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Abstract. A systematic set of low-speed wind tunnel experiments was performed at Re = 6.5x10* and 1.1x10° to study the
mean wind loading experienced by surface-mounted finite-height square prisms for different aspect ratios, incidence angles, and
boundary layer thicknesses. The aspect ratio of the prism was varied from AR =1 to 11 in small increments and the incidence
angle was changed from o = 0° to 45° in increments of 1°. Two different boundary layer thicknesses were used: a thin boundary
layer with 6/D = 0.8 and a thick boundary layer with 6/D = 2.0-2.2. The mean drag and lift coefficients were strong functions of
AR, a, and J/D, while the Strouhal number was mostly influenced by o. The critical incidence angle, at which the prism
experiences minimum drag, maximum lift, and highest vortex shedding frequency, increased with AR, converged to a value of
o, = 18° = 2° once AR was sufficiently high, and was relatively insensitive to changes in ¢/D. A local maximum value of mean
drag coefficient was identified for higher-AR prisms at low a. The overall behaviour of the force coefficients and Strouhal
number with AR suggests the possibility of three flow regimes.

Keywords:
coefficient; critical incidence angle

bluff body; surface-mounted finite-height square prism; wind loading; vortex shedding; drag coefficient; lift

1. Introduction

Flow around a surface-mounted finite-height square
prism (of width D and height H, Fig. 1) is a fundamental
three-dimensional (3D) bluff-body shape that may be
representative of flow around slender buildings or short
block-shaped electronic components on circuit boards. The
interaction between the prism and the boundary layer on the
ground plane (with freestream velocity U., mean
streamwise velocity profile u(z), and boundary layer
thickness 0), plus the flow around the free end of the prism,
create a complex 3D flow field that differs considerably
from that of the familiar “infinite” (or two-dimensional, 2D)
square prism.

Reynolds number (Re = U.D/v, where v is the fluid’s
kinematic viscosity) effects have not been extensively
studied for finite prisms, but see McClean and Sumner
(2014), Wang et al. (2017), Zhang et al. (2017), Sohankar et
al. (2018), and Wang (2019) for some details. The effect of
AR has been considered in a wide range of studies; prisms
that are below a critical value of aspect ratio have a unique
wake structure where familiar antisymmetric Karman
vortex shedding is absent (Sakamoto and Arie 1983,
Sakamoto and Oiwake 1984, Sakamoto 1985, Wang et al.
2009, Wang and Zhou 2009, Saha 2013, McClean and
Sumner 2014, Porteous et al. 2017, Sumner et al. 2017,
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Unnikrishnan et al. 2017, Zhang et al. 2017, Yauwenas et
al. 2019). The thickness of the ground plane’s boundary
layer also affects the wake (Wang et al. 2006, Hosseini et
al. 2013, El Hassan et al. 2015, Wang et al. 2017, Behera
and Saha 2019).

Four main flow patterns have been identified for the 2D
square prism at different o (Fig. 2). The relative positions of
the four corners or vertical edges (labeled ‘a’, ‘b’, ‘c’, and
‘d’ in Figs. 1 and 2), the behaviour of the separated shear
layers from corners ‘a’ and ‘d’, and the tendency for shear
layer reattachment onto side ‘c-d’, are vital for determining
the wind loading and vortex shedding. The critical
incidence angle a. corresponds to orientation where the
lower shear layer first reattaches onto the lower side (‘d-c’)
at vertical edge ‘c’, and thus marks the boundary between
the perfect separation (asymmetric) (Fig. 2(b)) and
reattachment (Fig. 2(c)) flow patterns.

For surface-mounted finite-height prisms, the incidence
angle ranges for these four flow patterns, how and if they
might vary along the prism height, and whether other flow
patterns may occur, have not yet been broadly investigated.
Incidence angle effects for wide ranges of Re, AR, and d/D
are generally not well understood since most studies of
finite prisms have been limited to a = 0° where the prism
face is normal to the oncoming flow. Only a small number
of studies have focused on combinations of Re, AR, /D,
and a (where the four main parameters are systematically
varied over large ranges and with small increments) on the
flow field (Unnikrishnan et al. 2017, Cao et al. 2019),
windloading (Sakamoto and Oiwake 1984, McClean and
Sumner 2014), pressure distribution (Lim 2009, Lee et al.
2016), or vortex shedding (Sakamoto 1985, McClean and
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Fig. 1 Schematic of flow around a surface-mounted finite-height square prism (of height A and width D) immersed in a flat-
plate boundary layer (with thickness J, mean velocity profile u(z), vertical coordinate z, and freestream velocity U). The
incidence angle a has positive rotation in the CW direction. The drag force Fp and lift force F; are aligned with the
streamwise x and cross-stream y coordinate directions, respectively. The prism’s vertical edges are labelled as ‘a’, ‘b’, ‘c’, and

‘d’.

and Sumner 2014). To address this gap in the literature, the
present experimental study examines the effects of
changing AR, J/D, and a on the behaviour of mean drag
force coefficient Cp, mean lift force coefficient C;, and
Strouhal number St. Finite prisms of AR = 1 to 11 (in
increments of 0.5) were tested over a = 0° to 45° (in
increments of 1°). The wind loading (Cp, Cr) measurements
were made at Re = 1.1x10° for two boundary layer
thicknesses of J/D = 0.8 (representing a “thin” boundary
layer) and /D = 2.0 (representing a “thick” boundary
layer). Vortex shedding frequency measurements (to obtain
St) were made at Re = 6.5x10* for 6/D = 0.8 and 2.2.

