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ABSTRACT

Wind loads on a square prism at a range of incidence angles 0° < o < 45° subject to an accelerating
wind starting from quiescence is experimentally investigated. This type of accelerating wind is
generated by programming the wind tunnel fan in the University of Queensland to increase its
rotational speed from zero to its maximum capacity over a predefined time period. For a = 0°,
examination of the time evolution of ensemble-averaged mean drag coefficients and fluctuating lift
coefficients indicates a process of wake formation and development during the accelerating wind. It is
hypothesized that the wake behind the square prism undergoes formation and elongation of two
symmetrical vortices, until a critical Reynolds number, beyond which the wake loses its symmetry and
starts to oscillate, which is around Re = 7.1~8.2 x 103. This far exceeds where this occurs in steady,
smooth flow cases, i.e. Re S 46. After the critical Reynolds number, the magnitude of mean drag
coefficient and fluctuating lift coefficient develops over time and reaches a steady-state before the
flow acceleration ends (for the flow conditions tested). Results at other incidence angles highlight an
overshoot in the time history of ensemble-averaged mean drag coefficients and fluctuating lift
coefficients for 12.5° < a < 40°, in excess of what is observed in steady flow tests. This is
hypothesized to be due to the overaccumulated vorticity in the wake formation and development
process in excess of the one in the final regularly vortex shedding wake, wherein part of vorticity fed
by separating shear layers is locked into separation bubble formed on the side face. The case of a =
12.5° gives rise to the most pronounced response in the above two parameters, with the overshoot
coefficient being 1.31 and 2.08, respectively.

1. Introduction

The flow around an impulsively started circular cylinder is one of the classic problems in regard to
unsteady flow dynamics and has been investigated experimentally and numerically by a large number
of researchers (e.g., Honji and Taneda, 1969, Nagata et al., 1975, Sarpkaya, 1978, and Bouard and
Coutanceau, 1980). In addition, the cases of impulsively started square and other sharp-edged bluff
cylinders have also been received considerable attention due to its practical importance in engineering
applications (Sarpkaya and lhrig, 1986, Tonui and Sumner, 2011, and Lorite-Diez et al., 2018). A
common finding from the above literature is that the bluff body wake undergoes a process of vortex
formation and development after the start of motion. Initially, a pair of symmetrical recirculation zone
is formed behind the cylinder, which elongate with time. At a critical time, the wake becomes
asymmetric, initiating the well-known Von Karman vortex shedding.

This paper aims to investigate the transient aerodynamic characteristics of a fixed two-dimensional
square prism subject to an accelerating wind starting from quiescence. This is analogous to the
abovementioned cases wherein the object is moving through a stationary fluid. In addition, the effect
of incidence angle on the resultant transient aerodynamic characteristics of the square prism is
examined by rotating the model from 0° to 45°.
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2. Experimental setup

Experiments on the square prism at a range of incidence angles from 0° and 45° in steady and
accelerating winds were conducted in an Eiffel-type open-loop wind tunnel at the University of
Queensland. The tunnel has a test section that is 762mm wide, 762mm high and 2.38m long. The
background flow turbulence level in the absence of model is measured to be less than 0.4%. The square
prism model with a side length of 60mm is made from acrylic sheet. During experiments, it was
horizontally suspended along the width of the test section and attached firmly to the mid-height of
tunnel wall. To ensure two-dimensional flow conditions, one pair of circular end plates with diameter
of 480mm were mounted symmetrically to either side of square prism with a distance of 600mm
between them. The surface pressure measurements were performed simultaneously from pressure
taps distributed over the mid-span circumference of square prism through the use of DPMS (TFI Corp.)
at a sampling frequency of 1250Hz. There are 11 taps on windward and leeward faces and 12 taps on
top and bottom faces. A cobra probe was placed 120mm off the ceiling of tunnel and aligned with the
windward face of square prism, when it was placed normal to the wind, to measure the reference wind
velocity. A tap located at the tunnel floor aligning with the position of cobra probe was used to measure
the reference static pressure in the tunnel.

The steady wind is created by operating the axial fan to run at a constant rotational speed over a time
duration of 180s. The accelerating wind is generated by programming the fan to increase from zero to
a target value at its maximum possible rate. The target wind speed was maintained for at least 60s.
For each incidence angle, accelerating wind tests were repeated 30 times to enable ensemble
averaging analysis. The constant target wind speed was set to be approximately 12.0m/s for each
incidence angle case with a variation of £2%. The resultant ensemble wind speed time histories for
all incidence angle tests are shown in Figure 1. Plots are shown in terms of dimensionless (U)/U;
wherein (U) refers to the ensemble-averaged wind velocity calculated from the 30-repeat U
measurements and U, is the target wind speed, taken as the average of 25-s (U) data following the
period of acceleration.
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Figure 1 Time history of (a) ensemble-averaged Figure 2 Variation of (a) Cp, (b) C; and (c) St of
velocity (U) normalized by its respective target square prism with respect to incidence angles at
velocity U, and (b) rate of change of ensemble- Re = 3.2 x 10*

averaged velocity, d(U)/dt for all test cases.

