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ABSTRACT
Wake characteristics of the flow over a finite square prism at different incidence
angles were experimentally investigated using an open-loop wind tunnel. A finite
square prism with a width D=15 mm and a height H=7D was vertically mounted on a
horizontal flat plate. The Reynolds number is varied from 6.5×103 to 28.5×103 and the
incidence angle α is adjusted from 0o to 45o. The ratio of boundary layer thickness to
the prism height was about 𝛿/H=7%. The time-averaged velocity, turbulence intensity
and the vortex shedding frequency were obtained through a single-component hot-wire
probe. Power spectrum of the streamwise velocity fluctuations revealed that the tip and
base vortices shed at the same frequency as that of spanwise vortices. Furthermore,
the results showed that the critical incidence angle associated with the maximum
Strouhal number and minimum wake width, occurred at αcr = 15o which is equal to that
reported for an infinite prism. There is a reduction in the size of the wake region along
the height of the prism when moving away from the ground plane towards the free end.
Keywords: experimental study; finite square prism; incidence angle; low-speed wind
tunnel; hot-wire; Strouhal number
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1. INTRODUCTION
As one of the most important research topics of bluff-body aerodynamics, the
flow around infinite or two-dimensional square prisms has been widely investigated
both numerically and experimentally over the years (Lee 1975; Igarashi 1984; Norberg
1993; Lyn et al. 1995; Williamson 1996; Sohankar et al. 1999, 2000; Duta et al. 2003;
Sohankar 2006, 2008; Brun et al. 2008; Minguez et al. 2011; Alam et al. 2011; Yen et
al. 2011; Trias et al. 2015; Alam et al. 2016, Zheng and Alam 2017). Many engineering
applications, however, involve the flow around surface-mounted finite-height bluff
bodies, such as buildings, bridges and bridge supports and power station smokestacks.
The flow around such surface-mounted finite-height prisms is highly three-dimensional
due to the end effects (resulting in tip and base vortices) and spanwise vortices. Fig.
1(a) shows a schematic of the flow around a surface-mounted finite-height square
prism of side length D, and height H. In this figure, X, Y and Z are the coordinate axes
in the streamwise, wall-normal and cross-stream directions, respectively. Here, the
prism is mounted normal to a ground plane and is partially immersed in the flat-plate
boundary layer, where U(y) is the incoming mean flow velocity profile, U is the
freestream velocity outside the boundary layer on the ground plane, and δ is the
boundary layer thickness. For such a body, the flow field is influenced by the flow
around the free end and the flow around the prism ground plane junction, and then the
local flow field becomes strongly three-dimensional.
The turbulent flow around a finite square prism has received far less attention
than the flow around an infinite prism because of its complexity. The Karman vortex
shedding from the sides, the streamwise tip vortices and its induced downwash flow, a
pair of base vortices near the ground plane and its upwash flow, the horseshoe vortex
at the junction between the prism and the ground plane are main factors for the
complex wake structure of this type of body (Fig. 1(b)).

Fig. 1 Schematic of a finite square prism mounted normal to a ground plane: (a) side
and top views (b) flow structure around a wall-mounted finite-length square cylinder
(Wang and Zhou 2009)
2. LITERATURE REVIEW
2.1 Infinite square prism at incidence
As the incidence angle is changed from α=0o to 45o, there are variations in timemean drag coefficient CD and Strouhal number St, and the prism begins to experience
a non-zero mean lift coefficient CL (McClean and Sumner 2014). The main reasons for
aforementioned variations are the changes on the flow separation positions and the
differences in the shear layers emanating from the two sides of the prism. The other
possible reasons are the flow reattachment on one of the side surfaces, the proximity
effects of the rear corner on the interactions between the shear layers, changes in the
wake width, and the vortex formation length or location of shear layer roll-up (Duta et al.
2003, Igarashi 1984, Norberg 1993, Sohankar 2006, 2008), Wang and Zhou 2009,
Adaromola et al. 2006).
Huang et al. (2010) used smoke flow visualization, surface-oil flow technique,
and the resultant flow topology to identify three flow structure modes exhibited by an
infinite square prism at Re =3.4×104 - 9.4×104, and α = 0o - 45o. They classified the flow
patterns as “subcritical flow”, where there is no reattachment of the separated shear
layer onto the lower surface (α < αcr), “supercritical flow”, where a separation bubble
occurs on the lower surface (α > αcr), and “wedge flow” (α = 45o). In addition, they

