vertical shear forces due to the turbulent nature of the
ﬂow. Optimal turbine placement beyond the highly distorted
recirculation region will ensure estimated power production is
achieved, while not subjecting the turbine to unknown ﬂuctuating
loads.
There have been a number of works dealing with obstacles
immersed in turbulent boundary layers. The majority of these
have concentrated on ﬂow over a backward facing step (BFS) and
a comprehensive review of these studies can be found in Eaton
and Johnston (1981). Studies dealing with separating and
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reattaching ﬂow over a forward facing isolated step (FFS) are less
numerous, most probably due to the unsteady nature of the ﬂow
and the presence of two recirculation regions (Eaton and
Johnston, 1981). In addition researchers also face difﬁculty in
obtaining accurate data in the recirculation region and attributing
ﬂow behaviour to an individual ﬂow parameter due to the
dependence of results on a large number of ﬂow parameters
(Bradshaw and Wong, 1972). The ﬂow over a FFS has a number of
unique features that are shown in Fig. 1. The turbulent boundary
layer approaches the obstacle from left to right. The blockage of
the step causes an adverse pressure gradient, with the consequence that the ﬂow separates at  121:2h upstream of the step
and reattaches to the vertical step wall at  0:6h above the
ground surface (Leclercq et al., 2001). The upstream recirculation
region contains near stagnant ﬂuid which acts as an ‘equivalent’
slope angle (Bowen and Lindley, 1977).
The blunt leading edge of the FFS acts as the sole ﬁxed
separation point for this geometry. A recirculation occurs behind
the step, extending from the leading edge to the reattachment
point, denoted as XL. Hence, a strong shear layer develops
between the low velocity reverse ﬂow close to the wall and the
mean free stream ﬂow, increasing local mixing and the turbulent
intensity within the boundary layer. As the step height becomes
much larger than the boundary layer thickness (i.e. d=h5 1), the
geometry resembles that of a blunt ﬂat plate. It is known that in
the case of a blunt ﬂat plate, the free stream turbulence level
signiﬁcantly inﬂuences the reattachment length although this
mechanism remains unclear (Hillier and Cherry, 1981). The
separation region experiences a weak regular vortex shedding

which leads to an accumulation of vorticity within the recirculation
region. This accumulation process sees the region grow in size until
a large scale vortex is ejected from the recirculation region with a
resulting reduction in recirculation region size and hence reattachment length (Kiya and Sasaki, 1983). The vorticity accumulation
process induces a low frequency oscillation of the shear layer.
Therefore, the unsteady behaviour of the shear layer implies that
the reattachment point also ﬂuctuates (within a ‘reattachment
zone’ as shown in Fig. 1).
The mean reattachment position, XL, is sensitive to several
parameters, such as the body aspect ratios, L/h, W/h, streamwise
length and spanwise width to step height ratios, respectively, and
the upstream boundary layer thickness to step height ratio, d=h
(Castro, 1979). A sufﬁciently large model L/h ratio is required to
consider the step truly ‘isolated’. The three dimensionality of the
recirculation region increases with reductions in the W/h aspect
ratio (Largeau and Moriniere, 2007). A single dominant parameter
affecting XL is difﬁcult to determine due to the complex coupled
relationship between the two separated regions involved in the
FFS geometry (Bradshaw and Wong, 1972).
The previous recirculation studies involving a FFS immersed in
a turbulent boundary layer can broadly be separated into two
categories. Studies are grouped together based on the upstream
boundary layer thickness to the step height ratio, d=h. The two
categories are thus for studies conducted with an approaching
boundary layer thickness greater than the step height, i.e. d=h 41
and conversely studies with a boundary layer thickness less than
the step height, i.e. d=h 4 1. Studies conducted with d=h 4 1 have
clearly shown that the reattachment length is heavily dependent
on d=h (Agelinchaab and Tachie, 2008; Arie et al., 1975; Camussi
et al., 2008; Castro and Dianat, 1983; Farabee and Casarella,
1986), whereas when d=h o1 it seems that the reattachment
length is weakly affected by this ratio, and is usually situated
around 4h to 5h depending on Reynolds number (Bergeles and
Athanassiadis, 1983; Gasset et al., 2005; Hattori and Nagano,

Fig. 1. Flow features over a forward facing step (FFS). Left to right: upstream
boundary layer proﬁle, upstream recirculation, step face, recirculation region of
present interest, reattachment point.