2. Literature review
2.1 Mean drag force coefficient

For a 2D square prism at a = 0°, the mean drag
coefficient (Cp = Fp(YspU.*DH)', where Fp is the mean
drag force and p is the fluid’s density) is relatively
insensitive to Reynolds number from 10° < Re < 10° (Bai
and Alam, 2018). The same behaviour has been observed
for finite prisms. For example, Wang et al. (2017)
performed an experimental investigation from 6.8x10* < Re
< 6.12x10° and showed that Cp did not vary significantly
with Re (within this relatively limited range) for a finite
height square prism with AR =5 at o = 0°. At much lower
Reynolds numbers, however, Cp is much more sensitive to
Re, as demonstrated by Zhang ef al. (2017) in their
simulation of the flow around a surface-mounted finite
height square prism of AR =4 at Re = 50 to 1000; this same
sensitivity at low Re is also seen for the infinite (2D) square
prism (Bai and Alam 2018).

For the finite prism, Cp is always lower than that of the
infinite prism owing to the effects of the 3D flow field. The
effect of the aspect ratio (AR) at « = 0° has been
experimentally investigated by Akins et al. (1977), Sarode
et al. (1981), Sakamoto and Oiwake (1984), Sakamoto
(1985), McClean and Sumner (2014) and numerically
investigated by Saha (2013). Data from selected studies in
Fig. 3(a) suggest three trends in the Cp = f(AR) relationship:
(i) Cp tends to increase with AR at lower aspect ratios; (ii)
Cp becomes nearly independent of AR at intermediate
aspect ratios; and (iii) Cp begins to slowly increase with AR
at higher aspect ratios. Similar trends have been reported for
the Cp of finite cylinders (Beitel, Heng, and Sumner, 2019)
and the overall sound pressure level of finite prisms
(Moreau and Doolan 2013).

The variation of Cp with the incidence angle (a) is
shown in Fig. 4(a). The sensitivity of Cp to a for the finite
prism is more subdued compared to the 2D prism, but the
general trends for the finite prism are similar, with a
minimum Cp occurring at the critical incidence angle o..
For the finite prism, a. is sensitive to aspect ratio and is
higher than that of the infinite (2D) prism.

Sakamoto (1985) is one of the few studies to consider
boundary layer thickness effects, for AR =2, 3,4, 5ata =
0° only. He found that for all aspect ratios, Cp increased
linearly with H/d, i.e. a thicker boundary layer (relative to
H) resulted in smaller Cp. The same observation was made
by Sakamoto and Oiwake (1984) and Wang et al. (2017)
and is consistent with the behaviour of finite cylinders
(Beitel et al. 2019).

2.2 Mean lift force coefficient

A mean lift force is experienced by square prisms for
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=10°, Perfect separation (asymmetric) flow pattern
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(direction of rotation shown, +a in CW direction)
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(c) a = 30°, Reattachment flow pattern (d) a = 45°, Wedge flow pattern

Fig. 2 Schematics of the four flow patterns for a 2D square prism at Re = 10* based on the classification of Igarashi (1984):
(a) perfect separation (symmetric) flow pattern, shown for a = 0°, (b) perfect separation (asymmetric) flow pattern, shown for
o = 10°, (c) reattachment flow pattern, shown for a = 30°, (d) wedge flow pattern, shown for a = 45°. Note the locations of
the four corners or vertical edges, ‘a’, ‘b’, ‘c’, ‘d’, and the CW direction of increasing incidence angle (see also Fig. 1).

1.8 — T T T T T T T T T T T T 1
I C, nearly
1.6 mdependent of AR -
-.;;E'E!!EIIEEEHD
14 .DD C, slowly T

) increases with AR
u_e Ww

S22k -‘E‘iﬁ' .

1.0 * C, increases a
g with AR
0.8 B E
a I 1 " 1 L 1 " 1 " 1 " 1 M 1 " 1 1 1
( ) 0 1 4 S T 2 T L T L T LS T g T ¢ 1 5 T L T
St nearly XXX
independent of AR ><X><><><><><><><><><><><><><><>°<><><Xx><><><><>< KKk
- e E;! 5? [ ReE=— 2 ™ Multiple shedding peaks
010 M‘B; c bl b %Hg b bbb
| Stincreases
with AR
(b) 006 " L " 1 " 1 " 1 " 1 L 1 " 1 " 1 " 1 "
0 2 4 6 8 10 12 14 16 18 20

AR

Fig. 3. Published experimental data for a surface-mounted finite-height square prism at « = 0° illustrating the dependence of
the (a) mean drag coefficient and (b) Strouhal number on the prism’s aspect ratio. ¥, Sakamoto and Oiwake (1984), Re =
2.82x10% to 1.1x105 6/D = 1.0 to 4.0; A, Sakamoto (1985), Re = 3.5x10* to 1.8x10°, §/D = 0.67 to 3.33; @, McClean and
Sumner (2014), Re = 7.3x10%, 6/D = 1.5; +, Porteous et al. (2017), frequency peak P1, Re = 1.4x10% 6/D = 1.3; X, Porteous
et al. (2017), frequency peak P2, Re = 1.4x10%, /D = 1.3; K, Porteous et al. (2017), frequency peak P3, Re = 1.4x10%, 6/D =
1.3; P, Wang et al. (2017), Re = 1.1x105 /D = 1; , Wang et al. (2017), Re = 1.1x10°, /D = 7; W, present study, Re =
1.1x10° (Cp data) and Re = 6.5x10* (St data), 6/D = 0.8; [, present study, Re = 1.1x10%, §/D = 2.0 (Cp data) and Re =
6.5x10% /D = 2.2 (St data).