reported that the minimum wake width occurs at α = αcr. Sohankar et al. (2015) also
reported similar findings for Re = 2×103 - 8×103 via smoke flow visualization. At α = αcr,
CD and CL attain a minimum value, and St achieves a maximum value. The αcr is
sensitive to Re and free stream turbulence intensity (Chen and Liu 1999, Huang et al.
2010, Lee 1975, Sohankar et al. 2015). For a low freestream turbulence intensity, αcr
lies between 11o to 15o. For Re= 2×103 - 4×103, αcr = 17 o has also been reported
(Chen and Liu 1999).
2.2 Finite square prism
The boundary layer thickness and α as well as the prism aspect ratio AR (= H/D)
are some of the parameters that influence the flow field of a finite square prism. The
following section demonstrates briefly some of the main flow features of the finite
square prisms.
End effects: The free end of a finite-height cylinder is one of the main sources of the
three-dimensionality of the flow. The free end alters the vortex formation region, vortexshedding pattern and the surface pressure distribution (Yen and Yang 2012). The free
end creates tip vortices, which induces a downward-directed velocity field along the
cylinder height known as the downwash flow (Adaromola et al. 2006). Around the
junction of the cylinder with the ground-plane, an adverse pressure gradient is
produced. Consequently, the boundary layer is forced to separate from the groundplane and ultimately a horseshoe vortex is formed wrapping around the base of the
cylinder. These vortices carry on moving with the stream towards the downstream
(Park and Lee 2000). According to Okamoto and Sunabashiri (1992), the size of the
horseshoe vortex decays with increasing H.
Aspect ratio effect: From the literature (Okamoto and Sunabashiri 1992, Adaromola et
al. 2006), the finite cylinders of small AR (less than the “critical AR”) have a wake
structure different from those of higher AR. For finite cylinders greater than the critical
AR, the flow pattern is characterized by the presence of the anti-symmetric Kármán
vortex shedding, whereas, for cylinders less than the critical AR, the wake structure is
often described as symmetric “arch vortex shedding”. Adaramola et al. (2006) and
Sumner et al. (2009) suggested that the critical AR of a finite circular cylinder lies
between AR = 3 and 5. For a finite square prism, McClean and Sumner (2014) also
suggested that the critical AR is between AR=3 and 5, under similar conditions. Wang
et al. (2004) studied the flow over a surface-mounted finite-height square cylinder of AR
= 3 - 7. A broad-banded peak in the power spectrum at St = 0.09 was obtained for
AR=3, while for AR=5 and 7, pronounced sharp peaks at St=0.12 and 0.13 were
observed, respectively. For an infinite square cylinder, St = 0.135 was reported.
Boundary layer thickness effect: Studies show that besides AR, 𝛿 affects the
creation of the base vortices and formation of the upwash flow. Where a thicker
boundary layer is present, the base vortices are stronger and the upwash flow is more
effective. The presence of a stronger upwash flow also affects the free end region as it
prevents the downwash flow to reach the ground plane and results in weaker tip