Furthermore, the rate of change of (U), d(U)/dt at each instant in time is obtained by taking the
localized slope of (U) — T within a 0.1-s window backward of that time point. Time is normalized by
T* = T /(1.9 X At) to make the start of flow acceleration occur at approximately T* = —1, wherein At
is the time gap between the first exceedance of 20% and 70% of the difference between the start and
target wind speed. Note also that T* = 0 is linked with the first exceedance of 50% of the start-target
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wind speed difference. From the two plots in Figure 1, both the velocity and acceleration time histories
are shown to collapse for all incidence angle cases. The shaded area under the curve of d(U)/dt
bounded by the 20% and 70% velocity points is added up to determine the acceleration, a, used here
to describe the flow. A dimensionless acceleration parameter is defined herein by a, =

aD/(l (Us + U;))? for direct comparison with other experimental results from the authors and
2 N t

available experimental results from previous literature. The a and equivalent a,, obtained here are
8.1~8.3m/s? and 0.013 for all incidence angle cases.

3. Effect of incidence angle in steady wind tests

The results obtained for a square prism at incidence in steady winds are presented in Figure 2.
The pressure measurements were made at Re = 3.2 x 10* and the incidence angle was varied from
o = 0°to 45°. The surface pressures in the along-wind direction were integrated to yield drag force
Fp, and drag coefficient Cp, = F/(0.5pU%D"), wherein p is the air density, U the time-averaged wind
velocity and D' the projected cylinder depth in the cross-wind direction. Likewise, the surface
pressures in the cross-wind direction were integrated to yield lift force F; and lift coefficient C; =
F,/(0.5pU%B"), wherein B’ is the projected cylinder width in the along-wind direction. Figure 2 shows
the variation of time-averaged drag and lift coefficient, (fD and C_‘L, together with Strouhal number, i.e.,
dimensionless vortex shedding frequency which is estimated from the dominant frequency associated
with the spectral peak of the fluctuating lift coefficient time history.

Overall, there is an abrupt change occurring in the curves of Cp, C; and St versus o at more or less the
same critical incidence angle. This is believed to be due to the onset of reattachment of separated
shear layer onto the lower side face of the model, which is confirmed by the flow visualization
measurements of Huang et al. (2010), and Sohankar et al. (2015). C, reaches its minimum value of
1.37 ata = 13°, EL reaches its minimum value of -0.79 at a = 13°, and St reaches it maximum value
of 0.187 at a = 14°. These results agree well with those reported by the previous literature including
Norberg (1993), Luo et al. (1994), and Huang and Lin (2011).

Therefore, the investigation of the effect of incidence angle on the aerodynamic characteristics of
square prism highlights the occurrence of separation bubble on the lower side face (i.e., an enclosed
area formed by reattaching shear layer and solid boundary) starting from the critical incidence angle
of around 13°. Beyond this incidence angle, the separation bubble is hypothesized to shrink in size
progressively with a further increase in incidence angle. When a is in the range of 30° to 45°, the
separation bubble diminishes to a negligible level and has little influence on the resultant aerodynamic
responses, e.g. Cp, C; and St of square prism.

4. The delayed onset of wake instability as a result of wind acceleration

. . . F,
Instantaneous drag and lift coefficient are calculated based on Cp; = 7 oL Ce =

—D2t 4 _Fre
~pU(t)2D’ ~pU(t)?B’

and plotted in Figure 3(a) and (b). In the above expressions, Fp,; and F}; are drag and lift forces
integrated from surface pressures in the along-wind and cross-wind directions, respectively, U(t) is
the instantaneous wind velocity measured by the cobra probe. At each time instant, a moving window
of length 1/4T; (i.e., T; is the average shedding cycle period at the constant target wind velocity stage)
is applied to calculate the ensemble-averaged mean and peak drag and lift coefficient. To be more
specific, (Cp) and (C;) are the mean value of the 30-repeat Cp; and C;,, data within that localized
time window. (Cp), (Cp), (€,) and (C,) are the 95" and 5" percentile bounds of the same Cpeand Cpy
data block. In addition, a 0.1-s smoothing window is applied when plotting them here.
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Figure 3 Time evolution of (a) Cp, and (b) C; , in case of square prism at a = 0°.