angles between o = 0° and 45°. The mean lift coefficient
(CL = Fi(YspU*DH) ™!, where Fy is the mean lift force) is
strongly sensitive to a, and for the case of the finite prism,
is also a complex function of AR (Fig. 4(b)). Based on the
CW rotation of the prism (Figs. 1 and 2), the lift force is
almost always induced in the —y direction, towards side ‘c-
d’ where shear layer reattachment ultimately occurs, and
therefore C; has a negative value.

An increase in AR tends to result in an increase in the C;,
magnitude (i.e., C; becomes more negative) when a > a..

For very low aspect ratios, the lift coefficient attains a
small positive value (directed in the +y direction) between a
= 20° and 45°, as shown in the data for AR = 1 from
Sakamoto (1985) in Fig. 4(b). This feature has also been
reported in some, but not all, studies of 2D square prisms at
incidence.

For both infinite and finite prisms, C; attains its
maximum (most negative) value at the critical incidence
angle. For the finite prism, o. tends to be higher than that of
the infinite prism and increases with AR (Sakamoto 1985,
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Fig. 4. Published experimental data for a finite square prism, at selected AR, illustrating the dependence of the (a) mean drag
coefficient, (b) mean lift coefficient, and (c) Strouhal number on incidence angle. Data for the infinite (2D) prism are also
included. Sakamoto (1985), Re = 3.5x10* to 1.8x10°, /D = 0.67 to 3.33, green solid symbols: M, AR=1; ® AR=15; A,
AR=2; V., AR=25® AR=3; 4 AR =4; P, AR =5. McClean and Sumner (2014), Re = 7.3x10% 6/D = 1.5. red solid
symbols: €, AR=3; » AR=5® AR=7; %, AR=9; @ AR = 11. Infinite (2D) square prism: I, Igarashi (1984), Re =
3.7x10% K, Igarashi (1984), Re = 5.6x10% O, Knisely (1990), Re = 2.2x10* to 4.4x10* V, Norberg (1993), Re = 1.3x10%
<, Obasaju (1983), Re = 4.74x10* <, Yen and Yang (2011), Re = 3.6x10%; ——, Lee (1975), Re = 1.76x10%, uniform flow.

McClean and Sumner 2014). Unnikrishnan et al. (2017)
showed that the greatest asymmetry in the mean wake of a
finite prism occurs at a., while Sohankar et al. (2018)
showed that the wake attains its minimum width at ..

There are few studies of boundary layer thickness
effects on C; and a.. Akins et al. (1977) adopted four
boundary layers in their experiments, with the same
thickness but with different wall shear stress or friction
velocity. They discovered that the magnitude of C:
decreased slightly when the friction velocity at the wall
increased, regardless of AR.

2.3 Strouhal number

Systematic investigations of the effects of AR on the
Strouhal number (St = fD/U.., where f'is the vortex shedding
frequency) of a finite prism, for @ = 0° only, have been
reported by Sakamoto and Oiwake (1984), Sakamoto
(1985), and Porteous et al. (2017). A compilation of St data
at a = 0° in Fig. 3(b) show three basic trends: (i) at low
aspect ratios, there is first an absence of a shedding peak
followed by an increase in St with AR; (ii) at intermediate
aspect ratios St tends to be independent of AR; (iii) at
higher aspect ratios, multiple shedding peaks occur.
Porteous et al. (2017) identified four distinct shedding
regimes for the finite prism at a = 0°: regime RO occurs for
AR < 2, where a well-defined peak is not evident in the

power spectrum,; regime R1 occurs for 2 < AR < 10, where
a single and relatively sharper peak (P1) is found; regime
R2 occurs for 10 < AR < 18, where two shedding peaks (P1
and P2) are found; regime R3 occurs for AR > 18, where
there is a third peak (P3).

Non-zero incidence angles strongly influence St (Fig.
4(c)) and a maximum value of St is found at a.. For the
finite prism, systematic studies of the effects of both AR
and a on the Strouhal number were performed by Sakamoto
(1985) and McClean and Sumner (2014); results are shown
in Fig. 4(c) for illustrative purposes; Sohankar et al. (2018)
also considered the effects of a but for AR = 7 only.

The effect of the boundary layer thickness on vortex
shedding at & = 0° was investigated by Sakamoto and
Oiwake (1984), Wang et al. (2017), and Kindree,
Shahroodi, and Martinuzzi (2018). Sakamoto and Oiwake
(1984) studied the relationship between St and H/o for a
rectangular prism with AR = 3 and found that a thicker
boundary layer results in slightly smaller vortex shedding
frequency. A similar conclusion was reported by Wang et al.
(2017) for a prism of AR =5 with 6/D =1 and 7. Kindree e?
al. (2018) wused laminar, transitioning, and turbulent
boundary layers but did not find an obvious shift in the
vortex shedding frequency; however, they observed a low-
frequency signature (with a value about ten times smaller
than the shedding frequency) for the laminar and
transitioning boundary layers.
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Fig. 5. Properties of the boundary layers, including the mean streamwise velocity and turbulence intensity profiles: (a) thin
boundary layer, U, = 40 m/s (corresponding to Re = 1.1x105 ¢/D = 0.8); (b) thick boundary layer, U, = 40 m/s
(corresponding to Re = 1.1x10°%, §/D = 2.0); (c) thin boundary layer, U., = 22.5 m/s (corresponding to Re = 6.5x10%, 6/D =
0.8); (d) thick boundary layer, U.. = 22.5 m/s (corresponding to Re = 6.5x10%, 6/D = 2.2). O, x/D=-5; @, x/D=0; O, x/D =

+5.

