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Pressure measurements on inclined square prisms
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Abstract. This study investigated aerodynamic characteristics of an inclined square prism experimentally.
Pressure measurements were performed on a static square prism with a series of inclinations including
forward inclinations (inclined to the upwind direction) and backward inclinations (inclined to the downwind
direction). The prism with a vertical attitude was also tested for comparisons. Based on the pressure data,
influences of the inclinations on aerodynamic characteristics (e.g., force coefficients, pressure distributions
on the surfaces, and vortex shedding features) of the square prism were evaluated in detail. The results show
that the inclinations have significant effects on these aerodynamic characteristics. Furthermore, the
influences of the forward and backward inclinations are quite different.
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1. Introduction

Aerodynamic characteristics of a finite square prism are a topic of great practical importance.
Tall buildings, bridge towers, and landmarks are some of the examples. Their aerodynamic
characteristics determine their flow-induced behaviors, which are associated with structure safety.
Therefore, aerodynamic characteristics of this type of structure have been widely studied. For
instance, Kwok and Melbourne (1981) investigated wind-induced lock-in excitation of tall
structures experimentally. Kareem and Cermak (1984) and Kareem (1990) investigated pressure
features on the surfaces of square building models. Lin et al. (2005) assessed characteristics of
wind forces on tall buildings with different rectangular cross-sections in detail. Tanaka et al. (2012)
evaluated aerodynamic forces and pressures acting on tall building models with unconventional
configurations.

The majority of previous studies were devoted to study aerodynamic characteristics of square
prisms with their principal axes perpendicular to the oncoming flow, e.g., tall buildings subject to a
boundary layer flow. However, some slender structures in reality, such as the pylon of the Alamillo
Bridge in Spain, are inclined. Hu et al. (2015b) have investigated galloping behaviors of an
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inclined square prism. Their study shows that the inclinations have significant effects on the
galloping behaviors. Therefore, it is anticipated that the inclination of the slender structure has a
non-negligible impact on the aerodynamic characteristics.

The study described here aims to investigate effects of inclinations on aerodynamic
characteristics of a square prism by measuring pressures acting on the surfaces in a wind tunnel.
The pressure tests were performed on a static square prism with different inclinations, including
forward inclinations (inclined to the upwind direction), a vertical attitude, and backward
inclinations (inclined to the downwind direction). Force coefficients, pressure distributions on the
surface, spectra and coherences of pressures, and Strouhal numbers of inclined prisms were
analyzed.

2. Experimental setup of pressure tests

Pressure measurements were carried out in the high-speed test section (3x2 m?) of the CLP
Power Wind/Wave Tunnel Facility at the Hong Kong University of Science and Technology. Tests
were performed under a turbulent flow in the upstream fetch of the test section. Comparisons
between the measured profiles and the target profiles, corresponding to the open terrain (i.e.,
Category 2) in the AS/NZS 1170.2:2002 (Standards Australia/Standards New Zealand 2002), show
good agreements as shown in Fig. 1. The mean wind speed was normalized by the corresponding
value at the vertical prism top. The normalized spectrum of longitudinal velocity component at the
vertical prism top is given in Fig. 2.
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Fig. 1 Turbulent wind flow field adopted in pressure tests

Table 1 Inclination angles of the prism for wind tunnel tests
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Fig. 2 Normalized spectrum of longitudinal velocity
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Fig. 3 Tested three different types of prisms: forward inclined prism, vertical prism, and backward
inclined prism. a is angle of inclination: a positive value represents forward inclination while a
negative one denotes backward inclination