2010; Largeau and Moriniere, 2007; Moss and Baker, 1980; Zhang,
1994). The reattachment length in previous studies was determined via a variety of different experimental methods including
ﬂow visualisation techniques (Arie et al., 1975; Bergeles and
Athanassiadis, 1983; Camussi et al., 2008; Castro and Dianat,
1983; Largeau and Moriniere, 2007), hot wire anemometry
(Bergeles and Athanassiadis, 1983; Moss and Baker, 1980), surface
pressure measurements (Castro and Dianat, 1983; Farabee and
Casarella, 1986; Largeau and Moriniere, 2007; Leclercq et al.,
2001), laser doppler velocimetry (Leclercq et al., 2001), particle
image velocimetry (Agelinchaab and Tachie, 2008; Camussi et al.,
2008; Largeau and Moriniere, 2007) and numerical models
(Gasset et al., 2005; Hattori and Nagano, 2010; Zhang, 1994).
Results from previous researchers are summarised in Table 1.
The purpose of this study is to investigate the velocity ﬁelds
over a FFS immersed in a turbulent boundary layer for various d=h
ratios over a wide Reynolds number range. Insight into the ﬂow
topology above the forward facing step geometry will aid
the optimal placement of wind turbines sited within complex
terrain.

2. Experimental facilities
The free surface water channel has a working section of
600  800  4000 mm and a working speed range of 0:09 m=s
o U1 o 0:46 m=s. The channel walls are constructed of glass
allowing easy optical access. Flow uniformity is achieved through
the use of an upstream honeycomb section and ﬁne turbulence
screen. The ﬂow passes through a 3:1 contraction to accelerate
the mean ﬂow and reduce the residual streamwise turbulence
intensity to 1%.
The experiments were conducted over a wide Reynolds
number range, 1400 o Reh o19 000. The Reynolds number is
deﬁned as Reh ¼ U1 h=n, where U1 is the free stream velocity,
h is the step height, and n is the kinematic viscosity of the working
ﬂuid. The ﬂow passes through a ﬁnal turbulence screen situated
16.67hmin and 56.67hmin upstream of the model leading edge and
forward facing step edge, respectively. Here, hmin is the minimum
step height of 15 mm. The turbulence screen has a mesh diameter
of 0.84hmin, and a solidity ratio of 22% producing a turbulence
level of 1.43%. The ﬁnal turbulence screen serves to regulate the
turbulence level between subsequent measurement days.
A Continuum Minilite PIV (Nd:YAG) laser of wavelength
532 nm was used to produce a pulsed laser sheet of 2 mm
thickness. The ﬂow was seeded with polyamide particles of mean
diameter 50 mm and speciﬁc gravity of 1.06 g/cm3.

Table 1
Reattachment length results from previous FFS studies including important study parameters, boundary layer height to step height ratio d=h, step length aspect ratio L/h,
and Reynolds number Reh.
Study

d=h

L/h

Reh

XL

Largeau and Moriniere (2007)
Hattori and Nagano (2010)
Bergeles and Athanassiadis (1983)
Moss and Baker (1980)
Gasset et al. (2005)
Zhang (1994)
Leclercq et al. (2001)
Current study
Arie et al. (1975)
Farabee and Casarella (1986)
Camussi et al. (2008)
Castro and Dianat (1983)
Agelinchaab and Tachie (2008)

r 0:3
0.33–0.66
0.48
0.7
 0:7
0.7
0.7
0.83–2.5
1.96
2.4
5
5.2
9.3

Z9
23.3
4
12.7
46
32
10
Z 11:1
4
410
48
2
6

2.88–12.82  104
0.9–3  103
2.7  104
5  104
5  104
–
1.7  105
1.4–19  103
–
2.1  104
8.8–26.3  103
5  104
1.92  103