3. Experimental approach

The wind tunnel set-up and instrumentation were similar
to Beitel et al. (2019). The dimensions of the wind tunnel
test section were 0.91 m (height) x 1.13 m (width) x 1.96 m
(length). A National Instruments PCle-6259 16-bit data
acquisition board was used with LabVIEW software to
sample data at 1 kHz for 20 s. The flow conditions in the
wind tunnel were measured with a United Sensor Pitot-
static probe (with type-T thermocouple). The freestream
dynamic pressure was measured with a Datametrics Barocel
Type 590 differential pressure transducer and the freestream
static pressure was measured with a Datametrics Barocel
Type 600 absolute pressure transducer. Two different
freestream velocities were used: (i) for the measurements of
Fp and Fy, a freestream velocity of U, = 40 m/s was used to
increase the accuracy of the very small forces experienced
by the shortest prisms, resulting in Re = 1.1x10%; (ii) for the
vortex shedding frequency measurements, U, = 22.5 m/s
was used, primarily to keep the wind tunnel temperature as
low as possible, resulting in Re = 6.5x10* These two
Reynolds numbers are sufficiently close to one another that
any Re effects are very small. For both freestream
velocities, the streamwise freestream turbulence intensity
was less than 0.6%.

The finite square prisms were manufactured from
aluminium square tube in 21 different aspect ratios (AR = 1
to 11, with an increment of 0.5) with a common width of D
= 48 mm. Smooth surfaces and sharp edges were
maintained on all the models. The range of AR is larger
than those of all other studies with the exception of
Porteous et al. (2017). The maximum solid blockage ratio
was 2.6%. Each of the 21 prisms was rotated from o = 0° to
45° in increments of 1° so as to cover the four main flow
patterns (Fig. 2) and provide the sufficient angular
resolution to resolve a..

The prism was mounted on a force balance to measure
Fp and F;. The uncertainty in Cp ranged from + 0.18 for the
prism of AR = 1 to + 0.02 for the prism of AR = 11. The
uncertainty in C;, ranged from + 0.09 for the prism of AR =

1 to = 0.01 for the prism of AR = 11.

A Dantec Streamline constant-temperature anemometer
and a 55P11 single-wire hot-wire probe were used to obtain
the vortex shedding frequency. The probe was placed in a
fixed position in the wake, at x/D = 6, y/D = 2.5, and z/H =
0.5 (corresponding to the mid-height of the prism). The
power spectrum of the voltage fluctuations was computed to
determine the vortex shedding peak and corresponding
frequency (f) with an estimated uncertainty of + 2 Hz. The
uncertainty in the Strouhal number (St) was £ 0.004.

The prisms were mounted normal to a ground plane with
streamwise and cross-stream dimensions of 1790 mm x
1030 mm. With no trip installed, a “thin” fully developed
turbulent flat-plate boundary layer with 6/D = 0.8 was
present at the location of the prism. Installation of boundary
layer trip near the leading edge of the ground plane resulted
in a “thick” turbulent flat-plate boundary layer, with 6/D =
2.0 for the force measurements at U, = 40 m/s (Re =
1.1x10%) and &/D = 2.2 for the vortex shedding frequency
measurements at U, = 22.5 m/s (Re = 6.5x10%). The mean
streamwise velocity (#/Ux) and turbulence intensity (TI,)
profiles for the boundary layers are shown in Fig. 5. The
thick boundary layers were still developing at the location
of the prism.

4. Results and discussion (a = 0°)

For the two Reynolds numbers used in the present
experiments (Re = 1.1x10° and Re = 6.5x10%), the mean
drag coefficient and Strouhal numbers for the infinite (2D)
square prisms at a = 0° are Cp = 2.21 and St = 0.134 (Bai
and Alam 2018). The values of Cp and St for the surface-
mounted finite-height square prisms are consistently lower
for all aspect ratios and J/D values.

4.1 Mean drag force coefficient

Fig. 6(a) shows the behaviour of the mean drag
coefficient with aspect ratio at a = 0° for both the thin (/D
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Fig. 6 Mean drag coefficient data (at Re = 1.1x10°) (a) and Strouhal number data (at Re = 6.5x10*) (b) as a function of aspect
ratio (AR) for a finite square prism. Red and green curves show piecewise curve fits to the data (R-Squared value of 0.99 for
both the thin and thick boundary layer Cp data; R-Squared values of 0.76 and 0.83 for the thin and thick boundary layer St
data, respectively). Finite square prism: M, thin boundary layer (6/D = 0.8); O, thick boundary layer (6/D = 2.0 or 2.2). Finite
cylinder, Re = 6.5x10* (Beitel et al. 2019): @, thin boundary layer (6/D = 0.6); O, thick boundary layer (/D = 1.9).