vortices (Wang et al. 2006). Sakamoto and Arie (1983) investigated that with increasing
𝛿, St decreases for all rectangular prisms.
Wang et al. (2006) studied the effect of 𝛿 on the flow around a finite square
cylinder of AR =5. They showed that 𝛿 has a significant effect on the creation and the
size of the base vortices. Both symmetric and anti-symmetric vortices are identified in
the near wake region of the wall-mounted square cylinder for a given AR. The
probability of anti-symmetrical vortex shedding varies with aspect ratio and the
boundary layer thickness. The probability of anti-symmetrical vortex shedding
considerably increases with increasing the boundary layer thickness, particularly near
the base of the cylinder.
Incidence angle effect: Sarode et al. (1981) measured CD and CL for surface-mounted
finite-height square prisms of AR=1.14 to 10 at Re =2.2×104. The prisms were
immersed in an atmospheric boundary layer. They found that α effects on CD were
significant for the more slender prisms, i.e., at AR=6.36 and 10, while for the smaller
AR (=1.14, 2.27, and 3.64), α effects on CD were much less significant. In addition, as
AR decreases, CL reduced in magnitude (Sarode et al. 1981).
McClean and Sumner (2014) at Re = 7.2×104 investigated the effects of AR (= 3 - 11)
and α (=0° - 45°) on CD, CL and St for a surface-mounted finite square prism. CD, CL,
and St are found to be very sensitive to α. This is similar to what was observed for
infinite square prisms. For all AR
tested, αcr associated with the minimum CD,
maximum CL (magnitude), and maximum St, was 15° - 18°, higher than the typical αcr
range for infinite square prisms.
There are limited studies on the turbulent wake of a finite square prism.
Therefore, there is a need for further studies that would provide more insight into the
turbulent wake of these structures. This study aims to investigate experimentally the
flow around a wall-mounted finite-height square prism at a non-zero angle of incidence
in order to gain a better understanding of the main feature of flow structure, particularly,
the effect of incidence angle on the vortex shedding. The authors provide new
information on the Strouhal number data in order to extend the result of earlier studies
(Sorode et al. 1981; Sakamoto 1985; McClean & Sumner 2014). To find the flow field
features over a finite-height square prism, the turbulent wake structure including timeaveraged velocity and turbulence intensity was studied extensively at different
incidence angles, using the data extracted from a hot-wire anemometry. The
experiments, performed in a wind tunnel, cover a relatively wide range of Re = 6.5×103
-28.5×103 and of α = 0o - 45o for AR=7.
3. EXPERIMENTAL SET-UP
Flow measurements were performed in an open return wind tunnel with a test
section height, width and length of 46, 46 and 120 cm, respectively. The section’s
sidewalls are made of Plexiglas thereby aiding the visualization of the experimental
apparatus. The maximum empty test section speed of this wind tunnel is approximately
30 m/s. The contraction ratio between the settling chamber and test section is 5:1. A
honeycomb and three turbulence reduction screens are located at the inlet-settling
chamber to reduce tunnel turbulence to less than 0.3% in the test section. The velocity
non-uniformity outside the test-section wall boundary layers was less than 1.5% over

the speed range of the present experiments. The free stream turbulent was less than
0.3% in the speed range examined.
A smooth steel square prism of a width D =15 mm and an aspect ratio AR = 7
was used throughout the experiments. The square prism had sharp edges on all sides.
The blockage ratio (the ratio of the frontal area of the prism to the cross-sectional area
of the test section) ranges from 0.7% (for α=0o) to 1.1% (for α=45o) and hence the wind
tunnel walls effects on the measured quantities can be negligible (McClean and
Sumner 2014, West and Apelt 1982).
The wind tunnel test section is equipped with a three-axis traverse system,
which is controlled by a LabVIEW computer program. This traverse system is mounted
above the wind tunnel such that the hot-wire probe supporting structure enters the wind
tunnel from the ceiling as shown in Fig. 2. Three step motors are used in the traversing
mechanism to control the vertical and horizontal position of the measurement probe of
the hot-wire system with the accuracy of ±0.1 mm.