3.5–5
1.82–2.04
3.75
4.7
5.0
4.02
3.2
1.9–4
2.5
3
1.5–2.1
1.4
4.1

Two CCD PIV camera systems with different resolutions were
used in conjunction with a 200 mm lens. System one had a
maximum resolution of 4008  2672 pixels whilst system two had
a maximum resolution of 2004  1336 pixels. The results were
invariant of the camera system used. A minimum magniﬁcation
factor of 50 pixels/mm was employed giving a ﬁeld of view (FOV)
of 5:34hmin  3:46hmin and 2:67hmin  1:73hmin for system one and
two, respectively. A multi-step interrogation window with an
initial size of 64  64 pixels to a ﬁnal size of 32  32 pixels with 50%
overlap was used. This allowed instantaneous velocity maps of
250  167 vectors and 125  83 vectors to be captured for system
one and two, respectively. The velocity vector resolution of the
velocity maps was 0.64 mm  0.64 mm. The camera was re-positioned using a manual traversing mechanism with camera alignment
ensured prior to data acquisition.
A total of 400 independent image pairs were captured for each
spatial position and Reynolds number. The image pairs were
captured at 1 Hz so individual velocity realisations are minimally
correlated. Whilst the recirculation zone’s presented were all
the result of averaging of the turbulent ﬂow, convergence
(via variance of the ﬂuctuating cross velocity product from the
cumulative mean) was shown to occur prior to 400 image pairs.
Therefore, 400 images pairs were deemed an acceptable compromise between convergence of the results and excessive use of disc
space. A total of 1000 image pairs were used for the POD analysis
to allow sufﬁcient data samples in each phase bin. The raw data
was processed on a 20 CPU (Beowulf) cluster that allowed rapid
analysis of results. Validated cross correlation PIV software
developed in-house was employed to generate the displacement
ﬁelds (Fouras et al., 2008).

3. Experimental model
The experimental model was constructed of acrylic and
polycarbonate for rigidity. The step height h, was varied from 15
to 45 mm through the use of perspex spacers giving a L/h and W/h
range of 11.1–33.3. The employed aspect ratios, were above the
critical aspect ratios to ensure both reattachment to the top
surface and that the model is representative of an isolated step in
every ﬂow setting ðL=h4 10Þ (Castro and Dianat, 1983) and that
the ﬂow is nominally two dimensional at mid span ðW=h 4 10Þ
(de Brederode and Bradshaw, 1972).
The model was ﬁtted with end plates to minimise 3D edge
effects and all edges bar the FFS leading edge were formed into an
asymmetric 51 taper to minimise blockage effects. The maximum
blockage ratio (h¼ 45 mm) in the current tests was 9.73%. No
corrections were made to adjust the results due to blockage
affects. A schematic of the model can be seen in Fig. 2. The model
was suspended within the channel in an inverted position. In this
conﬁguration, any free surface effects of the water channel were
minimised. A boundary layer formed upstream of the step with
the proﬁle as shown in Fig. 3. The boundary layer proﬁle was
measured at a distance 9hmin upstream of the step over the entire

Fig. 2. Schematic of the polycarbonate and acrylic experimental model used in the
current study. Height of end is 210 mm.

Fig. 3. The upstream boundary layer proﬁle measured at 9hh ¼ 15 mm upstream of
the step using 2500 independent PIV images. Only every ﬁfth data point is
presented for clarity.

velocity range producing a Reynolds number range of 37 000 o
Rex o 183 200. The boundary layer thickness varied by 10% across
this Rex range, thus it was assumed constant and the maximum
thickness was used as a scaling parameter. The boundary layer
had a thickness y ¼ d ¼ 2:5hmin where uðyÞ ¼ 0:99U1 , a shape
factor of H¼1.63 and a momentum thickness of 0.27h. The maximum urms and vrms components within the boundary layer were
 0:2U1 and  0:05U1 , respectively. The different step heights
gave a d=h range of 0:83 o d=h o 2:5. A total of 2500 image pairs
were utilised for convergence of the boundary layer proﬁle
results.

4. Results
The recirculation zone dimensions using the PIV results were
determined by calculating the streamlines (see Eq. (1)), above the
step surface:
Z y
C¼
ðu=U1 Þ dðy=hÞ,
ð1Þ
0

where u is the temporal average of the streamwise velocity
component. For the data analysis, the Cartesian coordinate system
was ﬁxed at the step leading edge. The mean reattachment distance,
XL, occurred where the dividing streamline, C ¼ 0, (from here on
denoted as C0 ) bifurcated at the step surface and the region of
negative ﬂow ceased. At the reattachment point, one arm of the
dividing streamline returns upstream into the recirculation region
and the second continues downstream. The height of the recirculation region is deﬁned as the maximum height of the dividing
streamline above the step, Yb such that maxðC0 Þ ¼ C0 ðYb Þ.
A typical mean streamwise velocity, u, contour line plot
obtained from the PIV measurements is shown in Fig. 4. The ﬂow
is from left to right, with the length and velocity scales nondimensionalised against the step height, h, and freestream
velocity, U1 , respectively. The Reynolds number, Reh of Fig. 4, is
6741. The recirculation region is indicated by the solid line ðC0 Þ,
while the dashed contour lines depict reverse ﬂow. Further, the
region between the largest dashed contour line and the adjacent
solid line indicates the mean position of maximum shear within