= 0.8) and thick (6/D = 2.0) boundary layers at a single
Reynolds number of Re = 1.1x10°, For the thin boundary
layer, the same three general trends identified in Fig. 2(a)
are seen. First, at low aspect ratios, where the prism is
below the critical aspect ratio, Cp increases rapidly with AR;
the upper limit of the rapid increase in Cp is AR = 4. The
finite-cylinder data shown in Fig. 6(a) exhibit a similar
trend but the rapid increase in Cp with AR ends sooner at
AR = 2.5. Second, at intermediate aspect ratios (4 < AR <
8), Cp becomes nearly independent of AR, attaining a value
of Cp = 1.50; the finite cylinder in a thin boundary layer
behaves similarly for 2.5 < AR < 5. Third, for AR > 8, Cp
begins to slowly increase with AR. This noticeable change
in the behaviour of Cp at higher aspect ratios (starting at AR
~ 8) for the finite square prism Cp data in the present study)
is also seen in the Cp data for finite cylinders in thin
boundary layers (Fig. 6(a)) (Beitel et al. 2019), but earlier at
AR = 5, where it is attributed to changes in size, strength
and influence of the near-wake vortex structures.

Increasing the boundary layer thickness tends to lower
Cp. The data for the thick boundary layer show only two
trends. First, there is a rapid increase in Cp with AR for AR
<4.5. The rate of increase in Cp with AR is higher than that
of the thin boundary layer and the upper limit moves to AR
~ 4.5; the same trends are seen in the finite cylinder data.
Second, for AR > 4.5, Cp does not attain a constant value
but rather slowly increases with AR over the remaining
range of aspect ratio tested in the present experiments. This
same behaviour is seen for finite cylinders in thick

boundary layers (Fig. 6(a)) (Beitel et al. 2019). The results
suggest that the critical aspect ratios (based on the upper
limit of the rapid increase in Cp with AR) are AR ~ 4 and
AR = 4.5 for the thin and thick boundary layers,
respectively.

4.2 Strouhal number

Fig. 6(b) shows the behaviour of the Strouhal number at
a = 0°. At the lowest aspect ratios, for AR < 1.5 for the thin
boundary layer and for AR < 2.5 for the thick boundary
layer, it was difficult to identify a vortex shedding peak in
the power spectrum because the peak was either very broad-
banded or absent. These aspect ratios correspond to regime
RO from Porteous er al. (2017). Discernable vortex
shedding peaks were identified only for AR > 1.5 for the
thin boundary layer and for AR > 2.5 for the thick boundary
layer. Multiple peaks were not identified in any of the
spectra and therefore the St data for 1.5 < AR < 11 for the
thin boundary layer and for 2.5 < AR < 11 for the thick
boundary layer correspond to regime R1 and peak P1 from
Porteous et al. (2017).

For both boundary layers, the Strouhal number shows
the two distinct trends identified earlier in Fig. 3(b). First, at
low aspect ratios (AR < 2.5 for the thin boundary layer, and
AR < 5 for the thick boundary layer), St slowly increases
with AR. Thereafter, for further increases in AR, the
Strouhal number attains a nearly constant value of St =
0.104 up to the maximum aspect ratio tested (AR = 11),
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with the same value of St obtained for both the thin and
thick boundary layers. The present results suggest that an
increase in boundary layer thickness mainly acts to delay
the onset of vortex shedding to higher AR but otherwise has
little influence on the frequency itself. This result is
consistent with the general conclusions of the finite square
prism studies of Sakamoto and Oiwake (1984), Wang et al.
(2017), and Kindree et al. (2018), but is in contrast to the
finite cylinder data (shown in Fig. 6(b)), where the effects
of /D are more pronounced.

5. Results and discussion (effects of a)

The combined effects of incidence angle, aspect ratio,
and boundary layer thickness on Cp, Cz, and St are shown
in Figs. 7, 8, and 9, respectively. The present data behave
similarly to the data from McClean and Sumner (2014)
shown in Fig. 4, but the range of AR is larger and the AR
increment is smaller in the present study.

5.1 Mean drag force coefficient

Figure 7 shows the Cp(a) curves for the different aspect
ratios and for both boundary layers. A general trend for the
mean drag coefficient, for all incidence angles and for both
boundary layers, is that Cp increases with AR. The critical
incidence angle (o.) corresponding to the minimum Cp
(denoted by the solid blue circles in Fig. 7) behaves rather
irregularly with AR, mainly because of the difficulty of
accurately identifying the minimum, and ranges from o, =
16°+ 8% at AR =2to a.=21°+4° for AR =9.5.

In the thin boundary layer (Fig. 7(a)), from AR =1 to
3.5, the Cp(a) curves change dramatically with AR, both in
the magnitude of Cp and the location of a.. These prisms lie
below the critical aspect ratio and are therefore strongly
influenced by the boundary layer on the ground plane.

From AR = 3.5 to 8, for the thin boundary layer (Fig.
7(a)), there is less variation in the Cp(a) curve with aspect
ratio. This range of aspect ratio is similar to that identified
in Cp(AR) curve for a = 0° in Fig. 6(a), where Cp tended to
be unaffected by or be nearly independent of AR. For AR =
8 to 11, the local maximum Cp develops at low incidence
angles (identified by the solid orange circles in Fig. 7). This
feature is unique to finite-height square prisms (it is absent
from 2D square prism Cp(a) curves, Fig. 4(a)) and is
therefore related to the finite-prism flow field. The tendency
is for the local maximum drag to shift to lower incidence
angles as AR is increased.