The model was made by a square aluminum hollow prism with width D = 5.08 cm (2 inches)
and height H = 91.44 cm (36 inches). The blockage ratio of the model in the wind tunnel was
about 0.8%, which is much lower than the critical value of 5% (Holmes 2015). The inclination
angle a of the prism took the values listed in Table 1 whilst the definitions of inclinations are given
in Fig. 3. Pressures acting on the surfaces of the rigid model were collected through a synchronous
multi-pressure sensing system (SMPSS), and the total number of pressure taps was 220. The 220
pressure taps were distributed among 11 levels over the span, 20 taps on each level, and 5 taps for
each side on each level. Pressure taps on one side face is shown in Fig. 4; the tap distribution on
the other faces is the same. The measurements were taken by using high-speed scanning pressure
equipment and 14 electronic pressure scanners. The sampling frequency and duration were set to
400 Hz and 120 seconds respectively. The reference point was taken at the top of the vertical prism,
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and the corresponding mean velocity, i.e., Vi, Was kept at a constant of approximately 12 m/s
regardless of the inclination. The Reynolds number Re based on the width D and the reference
velocity Vi, was 4x 10*. All the tests were performed at a zero wind incidence angle. More details
of the experiment can be found in Hu et al. (2015b).

3. Results and discussions
3.1 Mean pressure distribution on the prism face

Mean pressure coefficients on the windward face of the prism with different inclinations are
presented in Fig. 5. It is well known that there is a stagnation region on the windward face of a
vertical prism at a height of 70% to 80% (Holmes 2015). The stagnation region corresponds to the
maximum mean pressure location where the approaching flow splits into an upwash, a downwash
and horizontal flow. In the present study, for the vertical case (i.e., a = 0°) the stagnation pressure
coefficient is 0.9, which appears near the free end reasonably. With increasing the forward
inclination, the stagnation region moves upward. Meanwhile, both the stagnation pressure
coefficient and the pressure coefficients on the overall face substantially decrease. Similarly, the
pressure coefficients decrease with increasing the backward inclination as well. However, contrary
to the forward inclination, the backward inclination moves the stagnation region downward. Based
on the effects of the forward and backward inclinations on the location of the stagnation region, it
is interesting to note that as the free end of the prism is inclined from upstream to downstream (i.e.,
from o = 35°to 0° and then to -35°), the stagnation region gradually moves downward. That is to
say, the stagnation region moves toward the upstream end of the inclined prism.
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Fig. 4 Model for pressure measurements: (a) distribution and label of pressure taps on side face, (b)
square-section prism with a forward inclination angle in wind tunnel
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Fig. 5 Mean pressure coefficients on the windward face with different inclinations

Mean pressure coefficients on the side face of the prism with different inclinations are shown in
Fig. 6. Apart from the region near the free end, the pressure coefficient generally increases with
increasing the forward inclination on the overall face as shown in Fig. 6(a). The increases can be
attributed to a decrease in the curvature of the separated shear layer in the corresponding height as
suggested by Hu et al. (2015a). The pressure distribution in the region near the free end is more
complicated. In detail, at the upstream corner of the free end of the vertical prism (i.e., a = 0°),
there is a very high suction and it decreases downstream. With increasing «, the suction at the
upstream corner further increases and the region extends, which is similar to a pressure
distribution caused by conical vortices on a flat roof in oblique flow (Kawai and Nishimura 1996,
Kawai 2002). Meanwhile, a remarkable higher-pressure region develops downstream. This type of
pressure distribution, i.e., a low-pressure region followed by a relative high pressure, was termed a
reattachment-type pressure distribution by Nakamura and Hirata (1994). This pressure distribution
is the final stage of the shear-layer/edge interaction and plays a very important role in galloping
(Nakamura et al. 1991, Nakamura and Hirata 1994).

In contrast to the forward inclination, increasing the backward inclination reduces the suction at
the upstream corner of the free end; the pressure near the free end is substantially increased by the
backward inclination, that is to say, the backward inclination produces a more positive pressure
near the free end. The increase in the pressure is induced by a decrease in the curvature of the
shear layer that is reported in Hu et al. (2015a). Meanwhile, Hu et al. (2015a) ascribed the
decrease in the curvature to a suppression of the downwash near the free end by a severe upward
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axial flow in the near wake of the backward inclined square prism. On the other hand, compared
with the vertical case, a higher-suction region (C, = -1) appears at the mid-span of the prism with a
small backward inclination (i.e., « = -5°, -10° and -15°). The higher-suction region shrinks and
finally disappears with increasing the backward inclination. Overall, the pressures on the side face
increase with the backward inclination.