Fig. 4. General bluff body ﬂow features of the FFS ﬂow, contour lines of mean
streamwise velocity u; reference value of 1.3 u=U1 shown with line increments
equal to 0.2 u=U1 ; solid line is the dividing streamline C0 , dashed contour lines
depict region of entirely negative ﬂow, d=h ¼ 1:25, Reh ¼ 6741.

the recirculation region. The mean reattachment length, XL, and
the mean height of the recirculation region, Yb of Fig. 4 are 2.90h
and 0.36h, respectively.
Moss and Baker (1980) state that the BFS is the simplest bluff
body geometry due to minimum ﬂow deﬂection of the streamlines. Two instabilities affect the separated region behind a BFS, a
convective instability and an absolute instability (Dandois et al.,
2007). The convective instability appears in the form of
Kelvin–Helmholtz vortices in the free shear layer whereas the
absolute instability results in the low frequency ﬂapping of
the shear layer (Dandois et al., 2007).
The recirculation zone downstream of a FFS exists in a quasi
steady state due to the higher deﬂection of the incoming ﬂow.
While the instability mechanisms affecting a FFS ﬂow were not
the primary focus of the current study, some comments can be
made regarding the low frequency ﬂapping of the shear layer. The
recirculating ﬂow within the separated region is ejected when
the region can no longer sustain the amount of entrained ﬂuid.
This ejection process causes the free shear layer to ﬂap. This
ﬂapping motion causes the reattachment position to oscillate
around the mean reattachment position creating a reattachment
zone as shown in Fig. 1.
The ﬂapping of the shear layer was investigated using the
‘snapshot’ proper orthogonal decomposition technique (Sirovich,
1987). The basis of POD is that an input data set can be
represented by an orthogonal set of temporal and an orthonormal
set of spatial modes. The advantage of POD is that it creates an
optimal set of basis functions in terms of energy (here kinetic)
within a given ﬂow. We utilised the snapshot POD technique here
to perform a spatial kinetic energy decomposition on the
ﬂuctuating velocity component. The energy level of the resulting
eigenvalues gives an indication of the dominant temporal
structures within a ﬂow. The technique has successfully been
applied to other bluff body geometries (Kostas et al., 2005; Mathis
et al., 2009; van Oudheusden et al., 2005). Using a similar
technique as van Oudheusden et al. (2005), the phase angle ðfÞ
between the ﬁrst two temporal eigenvalues (a1(t) and a2(t)) is
calculated, and the resulting distribution binned into eight phases
ðf ¼ 0, p=4,2p=4, . . . ,7p=4Þ to determine the spatial structure
within the highest energy portion of the ﬂow. The corresponding
binned ﬁelds were temporally averaged, resulting in the contours
of mean streamwise velocity and associated dividing streamlines
shown in Fig. 5. In Fig. 5, phase progression is from top to bottom
spanning two pages. The contours display the movement of the
recirculation region within the two highest energy modes of
the ﬂow. Performing a temporal average as in Fig. 4 masks the
dynamical movement of the recirculation region. The POD
decomposition thus provides further insight into the dynamics
of the unsteady recirculation region.
The maximum adverse ﬂow within the recirculation region for
the Reynolds number range investigated is between 24 and 36% of

Fig. 5. Eight phase averages from a POD analysis of the FFS shear layer dynamics
for d=h ¼ 1:25, Reh ¼ 6 741. Phase progression is from top to bottom, 1–4 ð03p=4Þ
this page, 5–8 ðp7p=4Þ on following page, contours of mean velocity u; white
solid streamlines indicate dynamics of recirculation region shape and size.