The main effect of increasing J/D is a downward shift in
the Cp(a) curves. For AR = 1 to 4.5, where the boundary
layer effects are strongest, the curves change dramatically
with AR. The prisms of AR =1 and 1.5 have unique Cp(a)
curves without an easily identifiable critical incidence angle
and minimum drag. For AR = 4.5 to 8.5, the curves are
relatively similar and somewhat independent of AR. For AR
= 9 to 11, development of local maximum drag peak is
observed. For the thick boundary layer, the ecritical
incidence angle increases with AR and ranges from a. = 16°
+ 6° for AR =3.5 to a. =21° + 3° for AR = 10.5.

5.2 Mean lift force coefficient

The lift coefficient data for the two boundary layers are
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shown in Fig. 8. For the thin boundary layer (Fig. 8(a)),
only the prism of AR = 1 experiences a positive mean lift
coefficient, from 23° < g < 45°; for all the other aspect
ratios C; is negative. The maximum (most negative) value
of lift at the critical incidence angle becomes larger (more
negative) as AR increases. The critical incidence angle also
increases with AR, and ranges from a. = 10° + 4° for AR =
1.5 to a. = 17° £ 1° for AR = 11. For a < a, the Ci(a)
curves for all aspect ratios and both boundary layers tend to
collapse onto a common curve for a < a., with a “lift slope”
of dCr/da = —0.045 deg' + 0.009 deg™'. This result
suggests that from the perspective of the lateral pressure
distribution acting on the sides of the prism, the perfect
separation (asymmetric) flow pattern is substantially similar
for all prisms (this is in contrast to Cp(a), Fig. 7, which is
strongly sensitive to AR in this range of a). The strongest
effects of AR on the Ci(a) curves are seen for the prisms of
AR =1 to 3.5, and particularly for o > a.. For AR =8 to 11,
the Cr(a) curves become independent of AR and there is no
further change in the critical incidence angle.

For the thick boundary layer (Fig. 8(b)), the prisms of
AR =1 and 1.5 experience a positive lift coefficient, and
the range of a where it is experienced expands to 17° < a <
45° and 25° < a < 45° for these two aspect ratios,
respectively. For the remaining aspect ratios, the behaviour
of the Cr(a) curves, the maximum (most negative) lift, and
o (ranging from a. = 9° + 4° for AR =2 to a. = 16° = 1 for
AR = 11) are similar to those for the thin boundary layer
(Fig. 8(a)). For a < a., the C; data collapse to a common
curve for all AR; this curve is the same as that of the thin
boundary layer, suggesting that boundary layer thickness
may not appreciably affect the lift coefficient in the perfect
separation (asymmetric) pattern.

5.3 Strouhal number

Strouhal number data are shown in Fig. 9. A Strouhal
number for the thin boundary layer case could not be
identified (i.e., a peak could not be easily identified in the
power spectrum) for the prisms of AR = 1 from a = 0° to
45°, AR = 1.5 from a = 10° to 45°, and AR = 2 from a =
30° to 45°. For the thick boundary layer the peaks were
absent for all prisms with AR < 2 from o = 0° to 45° and
AR = 2.5 from a = 20° to 45°. Vortex shedding tended to be
weaker for the lowest-AR prisms, particularly at higher a,
and this results in the scatter in the St data in Fig. 9; this
finding is similar to the study of Sakamoto (1985) that
could not identify vortex shedding frequencies for prisms
with AR < 3, especially at a higher incidence angles.

For all aspect ratios, a maximum Strouhal number
occurs at a critical incidence angle; for both boundary
layers, the general trend is for a. to increase with AR. For
the thin boundary layer, the critical incidence angle ranges
from a. = 15°+3°at AR=2.5t0o a. = 18°+ 1° at AR = 11.
For the thick boundary layer, the critical incidence angle
ranges from a. = 11°+ 1°at AR =2.5t0 17° + 1° at AR =
11. These ranges of a. are similar to those identified for
minimum Cp and maximum C; and are higher than those
identified for 2D (infinite) square prisms.

There is also a tendency at low incidence angles (o <
15°) and high incidence angles (o > 30°) for an increase in
AR to decrease the value of St. This contrasts with the
range of incidence angles centred on o, where it can be seen
that increasing AR is associated with an increasing St.

The effect of boundary layer thickness on the Strouhal
number data is relatively small, apart from the suppression
of vortex shedding peaks at lower AR noted above.
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However, from comparing Figs. 9(a) and 9(b), it can be
seen that the “spread” of the Strouhal number curves tends
to be tighter for the case of the thicker boundary layer (Fig.

9(b)).
5.4 Discussion

The behaviour of the critical incidence angle with prism
aspect ratio, for minimum Cp, maximum C;, and maximum
St, is summarised in Fig. 10. The general trend is for the
critical incidence angle to increase with aspect ratio up to
AR = 6.5 and thereafter attain a constant value (that is
higher than that of the 2D prism). Increasing the boundary
layer thickness from /D = 0.8 to 6/D = 2.0-2.2 does not
significantly influence the critical incidence angle.