Mean pressure coefficients on the leeward face with different inclinations are presented in Fig.
7. For a = 0°, the pressure coefficient decreases from the bottom to the top and remains invariant
in the mid-span region, which reflects a three-dimensionality in the wake of a cantilever prism and
a near two-dimensionality at the mid-span. With increasing the forward inclination, the pressure
coefficient generally increases over the leeward face except the region near the free end. In this
region, the pressures significantly become smaller and the associated region shrinks as well. The
significant smaller pressure near the free end could be attributed to the enhanced tip vortex pair in
the near wake of forward inclined prism as reported by Hu et al. (2015¢). However, for backward
inclinations, the pressures near the free end increase with increasing the backward inclination,
which induced by an absence of the tip vortex pair behind the free end of the backward inclined
prism (Hu et al. 2015c¢). On the other hand, for small backward inclinations, pressures both in the
free-end region and at the mid-span are lower than the surrounding pressures, and the
smaller-pressure region shrinks with increase of the backward inclination. Furthermore, increasing
the backward inclination from a = -5° to -35° generally increases the pressure on the whole face.
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Fig. 6 Mean pressure coefficients on the side face with different inclinations
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Fig. 7 Mean pressure coefficients on the leeward face of the prism with different inclinations

3.2 Force coefficients

3.2.1 Local force coefficients

For a three-dimensional prism with one end fixed on ground and another end set to be free,
aerodynamic forces are varied throughout its span. The variation throughout the span is induced by
the three-dimensional flow that consists of a downwash near the free end, a nearly
two-dimensional flow at the mid-span and an upwash near the base (Wang and Zhou 2009,
Hosseini et al. 2013, Sumner 2013). Furthermore, both forward and backward inclinations have a
significant effect on the flow around the prism as reported by Hu et al. (2015c). As a result, local
force coefficients are very likely changed by the inclinations. To evaluate the influence of the
inclinations on local forces of the prism, the local force coefficients are shown in Figs. 8-10. The
local force coefficients are defined as follow

F (2) o5 (2)
CD(Z):WDh(Z)’ D(Z)=W!CL(Z)_1/2/OV

ref ref

o (2)
~ 17205 0n(z) @

ref

in which, C,(z), C,(z) and C_(z) are the local mean drag coefficient, the local RMS drag
coefficient and the local RMS lift coefficient at elevation z, respectively; F,(z), o,(z) and
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o, (z) are the local mean drag force, the local RMS drag force and the local RMS lift force.

The local mean drag coefficients of the prism with different inclinations are presented in Fig. 8.
For the forward inclination cases, C,(z) over the entire span substantially decreases with

increasing the forward inclination, which is a combined effect of a decrease in pressures on the
windward face and a general increase on the leeward face with increasing forward inclination as

shown in Figs. 5(a) and 7(a). Meanwhile, C,(z) increases progressively with height for all the

cases. However, it suddenly increases near the free end for the cases with a large forward
inclination angle (i.e., @ = 25°and 35°), which is due to a high suction on the leeward face near the

free end as presented in Fig. 7(a). For the backward inclination cases, C,(z) of the prism with a
small inclination angle (i.e., a = -5°) is larger than that of the vertical prism over most of the span.
As the backward inclination is increased to a = -15° C,(z) is lower than that of the vertical
prism. Further increasing the backward inclination decreases C,(z) significantly. However, the

reduction in C,(z) caused by the backward inclination is not as large as that occurs in the

forward inclination cases. In addition, a sudden increase near the free end gradually weakens with

increasing the backward inclination and the increase becomes a decrease as a = -35°, which is

caused by an increase in the pressures on the leeward face near the free end as shown in Fig. 7(b).
As shown in Fig. 9(a), increasing the forward inclination generally decreases the local RMS

drag coefficient C,(z) over the entire span of the prism, except an invariant in C,(z) near the
free end for a < 15°. A dramatic increase in Cp (z) with height can be seen near the free end for

large forward inclinations (i.e., a > 15°), which might be due to the presence of an enhanced tip
vortex pair (Hu et al. 2015c). Meanwhile, for these large inclinations, an obvious decrease with

decreasing height is observed at the lower half span. For the backward inclination cases, Cy(z)
for o = -5°and -15° is in general greater than that for o = 0°, apart from lower C,(z) occurs near
the free end for a = -15°. Beyond -15° (i.e., a = -25° and -35°), C,(z) is lower than that for a =