the freestream velocity. Such a level of adverse ﬂow indicates the
cause of the expansion and contraction of the recirculation region
shown by the POD results is most likely due to the global
instability mode which affects laminar separation bubbles at
smaller Reynolds numbers (Castro, 2005). In Fig. 5, the reattachment zone (based on the distribution of phase averaged mean
reattachment lengths and recirculation zone heights) extends
from 2.36h to 3.28h in the streamwise direction and 0.31h–0.49h
in the wall normal direction. The mean reattachment length and
mean recirculation zone height (i.e. temporal average of all eight
phases shown in Fig. 4) for this ﬂow setting are XL ¼2.90 and
Yb ¼0.36 which are  2% and  10% different, respectively, to the
average reattachment length and recirculation zone height
obtained from the dominant POD mode data only. Therefore, the
phase decomposition via a POD analysis is an accurate method to
capture the dominant ﬂow topology.
The onset of the convective instability—that resulting in the
formation of Kelvin–Helmoltz (KH) vortices—was not investigated in the current study.
The free shear layer can be seen from the turbulent velocity
component plots of Figs. 6 and 7. Fig. 6 displays the square of the
2
Þ and Fig. 7 displays the nonstreamwise perturbation ﬁeld ðuuuu=U1
2
Þ component.
dimensionalised Reynolds shear stress ðuuvu=U1
2
ﬁeld of Fig. 6 that the
It can be seen from the uuuu=U1
streamwise Reynolds stresses are generated in the separated

Fig. 6. Streamwise perturbations within the shear layer above a FFS for d=h ¼ 1:25;
2
; solid line is the dividing streamline C0 .
Reh ¼ 6741, contours of uuuu=U1

The Reynolds shear stress component shown in Fig. 7 has a
negative value close to the separation point before changing
sign further downstream. The initial negative values of the
Reynolds shear stress corresponds to a production region of
the Reynolds stress component (Hattori and Nagano, 2010).
Positive Reynolds shear stress values arise when velocity ﬂuctuations in the wall normal direction and a positive mean velocity
gradient ðdU =dy þ dV =dxÞ occur (Hattori and Nagano, 2010). In a
similar fashion to the streamwise Reynolds stress distribution, the
Reynolds shear stress proﬁle also then ﬂattens out and spreads
through turbulent mixing.
Turbulent mixing is the principal mechanism promoting
reattachment. This mixing entrains higher velocity free stream
ﬂuid into the recirculation region to overcome the momentum
deﬁcit created by the separation above the step. The maximum
streamwise perturbation occurs in the free shear layer just
downstream of the step for all Reynolds numbers, a direct result
of the bluff nature of the body.
The variation in reattachment length, XL, with Reynolds
number, Reh, can be seen in Fig. 8. Trends for the three different
d=h ratios are indicated by separate trend lines. It is evident that
the variation of XL with Reh for a given d=h ratio (individual trend
line) is monotonic over the entire Reh range. The blockage caused
by the step, although different for all three d=h ratios investigated
was at all times less than 10% and so not the source of the
variation in XL with Reh.
As the Reynolds number increases for a given d=h ratio, the
upstream ﬂow is deﬂected further into the free stream, elongating
the recirculation region. It is known for ﬂow over a blunt ﬂat plate
that vortex shedding from the recirculation region occurs above a
threshold Reynolds number, Reh  800 (Ota et al., 1981). As the
Reynolds number increases past this critical value, the shear layer
becomes susceptible to Kelvin–Helmholtz instabilities at intermediate Reynolds numbers (see ﬂow visualisations in Cherry
et al., 1984). Fig. 8 reveals the apparent existence of two distinct
regimes. In regime 1 ðReh r8500Þ, a linear trend of increasing
reattachment length with Reynolds number exists. It is expected
that in regime 1, laminar separation occurs from the ﬁxed
separation point with transition occurring in the shear layer
before turbulent reattachment. In regime 2 ðReh Z 8500Þ, the
reattachment length becomes less sensitive to Reynolds number
increases. Regime 2 is an indication that the shear layer transition
point moves very close to the ﬁxed separation point such that it
could be considered turbulent separation–turbulent reattachment. The regime change is postulated to occur at a lower
Reynolds number in forward facing step geometries compared to
blunt ﬂat plate geometries due to the turbulent structures within
the oncoming boundary layer. As shown by the spread of results

Fig. 7. Reynolds shear stress contours produced above a FFS for d=h ¼ 1:25;
2
; solid line is the dividing streamline C0 .
Reh ¼ 6741, contours of uuvu=U1

shear layer. This Reynolds stress term has a small magnitude close
to the step surface, rises to a peak in the free shear layer before
reducing to a low value in the free stream in a similar fashion to
that seen in the Moss and Baker (1980) study. At a given
streamwise distance downstream from the leading edge, the peak
value of this Reynolds stress is located at a similar height to the
dividing streamline, C0 until the dividing streamline curves back
toward the step surface. The stress distribution then ﬂattens out
and reduces in intensity with downstream distance. The peak
stress maximum occurs prior to the streamwise location of the
maximum height of the recirculation zone, i.e. C0 ðYb Þ.