The critical incidence angle data for minimum Cp (Fig.
10(a)) show the largest scatter owing to the difficulty of
accurately finding the minimum within the experimental
uncertainty, attaining a constant value of a. = 19° + 3° for
both boundary layer thicknesses. The results for maximum
C: (Fig. 10(b)) and maximum St (Fig. 10(c)) have less
uncertainty: for lift, the critical incidence angle attains a
constant value of a. = 17° £ 1° for the thin boundary layer
and a. = 16° + 1° for the thick boundary layer; for Strouhal
number, the values are a. = 17° £ 1° for both boundary
layers. There is therefore general agreement in the a. value
for minimum Cp, maximum Cz, and maximum St, within
the limits of measurement uncertainty, and that a. is not
appreciably influenced by boundary layer thickness (in the
range covered in the present experiments).

The data in Fig. 10 show that the critical incidence angle
for the finite prism remains higher than the value for the
infinite (2D) prism, at least up to AR = 11, and does not
show any tendency of converging towards the infinite-prism
value. This result, that AR = 11 is not a sufficiently high AR

for infinite-prism behaviour, is supported by the study of
Porteous et al. (2017), for example, who showed that the
overall sound pressure level of a finite prism was still lower
than the infinite-prism value even at AR = 22.9. A study of
finite prisms up to AR = 21.5 by Yauwenas et al. (2019)
shows that key differences persist in the wakes of finite
prisms compared to infinite prisms, such as the cellular
vortex shedding phenomenon, that may have an impact on
a.. Also, Fox and West (1993) reported that for a finite
cylinder, the influence of the free end can extend up to 20
diameters along the cylinder span. Taken together, these
studies suggest that convergence of a. to the value of the
infinite prism will not happen until much higher aspect
ratios.

The above results suggest that a single flow pattern may
be experienced by the prism at a = a. = 18° £ 2° that brings
about a condition of minimum drag, maximum lift, and
maximum Strouhal number, at least for intermediate and
higher aspect ratios (AR > 3.5 for the thin boundary layer
and AR > 4 for the thick boundary layer). This flow pattern
occurs at the boundary between the perfect separation
(asymmetric) flow pattern (Fig. 2(b)) and the reattachment
flow pattern (Fig. 2(c)), where there is the first instance of
shear layer reattachment onto trailing edge corner ‘c’.

The exact nature of this flow pattern for a finite prism
has not yet been clearly described in the literature, however
there are some relevant details available in the study of
Okuda and Taniike (1993) for a finite prism of AR =4 (Re
= 1.5x10% 6/D = 0.36, 2.08, and 6.84). First, a “local
extreme suction” (location of large negative mean pressure
coefficient) occurs on the upper part of side ‘c-d’ near
corner ‘d’ for a = 13° to 15° (i.e., the critical incidence
angle). This small region of extreme suction is associated
with a “standing conical vortex” on the upper part of side
‘c-d’ of the prism, which forms as the shear layer from
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Table 1. Summary of flow regimes for a surface-mounted finite-height square prism based on aspect ratio

Regime Range of AR Features
* Regime ends at the critical aspect ratio (AR = 3.5 for the thin boundary layer, AR =
AR = 1 to 3.5 for thin 4.5 for the thick boundary layer)
1 boundary layer * Cp, Ci, and St increase with AR for all a
AR =1 to 4.5 for thick * Absence of discernable St for low a
boundary layer * a. increases with AR
* Approximately corresponds to regime RO from Porteous et al. (2017)
. - > - - e -
AR ~3.5 to 8 for thin Cp, Ci, and St insensitive to changes in AR, particularly for a < a. and the thick
boundary layer boundary layer
2 * 0ci i i i ining i =o0.=18°
AR ~ 4.5 to 8.5 for thick X éxL increases with AR until converging to and attaining its final value of = a. = 18° +
boundary layer . )
* Approximately corresponds to regime R1 from Porteous et al. (2017)
. * Cp and C¢ slowly increase with AR for low a and the thin boundary layer
AR =8 to 11 for thin . .
* a. independent of AR and boundary layer thickness
3 boundary layer » Local maximum Cb is observed at ¢ = 8 £2°to 11° + 1°
AR ~8.5 to 11 for thick ocal maximum Cp is observed at o to ‘
boundary layer * Approximately corresponds to the end of regime R1 and the start of regime R2 from

Porteous et al. (2017)

vertical edge ‘d’ rolls up and reattaches. There is complex
interaction between the standing conical vortex and the

conical (delta-wing) vortex forming above the free end due
to separation from edge ‘c-d’. Second, the reattachment of
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the shear layer linked to the standing conical vortex is
shown to occur on the surface of the prism near the free
end, and not on vertical edge ‘c’. The curvature of the
reattachment line, however, indicates that reattachment will
eventually occur at vertical edge ‘c’ farther down the prism
height from the free end. This conjecture is supported by
the “bow-shaped” pressure coefficient contours on side ‘c-
d’ of the prism, denoting a narrow region of strong adverse
pressure gradient; this gradient is strongest for o = 13° to
15° (i.e., the critical incidence angle). The curvature of
these pressure contours towards the upstream direction, near
the free end and near the ground plane, hence the “bow-
shaped” appearance, indicates that reattachment of the shear
layer on vertical edge ‘c’ only occurs over the central
portion of the prism height. Okuda and Taniike (1993)
report that the standing conical vortex appears only near o.;
its behaviour has not been extensively studied otherwise.