0°, and C,'D(z) decreases with increasing the backward inclination; a significant decrease with

height is exhibited when z/H is approximately larger than 0.6, which may be because of the
suppression of the tip vortex pair (Hu et al. 2015c¢).

The local RMS lift coefficient C_(z) of the prism with different inclinations is shown in Fig.
10. It can be seen that increasing the forward inclination significantly decreases C,_(z) over the

entire span of the prism except the free end region. For all the forward inclination cases and the
vertical case, C _(z) firstincreases with height and then decreases as z/H exceeds a critical value.

The critical height decreases as the forward inclination is increased, and meanwhile the decrease in
C_(z) is lesssignificant. C_(z) of backward inclined prisms is shown in Fig. 10(b). For o = -5°,

C_(z) is remarkably larger than those for o = 0° over the entire span. Compared with a = -15°,
C_(z) fora=0°is lower at certain heights (e.g., at the mid-span) but greater at other heights. The

case with a = -25° in general has smaller C_(z) along the height than the case with a = 0° apart
from larger values near the mid-span. Further increasing the backward inclination angle to -35°
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significantly decreases C,_(z) to much lower values than those of the vertical case. A general

overview of Fig. 10 suggests that the effect of the forward inclination on C_(z) is greater than
that of the backward inclination.
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Fig. 8 Local mean drag coefficients of the prism with different inclinations
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Fig. 10 Local RMS lift coefficients of the prism with different inclinations

3.2.2 Base force and moment coefficients
Base force and moment coefficients as a function of the inclination angle are presented in Figs.
11 and 12 respectively. The coefficients are defined as

Fs . Op . o,
Co = 2 Cp = 2 CL=s
1/2pVZ DH 1/2pV 2 DH 1/2pV2DH 2
Cp=Mo oo T o M
Moo 1/2pVEDH? M 1/2pVEDH?T M 1/2pVEDH?

where C,, C, and C, are the mean base drag, RMS base drag and RMS base lift coefficients
respectively; Cy, » C'MD and C'ML are the along-wind mean base moment coefficient, the

along-wind RMS base moment coefficient and the across-wind RMS base moment coefficient
respectively. F,, o, and o _ are the mean drag force, RMS drag force and RMS lift force at

the model base; M,, o, and o, are the corresponding base moments.

The mean base drag coefficient C,, RMS base drag coefficient C, and RMS base lift
coefficient C, of the prisms, including forward inclined ones, the vertical one and backward

inclined ones, are presented in Fig. 11. The three coefficients of all backward inclined prisms are
larger than values of the corresponding forward inclined prisms. In other words, the forward
inclinations result in a more significant reduction on these coefficients than the backward
inclinations. The observation is consistent with the phenomenon that the reduction in the local
coefficients caused by the backward inclination is not as remarkable as that by the forward
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inclination, as shown in Figs. 8-10. Furthermore, as shown in Fig. 11, these coefficients generally
decrease with increasing the forward or backward inclination except a slight increase that occurs at
small backward inclinations. That is to say, the maximum values of the coefficients occur at a
small backward inclination rather than the vertical case; the maximum ones are exhibited at a =
-5° for all the three coefficients. Additionally, for the fluctuating coefficients, i.e., C, and C_,

the coefficients at a = -10° are larger than the one corresponding to the vertical case as well.
According to the above observations, the introduction of either forward or backward inclinations
except small backward inclinations is beneficial to reduce wind-induced forces on structures and
hence decrease the corresponding responses.