Fig. 8. Variation of XL with Reh for three d=h ratios, 0:83 o d=h o 2:5: : d=h ¼
2:5; ’: d=h ¼ 1:25; and m: d=h ¼ 0:83.

obtained by previous researchers in Table 1, results are heavily
dependent on a number of ﬂow parameters.
The change of regimes may also be due to the ﬂow becoming
increasingly three dimensional. It has been shown that ﬂow over a
forward facing step becomes increasingly three dimensional with
decreases in the W/h ratio (Largeau and Moriniere, 2007). In the
current study with the three step heights simulated, the W/h ratio
changes by a factor of 3 (whilst at all times remaining 4 10
ensuring nominally 2D ﬂow).
Increases in W/h ratio produces more ‘branching structures’
between the upstream and downstream recirculation regions
(Largeau and Moriniere, 2007). Unlike the Largeau and Moriniere
study, which permitted three dimensional ﬂow around the side of
the model, here the experimental models were ﬁtted with end
plates which would emphasise this mechanism to transport ﬂuid
from the upstream recirculation region to that downstream. As
measurements were only taken at the mid span and in one plane,
the current results cannot reveal three dimensional ﬂuid movement over the step.
When d=h is less than unity, the free stream velocity will
interact with the leading edge of the step directly. The free stream
velocity, being larger than that within the boundary layer, will
cause a greater perturbation to the ﬂow ﬁeld resulting in the ﬂow
being deﬂected further into the free stream. However, the higher
free stream velocity above the free shear layer will counteract the
increased ﬂow deﬂection and will limit shear layer expansion. In
this way as d=h becomes much lower than unity ðd=h 51Þ
the inﬂuence of the upstream boundary layer is reduced and the
results will more closely approximate separated ﬂow over a
blunt ﬂat plate (Cherry et al., 1984; Hillier and Cherry, 1981; Ota
et al., 1981).
Conversely, when d=h is greater than unity, the ﬂow will be
deﬂected less into the freestream due to the reduced velocity
within the boundary layer. In this case, the reattachment length
will be affected signiﬁcantly by an increase in Reynolds number
due to the velocity gradient in the boundary layer. Turbulence
within the boundary layer will enhance mixing between the free
stream and recirculating ﬂow close to the step, promoting
reattachment. It is for this reason that results obtained from
d=h 4 1 studies are heavily dependent on Reh, as shown in Table 1.
Variance between previous researchers results can be partially be
explained by the different boundary layer proﬁles and length
scales therein, which would affect the free shear layer dynamics.
The mean reattachment length obtained by Agelinchaab and
Tachie, is higher than any XL obtained at a comparable Reynolds
number in the current study. Free surface effects are an inherent
parameter inﬂuencing results in water channel studies. A free
surface will act as a momentum sink where the ﬂow acceleration
created by the step blockage can be released via surface
deformation, prolonging separation. Closed channel studies,
however, will see a higher velocity and hence greater momentum
above the step due to the solid boundaries and the requirement
for mass conservation. The higher momentum of the free stream
ﬂow will promote turbulent mixing between the ﬂow within the
recirculating region and the free stream, leading to earlier
reattachment. In the current study, free surface effects of our
open channel setup have been minimised through investigating
the model in an inverted position.
The model length to height ratio, L/h, is also a controlling factor
affecting reattachment to the top surface of a forward facing step
(Bergeles and Athanassiadis, 1983; Castro and Dianat, 1983). This
value appears heavily dependent on the d=h ratio simulated.
Bergeles and Athanassiadis (1983) showed with a simple ﬂow
visualisation method that a minimum L/h ratio of 4 is required for
mean shear layer reattachment to the top surface when d=h o 1,
whereas Castro and Dianat (1983) determined a minimum L/h of