Fig. 2. wind tunnel test section and traverse mechanism.
The time-mean and fluctuating streamwise velocities were measured using a
single hot-wire probe. The probe was calibrated both statically and dynamically and all
data were low-pass filtered. Data were recorded via a 12-bit A/D. In order to quantify
the uncertainty of the hot-wire anemometer, the methodology provided in (Jorgenson
2002, Yavuzkurt 1984) were followed. The uncertainty of the results obtained with the
CTA anemometer is a combination of the uncertainties of the individually acquired
voltages converted into velocity. The uncertainty of each individual velocity sample was
determined by non-statistical means based on detailed knowledge of the
instrumentation, calibration and experimental conditions. The hot-wire anemometer has
a negligible drift, low noise, and good repeatability so that these factors do not add
significantly to the uncertainty in comparison with other error sources (Jorgenson
20052). The uncertainties of the time-average velocity and turbulence intensity (TI)
were found to be around 3.6% and 6%, respectively.

Measurements of the boundary layer velocity profiles and properties were made using
a single hot-wire probe at a free-stream velocity of Uo=20 m/s. The time-averaged
streamwise velocity and turbulence intensity profiles of the ground plane boundary
layer at the location of the prism (with the prism removed) are shown in Fig. 3. The
boundary layer thickness is 𝛿=7.5 mm at the prism location (Fig. 3). This boundary
layer provides a thickness-to side-length ratio of 𝛿/D=0.5 and a thickness-to-height ratio
of 𝛿/H=0.07. The boundary layer thickness may have a pronounced influence on the
flow structure around a wall-mounted finite-length cylinder (Wang and Zhou 2009). It is
noted that in the present study the boundary layer thickness is approximately 𝛿=7.5
mm (or 𝛿/H=7%) for freestream velocity of Uo=20 m/s, which is negligibly small when
compared with the height of the square prism. Therefore, the effect of boundary layer
thickness on the wake structure can be neglected.

Fig. 3. Time-averaged streamwise velocity and turbulence intensity profiles of the
ground plane boundary layer of wind tunnel. Measurements were performed in the
absence of cylinder.
4. RESULTS AND DISCUSSION
The results of this study will be presented in two subsections including mean flow field
and Strouhal number.
4.1 Mean flow field
One of the characteristics of a finite prism is that the wake structure changes
significantly from the tip to the base of the prism. Fig. 4 presents the time-averaged
velocity profiles at α=0o along the spanwise direction for various Y/D at X/D=3, Re=
2×104. It should be noted that the origin of the coordinate system is at the cylinder
center on the wall, see Fig. 1. It is seen that the velocity profiles for Y/D = 3.5 - 6.5
have two peaks with low values in the region of about 1.5<Z/D<1.5, where the value of
this minimum velocity increases with Y/D. The appearance of two peaks in some Y/D is
due to the effect of downwash flow from the free end as reported by Adaramola et al.

(2006) and Okamoto and Sunabashiri (1992). In other words, the downwash flow,
which originates from the prism’s free end and descends into the wake, extends to the
mid-height of the square prism and therefore the wake flow is divided into two similar
regions. This is a reason for providing two peaks in the time-averaged velocity profiles
in Figs. 4. It seems that near the ground plane (Y/D=0.5 and 1.5) the time-averaged
velocity profiles have only a single peak. This is due to the fact that flow field close to
the ground plane (Y/D<3.5) is not influenced by the downwash flow. Fig. 4 also shows
that the velocity at the mid-span (Z/D=0) increases from about 0.2 to 1 close to the wall
(Y/D=0.5) and celling (Y/D=7), respectively.