The base moment coefficients for both along-wind and across-wind directions are presented in
Fig. 12. The along-wind mean base moment coefficient C, ~generally decreases with increasing

both the forward and backward inclination except for small backward inclinations, where C,,_
increases with the backward inclination.
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Fig. 11 Variation of force coefficients with inclination angle: (a) mean base drag coefficients, (b) RMS
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There is no significant difference observed in C, between the forward and backward

inclination cases, apart from slightly larger values for the backward inclination observed at small
inclinations (from |a| = 0° to 15°). Both CMD and C‘ML decrease with increasing the forward

inclination remarkably, while they first increase and then decrease with increasing the backward
inclination. The maximum values of C, and C, for the backward inclination cases are

exhibited at |a| = 5°.

3.3 Generalized force spectra

Spectra of generalized along-wind force for forward and backward inclined cylinders are given
in Figs. 13 and 14, respectively. It can be seen that, for both the vertical case (¢ = 0°) and small
inclination cases (i.e., « = 5° and -5°), a spectral peak is observed at a reduced frequency ( fD/V,, )

of approximately 0.2. It is believed that the peak was induced by the Karman vortex shedding.
Although the shedded vortices are typically considered to cause fluctuating forces transverse to the
incident flow, the vortex-induced force, or even vibration, along the incident flow direction has
also been observed and widely reported in the literature (Griffin and Ramberg 1976, Bearman
1984, Vandiver and Jong 1987, Williamson and Govardhan 2004, Bourguet et al. 2011). In
addition, the vortex-induced vibration in the along-wind direction has already been proven to
occur at a frequency approximately twice the Strouhal frequency. In the present study, both the
vertical case and small inclination cases exhibit the peak at fD/V,, =~ 0.2, i.e., twice the Strouhal

frequency, which by and large verifies that the peaks are likely induced by Karman vortex
shedding. For larger inclinations, the peak is absent, which indicates that the large inclination
suppress the conventional Karman vortex shedding to some extent. In addition, as shown in Fig.
13, the energy is reduced slightly with increasing the forward inclination. In contrast, differences
between the spectra of backward inclinations are in general negligible, as shown in Fig. 14. These
observations are generally consistent with the energy associated with along-wind force which is
dominated by the oncoming flow condition as reported by Holmes (2015).
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Fig. 13 Spectra of generalized along-wind force for forward inclined cylinders
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Fig. 14 Spectra of generalized along-wind force for backward inclined cylinders

For the generalized crosswind force spectra, the forward inclinations have noticeable effects.
The energy is reduced significantly with increasing the forward inclination as shown in Fig. 15.
Meanwhile, the spectral peak is weakened and the corresponding frequency shifts to the lower end
as well. Since the crosswind force spectral peak is primarily resulted from the vortex shedding on
the two sides, it is believed that the forward inclination disrupts the vortex shedding and hence
reduces the associated energy adjacent to the Strouhal frequency. For the backward inclination
cases, as shown in Fig. 16, the change in the spectral energy distribution due to inclination is not as
significant as that observed in the forward inclination cases. A slight increase in the spectral peak
is observed at a = -5° compared with the vertical case. Whilst large backward inclinations (i.e., a =

-15°, -25°, and -35°) gradually decrease the peak amplitudes.
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Fig. 15 Spectra of generalized crosswind force for forward inclined cylinders
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2
fs()iof,

Fig. 16 Spectra of generalized crosswind force for backward inclined cylinders

3.4 Spectral analyses of pointwise pressures

Spectra of surface pressures at the points distributed along three vertical lines (Columns A, C,
and E) and three levels (Levels 1, 6, and 10) on the side face (as shown in Fig. 17) of the prism
with different inclinations are presented in Figs. 18 and 19. The spectral analyses are capable of
evaluating local vortex shedding characteristics and separated shear layer behaviors.