Additional insight into the flow pattern at o = a. by
Unnikrishnan et al. (2017) shows the prism has its shortest
mean recirculation zone and highest asymmetry in its mean
wake. This asymmetry appears as a shift of the wake away
from centreline (in the +y direction), deflection of the
downwash (in the +y direction), and changes in the relative
sizes, locations, and strengths of the tip vortices; the relative
sizes of the tip vortices in the upper part of the wake are
linked to the different sizes of the conical (delta-wing)
vortices originating from edges ‘a-b’ and ‘c-d’ on the free
end.

The general behaviour of Cp, Cr, and St with AR
suggests the existence of three possible flow regimes (Table
1). The first flow regime occurs at low aspect ratios (AR = 1
to 3.5 for the thin boundary layer, AR = 1 to 4.5 for the
thick boundary layer), when the prism is below the critical
aspect ratio and where Cp, C;, and St increase with AR.
This increase in Cp, Cr, and St with AR occurs for all
incidence angles, not just at & = 0°. This flow regime
broadly corresponds to regime RO from Porteous et al.
(2017). Although Porteous et al. (2017) only considered the
case of a = 0° when determining their flow regimes, the
results of the present study suggest that regime RO is also
seen for non-zero a. Insight into the flow structures for
these non-zero a can be found in results for the flow around
a cube at incidence (Natarajan and Chyu 1994).

The second flow regime occurs at intermediate aspect
ratios (AR = 3.5 to 8 for the thin boundary layer, AR = 4.5
to 8.5 for the thick boundary layer) where Cp, Ci, and St are
less sensitive to changes in a, in particular for a < a. and for
thick boundary layers. The critical incidence angle
continues to increase with AR but converges to and attains
its final value within this range of AR.

The third flow regime is found at higher aspect ratios
(AR = 8 to 11 for the thin boundary layer, AR = 8.5 to 11
for the thick boundary layer), where Cp and C; slowly
increase with AR for low incidence angles and the thin
boundary layer. The local maximum Cp is also found in this
flow regime (Fig. 10(a)), at an incidence angle ranging from
a =8+ 2° (at AR =11)to 11° + 1° (at AR = 8), which
places this phenomenon within the perfect separation
(asymmetric) flow pattern (Fig. 2(b)). The critical incidence
angle for minimum Cp, maximum C;z, and maximum St,

remains constant in the third flow regime. This flow regime
would correspond to the end of the regime R1 and the start
of regime R2 based on Porteous et al. (2017).

For all three regimes, the behaviour of the “inverted
conical vortex” (Okuda and Taniike 1993) on side ‘c-d” and
the conical (delta-wing) vortices above the free end with
changes in AR and a is key to an eventual physical
interpretation of the Cp, C;, and St data. To date, however,
there has been limited systematic exploration of these flow
for surface-mounted finite-height square prisms.

6. Conclusions

The behaviour of Cp, C;, and St was examined for the
flow around a surface-mounted, finite-height square prism,
with a focus on the effects of AR, a, and 6/D. Wind tunnel
experiments were conducted at Re = 6.5x10* and 1.1x10°
for two boundary layer conditions: a thin boundary layer
with 6/D = 0.8 and a thick boundary layer with 6/D = 2.0—
2.2. The aspect ratio was varied from AR = 1 to Il in
increments of 0.5 and the incidence angle was varied from a
= 0° to 45° in increments of 1°. The main conclusions of the
study are summarized below:

* Cp is a strong function of AR, a, and J/D. The
minimum Cp occurs at a critical incidence angle a. that
varies with AR. At high aspect ratios, a local maximum
Cp occurs at o = 8° £ 2° to 11° + 1° that is not observed
for the infinite (2D) square prism.
* C; is a strong function of AR, a, and d/D. Its behaviour
is similar to the infinite (2D) square prism. The
maximum C; occurs at a. that varies with AR. Positive
lift coefficients are experienced at high a only by finite
prisms of very low aspect ratio; otherwise, finite prisms
experience only negative lift coefficients, which is in
contrast to C; data for infinite prisms. The “lift slope”
dCi/da for a < o, is similar for all AR and both values of
o/D.
« St is a strong function of « but is less sensitive to AR
and ¢/D compared to Cp and C;. Its behaviour is similar
to the 2D square prism. The maximum St occurs at a.
that varies with AR. For small AR, vortex shedding is
weak or absent for all or a limited range of a.
o There is a single value of a. at which the prism
experiences its minimum Cp, maximum (most negative)
Cr, and maximum St. The value of a. increases with AR
and reaches a terminal value of a. = 18° £ 2° once AR is
sufficiently high (AR > 8). This terminal value of a. for
higher-aspect ratio finite prisms is higher than that of
infinite (2D) square prisms. The critical incidence angle
is insensitive to d/D for the values examined in this
study.

* The behaviour of Cp, C;, and St with AR suggest the

possibility of three flow regimes. The specific flow

patterns responsible for the behaviour of Cp, C;, and St
for surface-mounted finite-height prisms at different AR,

a, and J/D have not been extensively studied to date; a

physical interpretation will require a  better

understanding of the conical (delta-wing) vortices
originating along leading edges of the free end, the
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nature of the reattachment on the side of the prism, the
inverted conical vortex on the side of the prism, the
standing conical vortex on the side of the prism at o =
0., the mutual interaction of these structures, and how
these flow features interact with the more widely studied
(at a = 0°) vortex dynamics of the near wake.
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