Fig. 4. The time-average velocity profiles along the spanwise direction (Z) at various
heights (Y/D=0.5-7, α=0o and Re=2×104, X/D=3): (a) lower half of the prism, (b) upper
half of the prism.
Fig. 5 presents the time-averaged velocity profile at three different incidence
angles (α=0o, 15o, 45o) along the streamwise direction (X/D=3, 5) at mid-height of the
square prism. At X/D=3 all velocity profiles have two peaks (Fig. 5(a). As mentioned
before these peaks originate from the downwash flow from the free end surface. It
seems that at X/D=5, the downwash flow does not reach the mid-section (Y/D=3.5) at
α=15o and the time-averaged velocity profiles have only a single peak (Fig. 5(b)).
Fig. 6 presents the time-average velocity profiles in the wake region on the XY
plane at the wake centerline (Z/D=0) for α=0o and 45o (Re=20000). Although velocity
profiles are roughly similar in two cases for X/D=5, 7.5 and 10, but at X/D=3 the velocity
profiles are markedly different from each other. As seen from Fig. 6, at X/D=3, the
velocity profiles have relatively large variation near the free end of the cylinder (Y/D=7),
where a strong separating free shear layer forms. This shear layer flow provides a
downwash flow behind the cylinder. Fig. 6 reveals that separating shear layer and the
corresponding large velocity gradient near the free-end surface are more notable for
α=45o than for α=0o.

Fig. 5. Mean velocity profiles along the spanwise direction (Z) at various
angles(Y/D=3.5 and Re=2×104): (a) X/D=3, (b) X/D=5.

Fig. 6. Time-average velocity profiles on the XY plane at wake center plane (Z/D=0),
(Re=2×104, α=0o,45o)
Turbulence intensity (the root-mean-square of the fluctuating velocity) contours
for α=0o-45o are presented in Fig. 7. They are scaled with the free stream velocity. In
general, the turbulence intensity increases in the wake region with an increase in X/D
attaining a maximum at 3<X/D<8 before decaying.
The turbulence structure
experiences substantial changes with increasing α. The turbulence intensity is
symmetric with respect to the wake center (Z/D=0) at α=0o. With increasing α from α
=0o to 15o, the asymmetry in the turbulence structure grows. The asymmetry is
alleviated with a further increase in α, turbulence structure eventually becoming

symmetric at α=45o. It should be noted that the turbulent wake of a finite square prism
is dramatically different from an infinite square prism. Oudheusden et al. (2008) for an
infinite square prism revealed that the maximum turbulence intensity is located on the
lateral sides while the maximum turbulence intensity for present work occurs in the
shear layers separated from the leading edges (near the lateral sides) and behind the
prism owing to the downwash flow.

Fig. 7. Turbulence intensity contour at mid-height plane (Y/D=3.5) for various incidence
angles (Re=2×104)

Fig. 8 indicates the turbulence intensity profiles for α=0o, 15o, 45o at Y/D = 3.5
and X/D =3, 5. Two peaks are observed on the shear layers at both X/D=3 and 5 for all
α at 1.5<Z/D<1.5. In addition, the turbulence intensity levels and its maximum decrease
gradually by increasing the incidence angle so that the maximum turbulence intensity at
α=0o and α=45o are 27% and 24%, respectively.

Fig. 8. Turbulence intensity profiles along the spanwise direction (Z) at various angles
at: (a) X/D=3, (b) X/D=5, (Y/D=3.5 and Re=2×104)
Fig. 9 shows the turbulence intensity on the X-Y plane at Z/D=0 for various α. It
should be noted that although Figs. 9 (b) and (c) provide a useful insight into the wake
region, but it is expected that the contours shown in these figures could not present the
thoroughgoing details of the flow field because of asymmetric structures at α=15 o and
25o. As can be seen from Fig. 9 the turbulence intensity contours have two local
maxima. The first one ranged from 19%-24% is located just on the shear layer above
the free end surface and the other one ranged from 24%-27% is located behind the
prism.
In order to make a detailed comparison between turbulence intensity distribution
at different α, the turbulence intensity profiles on the X-Y plane at α=0o and 45o are
provided in Fig. 10. It is seen from Figs. 9 and 10 that the location of the maximum
turbulence intensity in the wake region moves farther downstream with increasing α.
For instance, the turbulence intensity reaches the peak values of 26% (α=0 o) at (X/D,
Y/D) = (5, 4) and 24% (α=45o) at (X/D, Y/D) = (7.5, 2.75). It should be noted that at
X/D=10, the turbulence intensity distribution at α=0o and 45o almost have a similar trend.