For the vertical case (a = 0°), a well-defined peak is exhibited at a reduced frequency of
approximately 0.1 in each spectrum as shown in Fig. 18. The energy peaks correspond to
fluctuations induced by the Karman vortex shedding, and the corresponding frequency is referred
to as the Strouhal frequency. A significant reduction in the energy peak at the Strouhal frequency
toward the trailing edge (from Column A to E) and a resultant increase in the energy in the
higher-frequency range are observed at all three levels. The phenomenon that the energy transfers
to the higher-frequency range from the leading edge to the trailing edge agrees with those reported
in the literature (Kareem and Cermak 1984, Surry and Djakovich 1995). These studies attributed
the transfer in the energy to a possible intermittent reattachment of separated shear layers on the
side face near the trailing edge. In addition, compared with Level 1, less significant reductions in
the energy peak from Column A to E are observed at the other two lower levels (i.e., Levels 6 and
10). Meanwhile, the energy peaks at the two levels at the three columns have appreciably larger
amplitudes than those at Level 1; the peaks at Level 6 have the largest amplitude. These
observations indicate that both the free-end flow and the base flow have to some extent disrupted
the vortex shedding in the corresponding regions whilst have less influence on the flow field at the
mid-span (i.e., Level 6). The downwash flow near the free end and the upwash flow near the base
for a square prism have been widely reported in the literature (Saha 2013, Uffinger et al. 2013,
Wang et al. 2013, Hu et al. 2014, Hu et al. 2015c).



397

Pressure measurements on inclined square prisms

Column

A C E
[

& ¢ 4
Level 1

¢ ¢ 4
Level 6

&+ 4
Level 10

Side face

Fig. 17 Pressure taps selected to perform spectral analyses on their pressures in Figs. 18 and 19

a=30°
Level1- A Levell-E

10° i

10"

10”

Level 6 - A Level6-C Level 6 - E
10° ; \ /‘\«\

st X e 35 Y. "KA::;

S
< 10
w
10°
Level 10 - A Level 10-C Level 10 - E
of I
10-1 ------- \ W j y H FaRa, S ,J \\\’ﬂ“«
o’ N
10° 10" 10° 107 10" 10° 107 10" 10°
fv D/Vref
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A general overview of Fig. 18 suggests that the effect of the forward inclination on the energy
distribution becomes less pronounced from Level 1 to Level 10 (i.e., from the free end to the base).
At Level 1, increasing the forward inclination considerably reduces the amplitude of the peak and
the reduction becomes more remarkable from Column A to E (i.e., from the leading edge to the
trailing edge). Furthermore, at Column A, the peak shifts toward the lower-frequency region with
increasing the forward inclination, indicating that the energy associated with vortex shedding is
shifted toward the lower-frequency range. Meanwhile, the peak around the Strouhal frequency is
generally absent at Columns C and E. The appreciable suppressions of the peak at Level 1 in the
forward inclination cases can be explained by a significant increase in the curvature of the
separated shear layer near the free end, which is reported in the study of Hu et al. (2015a). The
significant increase in the curvature results in considerable interactions between the shear layer
and the side face. Consequently, the vortex shedding process is suppressed. At Level 6, with
increasing the forward inclination, the amplitude of the peak is reduced to some extent and the
peak shifts toward the lower-frequency region as well; both trends are less significant than those
observed at Level 1. At Level 10, the influences of the forward inclination on the peak amplitude
and the associated frequency are very limited.
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Fig. 19 Spectral analyses of pressure coefficients on the side face at three columns (Columns A, C, E) and
three levels (Levels 1, 6, 10) of backward inclined prisms (o = -15° and -30°) and vertical prism («
= 0°)
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Spectral analyses of the pointwise pressures on the side face of backward inclined prisms
compared with the vertical case are presented in Fig. 19. At Level 1, the energy peaks for all
backward inclination cases are more pronounced than the peak of the vertical case at the three
columns, which is opposite to the effect of the forward inclination on the spectra at Level 1.
Meanwhile, the peak for a = -15° is more sharp than that for a = -30°. Furthermore, from Column
A to E, the amplitudes of the peaks generally remain invariant for the two backward inclination
cases, unlike the vertical case where the peak amplitude decreases from Column A to E. The
presence of sharper peaks in the spectra for the backward inclination cases can be attributed to a
smaller curvature of the shear layer at Level 1 for the backward inclination cases compared with
the vertical case as reported by Hu et al. (2015a). The smaller the curvature of the shear layer is,
the lower probability the interaction between the shear layer and the trailing edge has. As a result,
the vortex shedding keeps regular and induces the same effect along the streamwise direction (i.e.,
from Column A to E) at Level 1. Contrary to Level 1, at Levels 6 and 10, increasing the backward
inclination decreases the amplitude of the energy peak and shifts the peak toward the
lower-frequency region, similar to the trend caused by the forward inclination. However, the
backward inclination results in a more notable influence at Level 10 than at Level 6, which is
opposite to the observation in the forward inclination cases. The significant influence near the base
of the backward inclined prism is caused by a significant increase in the curvature of the shear
layer as suggested by Hu et al. (2015a).