 1:75 to ensure mean shear layer reattachment when d=h 4 1. In
light of this, a large majority of the previous studies listed in
Table 1 were conducted on models where the inﬂuence of trailing
edge separation on leading edge separation cannot be discounted.
It is proposed that the expansion of the test section at the trailing
edge of a model will act as a momentum sink promoting
reattachment and hence affect the free shear layer dynamics at
the leading edge. It is for this reason that recirculation regions can
form on the short experimental bodies in Arie et al. (1975),
Bergeles and Athanassiadis (1983) and Castro and Dianat (1983)
studies.
Further, ﬂow does not reattach to the top surface of the block
geometry investigated, in addition to the FFS geometry, in the
Moss and Baker study, despite having the same dimensions and
being conducted at the same Reynolds number as the Castro and
Dianat study. This is clearly a d=h ratio effect and the mechanism
for the difference has been attributed to the turbulence within
the boundary layer as outlined earlier. This hypothesis adds
another parameter to an already complicated relationship, which
contributes to the spread of results in Table 1.
The offset between results at the same Reynolds number in
Fig. 8 is due to a combined effect of the upstream ﬂow conditions,
principally the boundary layer thickness and body geometry
effects.
4.1. Wind turbine placement
Wind turbines are commonly sited in complex terrain to take
advantage of the wind speed-up effects the terrain produces.
Fig. 4 displays the region of increased wind speed above the step,
beneﬁcial in a wind energy sense. The maximum power available
to a wind turbine through a given area increases with the cube of
the mean wind speed:
Pmax ¼ 12rAU 31 ,

ð2Þ

where A is the turbine swept area. From Eq. (2) it follows that a
slight increase in wind speed can lead to signiﬁcant additional
energy generation.
The degree of advantage of turbines placed in complex terrain
in an energy yield sense can be ascertained through the
ampliﬁcation factor, Az, deﬁned as the ratio of the wind speed
above the topology to that at the same height above ﬂat ground:
Az ¼

uðx,zÞ
:
uðx0 ,zÞ

ð3Þ

The ampliﬁcation factor can also be viewed as a power
production multiplier for a turbine situated in complex terrain
compared against a turbine sited on uniform ground. Rearranging
Eq. (2), we obtain
Pmaxc ¼ A3z Pmaxu ,

ð4Þ

where Pmaxc is the maximum power available to a wind turbine
sited in complex terrain, Pmaxu is the power available to the same
turbine sited in uniform terrain and Az, is the ampliﬁcation factor.
An ampliﬁcation factor contour map for a d=h ratio of 1.25 is
shown in Fig. 9. The dashed line in Fig. 9 depicts where Az has a
unit value. The maximum ampliﬁcation factor in Fig. 9 is located
very near the step surface (y/h¼0.044) above the ﬁxed separation
point in the region of high shear. The magnitude of the maximum
ampliﬁcation factor is largely Reynolds number independent with
a value between 7 and 8. The magnitudes of ampliﬁcation factor
at larger y/h ratios ðy=h 40:2Þ are consistent with previous studies
above a forward facing step (Bowen and Lindley, 1977). However,
the shape of the contour line plot presented in Bowen and Lindley
(1977) study (Fig. 4a) is different to Fig. 9 here due to the large d=h

dependence of the mean reattachment length, XL, on a number of
ﬂow parameters.
Clearly, these results conﬁrm that wind engineers would be
well-advised to consider the ﬂow separation and increased
turbulence that complex topographic features produce when
siting turbines in complex terrain.
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free shear layer above the step surface.
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5. Conclusions
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investigated using the particle image velocimetry technique. The
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length, XL, has been obtained for a wide Reynolds number range
and several boundary layer thickness to step height ratios, d=h.
The reattachment length tended to increase with Reynolds
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occurred independently of the d=h ratio. The regime change is
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recirculation regions upstream and downstream of the step. The
planar nature of the experimental technique employed here could
not reveal this change and may form part of the ongoing work in
the area.
The offset between results at the same Reynolds number is due
to a combined effect of the upstream ﬂow conditions, principally
the boundary layer thickness and body geometry effects. The
enhanced local mixing produced by the shear layer above the step
and the elevated turbulence intensity within the boundary are
thought to be the primary mechanisms promoting reattachment.
The complexity of forward facing step ﬂow was highlighted by the
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