Fig. 9. Turbulence intensity contour on the X-Y plane at wake center plane (Z/D=0),
Re=2×104. (a) α =0o, (b) α=15o, (c) α=25o, (d) α=45o.

The normalized wake width was determined by Huang et al. (2010) and
Sohankar et al. (2015) for an infinite square cylinder at various incidence angles
(Re=6776-77000). In these works, the wake widths were measured at D/4 and D
downstream of the cylinder in Huang et al. (2010) and Sohankar et al. (2015),
respectively. They illustrated that two local minimum wake widths occur at α=0o and
15o. At α=0o where the cross-stream width of the square cylinder has a minimum value,
the local wake width is about 1.25D, while it reaches to about 1.2D at α=15o (Sohankar
et al. 2015). The reduction of the wake width at the critical incidence angle (α=15o) is
due to the occurrence of the shear layer reattachment on the lower face (Sohankar et
al. 2015). The shear layer passing closer to the body leads to a smaller the wake width.
The maximum wake width occurs at α=45o, where it is about 1.7D. If one scales the
wake width with its projection width rather than D at each incidence angle, the
normalized wake width is about 1.25, 0.98 and 1.21 for α=0o, α=15o and α=45o,
respectively (Sohankar et al. 2015).

Fig.10. Turbulence intensity profiles on the X-Y plane at wake center plane (Z/D=0) for
X/D=3, 5, 7.5 and 10 at α=0o, 45o (Re=2×104).
In this study, the method employed by Huang et al. (2010) was used for
estimation of the wake width for a finite prism. Huang et al (2010) for an infinite prism
stated that the peak values on the turbulence intensity distributions were located in the
shear layers. Therefore, the distance between these two peaks at each X/D could be
used as an appropriate index for estimating the the wake width. It should be noted that
the features of vortex formation and wake structure for a finite square cylinder are
different from that of the infinite cylinder (Huang et al. 2010, Sohankar et al. 2015).
Nevertheless, it is found some similarity between them, where the flow pattern in the
middle of the finite prism should resemble the structure of an infinite cylinder due to a
quasi-periodic shedding that is nominally parallel to the prism axis (Bourgeois et al.
2011). The scaled wake widths (W/D) are shown for various incidence angles in Fig.
11 and compared with the results of Huang et al. (2010) and Sohankar et al. (2015).
Despite the fact that the variation of the wake width of the finite square prism is not
exactly identical to the infinite square prism, the minimum wake width occurs at the
critical incidence angle (α=15o) and the maximum value is present at α=45o.
Furthermore, as can be seen at all incidence angles the wake width of the finite square
prism is larger than the infinite one.

Fig. 11. Dependence of wake width (at Y/D=3.5, X/D=1, 3) on  (Re=2×104). The
results for the infinite cylinder are also included, where the wake width was measured
at X/D= 1/4 and 1.0 in Huang et al. (2010) and Sohankar et al. (2015), respectively.
4.2 Strouhal number
Fig. 12 presents the variation of St measured using a hotwire along the height of
the finite square cylinder at three different streamwise locations for α=0o. The hot-wire
probe was fixed at Z/D = 2 and it varies from Y/D = 1 to 7 for X/D =3, 5 and 10. The
measurements were made at a freestream velocity of Uo=11 m/s, corresponding to a
Re=1.1×104. The central frequency of the local maximum spectrum amplitude
corresponds to the frequency of the vortex shedding.
The notable variations are observed in the shape and strength of the peaks in
the power spectra along the height of the cylinder. Fig. 12 indicates that the amplitude
of the dominant peak decreases near the free end, due to the interaction between
downwash flow from the free end and spanwise vortex shedding as reported by
Okamato and Sunabashiri (1992).
Fig. 12 shows that St = 0.107 is dominant for the nine positions considered.
Wang and Zhou (2009) also obtained identical power spectra at different streamwise
locations. They stated that the major peak occurred at the same frequency throughout
the cylinder span. This implies that the tip and base vortices may separate from the
cylinder at the same frequency as spanwise vortices (Wang and Zhou 2009). McClean
and Sumner (2014) used hot-wire measurements to see how the Strouhal numbers and
power spectra changed along the height of square prisms with different AR and α. They
stated that for AR=11 and α=0o a vortex shedding peak corresponding to St=0.10 was
detected along the entire height of the prism. Similar behavior was seen for α=15 o
where St=0.12, but the peaks tend to be wider than for α=0 o. For AR=7 and α=0o, the
strong narrow vortex shedding peaks were found along the entire height of the prism.