3.5 Coherences of pressures on two side faces

Coherences between surface pressures taken at the corresponding positions on two side faces
are shown in Figs. 20 and 21 Pressures at three levels (i.e., Levels 1, 6, and 10) and three columns
(i.e., Columns A, C, and E) are evaluated. The coherence is defined by the following equation

coh = = —|Sp' i | (3)

" \/Sprpr \/q

where coh, , is the coherence between the pressure on the right side face ( p, ) and the pressure

on the left side face (p,); S,, is the cross-power spectrum between p and p; S,, and

S,, aretheauto-power spectrumof pand p, respectively.

Coherences of pressures on two side faces of forward inclined prisms (i.e. a = 15°and 30°) and
vertical prism (i.e., @ = 0°) are shown in Fig. 20. For the vertical prism, high coherences are
exhibited at the Strouhal frequency for all the evaluated levels and columns. Overall, the
coherence at the mid-level, i.e., Level 6, is higher than that at the level near the free end (Level 1)
and the base (Level 10); the coherence at the mid-column, i.e. Column C, is higher than that at
other two columns, one near the leading edge (Column A) and another one near the trailing edge
(Column E).

For the forward inclination cases, coherences at the Strouhal frequency are considerably
reduced at Level 1. The reductions of the coherences are induced by the presence of a significant
downward axial flow in the near wake of forward inclined prism near the free end (Hu and Tse
2014, Tse et al. 2014, Hu et al. 2015c), which interrupts the communication or interaction of the
shear layer at two sides (Matsumoto et al. 2010). As height decreases, the coherence around the
Strouhal frequency progressively recovers to a high level but still lower than that of the vertical
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case. It is noted that significant peaks are observed at around four times the Strouhal frequency.
The origination of such a high frequency component in the fluctuating pressure may result from
acoustic signals.
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Fig. 20 Coherences between surface pressures taken at the corresponding positions on two side faces of
forward inclined prisms compared with vertical prism
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Fig. 21 Coherences between surface pressures taken at the corresponding positions on two side faces of
backward inclined prisms compared with vertical prism

For the backward inclination cases, variations in the coherence at the top level (Level 1) are
quite different from those observed in the forward inclination case. At Columns A and E,
coherences at the Strouhal frequency for backward inclination cases (a = -15° and -30°),
particularly for a = -15°, are higher than those for the vertical case. At Column C, the coherence
for o = -15° is comparable to that for « = 0°, and the coherence for a = -30° is slightly lower than
that for o = 0°. All these observations are generally consistent with the results shown in the above
spectral analyses. On the other hand, with decreasing height, from Level 1 to Level 10, coherences
around the Strouhal frequency for the backward inclination cases reduce. Meanwhile, the
frequency corresponding to the coherence peak decreases with increasing the backward inclination.
Compared with the reductions in coherences at the top level of forward inclined prisms, decreases
near the base of backward inclined prism are much less significant. The less significant decreases
are ascribed to an upward axial flow in the near wake of backward inclined prism and furthermore
the upward axial flow is less intense than the downward axial flow behind the free end of forward
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inclined prism (Hu and Tse 2014, Hu et al. 2014, Tse et al. 2014). Likewise, high coherences are
exhibited at approximately four times the Strouhal frequency at Levels 6 and 10. Moreover, the
coherences at Level 10 are higher than those at Level 6, and these coherence peaks are absent at
Level 1. This trend is opposite to that in the forward inclination cases, in which the coherences at
four times the Strouhal frequency increase with height. The fluctuating component with such a
high frequency in the pressure needs further studies to reveal.