For α=15o, 30o and 45o the peaks were somewhat weaker near the ground plane and
near the free end.

Fig. 12. Power spectra measured at various positions along the height (Y/D=1, 3.5, 7)
for X/D= 3, 5, 8 at Z/D=2 for α=0o, Re=1.1×104.
The St = 0.107 in this work is lower than that of the infinite square cylinder,
which was reported as 0.125∼0.13 for Re=1×103∼2×104 (Okajima 1982). Zdravkovich
(2003) attributed the decrease in the St of the finite-length cylinder to the free-end
downwash flow. He suggested that the downwash flow elongates the vortex formation
length and widens the near wake, thus prolonging the spanwise vortex shedding.
Fig. 13(a, b) indicates the frequency distributions of the vortex shedding obtained from
the power spectrum density functions for 0o<α<45o (with an increment of 5o) at various
free stream velocities from U=6.5 m/s to 28.5 m/s (Re=6.5×103-28.5×103). The hot-wire
probe was installed in the downstream of the cylinder at X/D=5, Y/D=3.5 to obtain clear
signals.
As seen from Fig. 13(a), the vortex shedding frequencies for all free stream
velocities have similar variations with respect to the incidence angle. It is observed that

for each specific free stream velocity, the vortex shedding frequency increases slightly
with increasing α, reaching a maximum at α=15o, followed by a drop for subsequent
rise in the incidence angle. The trend of the vortex shedding frequency of the present
work is qualitatively similar with those reported by Huang et al. (2010) and Sohankar et
al. (2015) for the infinite cylinder.
The previous research (Huang et al. (2010) and Sohankar et al. (2015),
Rockwell 1977, Obasaju 1983) reported for an infinite cylinder that the occurrence of
maximum St is related to the reattachment of the separated shear layer. The shear
layer deflects at the reattachment point near the downstream corner of the cylinder and
then rolls up at a distance downstream of the body to form a thin wake containing
weaker vortices. The thin wake suggests a contraction of the distance between the
shed vortices in both transverse and longitudinal directions. This also results in a higher
shedding frequency.

Fig.13. Variation of frequency with (a) incidence angle for various inflow velocities, (b)
with inflow velocity for various incidence angles
Fig. 13(b) shows the variation of vortex shedding frequency with free stream
velocity for various α. It can be seen that for a specific α, the vortex shedding frequency
increases linearly with the increase of free stream velocity, regardless of subcritical or
supercritical region. The vortex shedding frequency data presented in Fig.13 are
converted to Strouhal numbers, i.e. St and St’ based on the cylinder side, D, and
projected width of the cylinder on the cross-stream plane, D(sin(α)+cos(α)),
respectively (Figs. 14). The use of projection width as the length scale for Strouhal
number instead of the cylinder width is due to the conventional usage for non-circular
objects, for instance, a flat plate, airfoil, oval, wedge, etc. (Huang et al. 2010 and
Sohankar et al. 2015). In fact, the projection width shows approximately an order of the
wake width of such bodies, which is an important flow parameter of the wake structure.
In Fig. 14 (a, b), the results are plotted as functions of Re and α and compared with the
results of Huang et al. (2010) (an infinite square prism) and McClean and Sumner
(2014) (a finite square prism with AR=7). In Fig. 14 (c, d), the contours of St and St’ are
provided for cases of Fig. 14(a, b), respectively.