3.6 Strouhal numbers

The global Strouhal numbers (St), which are the mean value of the local Strouhal numbers over
the whole span, of the prism with different inclinations are presented in Fig. 22. For the forward
inclination, the variation in St with the inclination angle is straightforward. Increasing the forward
inclination weakens the vortex shedding significantly and decreases St monotonously. A forward
inclination angle of 35° results in a decrease of approximately 23% in St. Based on local Strouhal
numbers reported by Hu et al. (2015b), it can be inferred that the reduction in St by the forward
inclination is attributed to decreases in the local St in the upper part of the prism. Furthermore, Hu
et al. (2015c¢) have ascribed the reduction in local St in the upper part to a downward axial flow
generated by the forward inclination as mentioned before.

The variation in St caused by backward inclinations is different from that induced by forward
inclinations. With increasing the backward inclination, St first increases until |«| = 10°. Beyond 10°,
the Strouhal number reduces monotonously. For 15°, it has a comparable St to that of the vertical
case. The reductions in St for the large backward inclinations (>15°) are mainly due to reductions
in local St in the lower part of the prism, which is described in Hu et al. (2015b). Because the
backward inclination results in an upward axial flow in the near wake of the prism; the axial flow
interacts with the Karman vortex and hence delays its shedding (Hu et al. 2015c). The increases in
St for the small backward inclinations (5° and 10°) are largely attributed to increases in local St
near the free end, which is induced by the suppression of the downwash. The suppression is caused
by the upward axial flow as shown in numerical results in Hu et al. (2014) and (Hu et al. (2015c)).
In addition, the Strouhal number for the backward inclination case is larger than that of the
corresponding forward inclination case.
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Fig. 22 Global Strouhal numbers of the prism with different inclinations
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4. Conclusions

This study investigated influences of inclinations on aerodynamic characteristics of a
square-section prism. Pressures acting on a static square prism with different inclinations were
measured in a wind tunnel. The tested inclinations included forward inclinations (inclined to the
upwind direction), a vertical attitude, and backward inclinations (inclined to the downwind
direction).

The results show that both forward and backward inclinations have significant influences on
aerodynamic characteristics, e.g., force coefficients, pressure distributions on the surface, vortex
shedding of a square prism. Furthermore, the influences of forward and backward inclinations on
these aerodynamic characteristics are quite different. The influences on the aerodynamic
characteristics are explained by observations in previous studies. The major findings are briefly
listed as follows:

(1) Mean pressure coefficients on the windward face substantially decrease with both forward and
backward inclinations. The forward inclination moves the stagnation region upward whereas
the backward inclination moves the region downward. That is to say, the stagnation region
moves toward the upstream end of the inclined prism.

(2) Forward inclinations result in a reattachment-type pressure distribution near the free end on
the side face. This pressure distribution plays a very important role in galloping. Overall, the
pressures on the side face increase with the backward inclination.

(3) Mean pressures over the leeward face except the region near the free end are increased by
increasing the forward inclination. In the region near the free end, the pressures become
smaller significantly. The significant smaller pressure near the free end could be attributed to
the enhanced tip vortex pair in the near wake of forward inclined prism. However, the
pressures near the free end increase with increasing the backward inclination, which induced
by an absence of the tip vortex pair behind the free end of the backward inclined prism.

(4) Base forces and moments are in general reduced by both forward and backward inclinations,
apart from an increase induced by small backward inclinations.

(5) Forward inclinations significantly suppress vortex shedding near the free end of the prism
whereas backward inclinations suppress them near the base. The two types of inclination result
in the effects on coherences between surface pressures taken at the corresponding positions on
two side faces similar to their effects on vortex shedding.

(6) Similar to the variation trend in forces and moments with the inclinations, the Strouhal number
is also reduced by both forward and backward inclinations, apart from larger Strouhal numbers
observed in the small backward inclination range (a < 15°) than that for the vertical case.
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