Fig. 14 (a, c) shows that, for the infinite square prism, the Strouhal number is
clearly sensitive to the incidence angle. Based on the results reported in the literature,
the maximum St for a finite square cylinder occurs at αcr =15o - 17o that is dependent
on experimental conditions (McClean and Sumner 2014). As shown in Fig.14 (a), the
Strouhal number increases with increasing incidence angle from α=0o to a maximum at
α =15o, followed by a gradual fall and then it approximately levels off for incidence
angle greater than about 30o. The finite prism data of McClean and Sumner (2014) for
AR=7 reveal that a maximum Strouhal number value occurs at α=16 o, which is in good
agreement with the present results. Fig. 14 (a) also shows the Strouhal numbers of the
finite prism are higher than those of the infinite prism (Huang et al. 2010). Based on Fig.
14, the lowest value of Strouhal number occurs at α=45 o or at α=0o when the side
length (Fig. 14 (a)) or the projected width (Fig. 14 (b)) are used as the reference length
scale, respectively. Fig. 14 also illustrates the Strouhal number slowly decreases as the
Re increases. These differences become small for higher Reynolds numbers, where
the St approximately approaches to same value for Re>15×103.

Fig. 14. Strouhal number based on (a, c) cylinder side D, and (b, d) projected width of
the cylinder D(sinα+cosα). The results of an infinite square prism (Huang et al. 2010)
and a finite square prism (McClean and Sumner 2014) are also included.

5. CONCLUSIONS
The experimental investigation of the flow field over a surface-mounted square prism is
conducted. In particular, the effect of incidence angle on the wake structure and
Strouhal number is addressed. The experiments are carried out in a low-speed wind
tunnel at Reynolds numbers ranged from Re=6.5×103 to 28.5×103 and for an aspect
ratio of AR=7 at incidence angles from α=0o to α=45o. The boundary layer is thin and its
thickness relative to the prism height is δ/H=0.07.
Regarding the wake structure, a downwash flow from the free end of the prism is
observed. The downwash flow extends to the mid-height of the prism, resulting in the
increase of velocity near the centerline. There is a reduction in the size of wake region
along the height of square prism when moving away from the ground plane towards the
free end. The reason for such behavior is due to the interaction between spanwise
vortices, downwash and upwash flows in the downstream region of the cylinder. In
addition, the wake width of the finite square prism changes with α, a minimum wake
width being at α=15o and a maximum wake width at α = 45o.
Similar to the infinite square prism the turbulence intensity distribution is
sensitive to α. In contrast to the infinite prism for which the maximum turbulence
intensity occurs in the shear layers from the lateral sides, the maximum turbulence
intensity for the finite square prism prevails in the shear layers separated from the free
edge and behind the prism. This is generally attributed to the influence of the strong
three-dimensional flow around the free end and to the downwash in the wake.
The results show that there is a dominant frequency for all positions considered
and St along cylinder height has a constant value of 0.107 for α = 0o. The critical α is
found to 15o that separates the subcritical and supercritical regimes. The St reaches a
maximum when the wake width is minimum. The physical reason for this phenomenon
relates to the reattachment of the flow on the lateral side of the prism and the formation
of the separation bubble.
There are some similarities between parameters of finite and infinite cylinders at
incidence mostly in their trends, not values. For example, the trend of variations of
frequency, Strouhal number and wake width are similar for both type of cylinders while
their values are different. The angle at which the Strouhal number reaches a maximum
value while the wake width has a minimum value is around 15 0 in finite and infinite
cylinders. In addition, the wake width/Strouhal number of the finite square prism is
larger/lower than that of the infinite cylinder for all incidence angles considered.
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