In Figure 3(a) and (b), the Cp; and C, ; data corresponding to wind velocity less than 0.8m/s are all
removed because of the inaccuracy of cobra probe and DPMS instrument. The prominent feature of
these two plots is the appearance of an inflection point in terms of time-dependent (Cp) and (C, ) after
flow starts to accelerate. There is a slight discrepancy between the position of these two inflection
points, with the one in (Cp) — T™ earlier than the one in (C;) — T". It is hypothesized that the first
inflection point (T* = —0.44) is indicative of the onset of wake instability after a stage of symmetrical
vortex formation and elongation. The corresponding Reynolds number is 7.8 x 103, which is two
orders of magnitude larger than in the steady flow cases, Re < 46 reported by Jiang and Cheng (2018).

Results of (C,) — T* (Figure 4) and (Cp) — T* (Figure 5) for the square prism through a range of
incidence angle cases also reveals the same prominent features. The first inflection point of (C,) —
T*across all incidence angles cases is observed to occur at more or less the same Reynolds number
(time instant), Re = 7.1~8.2 x 103. This indicates that the wake instability is intrinsically dependent
on flow Reynolds number and in all cases, the flow acceleration delays the occurrence of wake
instability. After the first inflection point in (Cp) and (C.), both (Cp) and (C,) starts to develop
progressively with time, and reach their respective steady-state values at around T* = 0.5, just after
the peak value of flow acceleration (Figure 1). This indicates that the final vortex shedding regime is
well-established before flow acceleration ends.
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Figure 4 Time evolution of ensemble-averaged lift coefficient, (C,), for (a) 0° < a < 12.5°and (b) 15° < a <
45°. The diamonds mark the steady flow results.

5. Characterization of overshoot phenomenon
Another prominent feature of the transient aerodynamic characteristics of square prism at incidence

in an accelerating wind starting from quiescence is the overshoot phenomenon appearing in curves of
(Cp)and ({C,) — (C,))/2 versus T* at 12.5° < a < 40°, as shown in Figure 5(a), (b), (c) and (d). This
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refers to an unusually large value of (Cp) and ({(C,) — (C,))/2 during the development of wake, which
is in excess of the one in the final constant target wind velocity stage. This incidence angle range is
corresponding to the separation bubble flow regime as discussed in Section 3. The overshoot
phenomenon in (Cp) and ({C,) — (C.))/2 is hypothesized to be due to the overaccumulated vorticity
behind the cylinder in the wake formation and development process, which is in excess of the one in
the well-established vortex shedding regime, wherein part of the vorticity fed by the separated shear
layer is locked into the separation bubble on the lower side face.
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Figure 5 Time evolution of ensemble-averaged drag coefficient, (Cp) (a) 0° < a < 12.5°and (b) 15° < a <
45°and fluctuating lift coefficient, ((,) — (C,))/2 for (c) 15° < a < 45° and (d) ° < a < 45°. Diamonds mark
the steady flow results.

An overshoot coefficient is defined herein to evaluate the relative magnitude of the peak (Cp) and
((C.) —(C.))/2 as compared with the steady-state results (averaged over 3-s of data) in the final
target wind velocity stage, denoted by &, and D (e,)—(cL))/2 respectively. Table 1 lists the position
and magnitude of the overshoot (Cp) and ({C,) — (C.))/2. It is evident that the case of a = 12.5°
gives rise to the largest @ ) and D@ e)—(cL)/2r with the value being 1.31 and 2.08 respectively. It is
presumably due to the larger size of separation bubble formed on the lower side face, leading to the
largest vorticity loss in the wake. With a further increase in a the @,y shows little variation whereas
the @ ¢ y_(¢,))/2 diminishes gradually until no overshoot arises at a = 40°.

Table 1 Time and magnitude of the overshoot in (Cp) and ({(C,) — (C.))/2

Incidence angles - (CDZD T*(<C )q_) (?L>){2
peak (Cp) peak (CL)—(CLH/2
a=12.5° -0.14 | 1.31 | -0.11 2.08
a = 15° -0.12 1.30 | -0.10 1.42
a = 20° -0.11 | 1.28 | -0.09 1.22
a = 30° -0.20 | 1.29 | -0.06 1.05
a = 40° -0.20 | 1.25
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6. Conclusions
Three main findings from the above results and discussion are summarized as follows.

(1) The investigation of the effect of incidence angle on the aerodynamic characteristics of square
prism in steady winds highlights the occurrence of separation bubble on the lower side face if the
cylinder rotates in a clockwise direction (i.e., an enclosed area formed by reattaching shear layer and
solid boundary) starting from the critical incidence angle of around 13°.

(2) For the case of square prism subject to an accelerating wind starting from quiescence, the onset of
wake instability is delayed by the presence of flow acceleration to a larger Reynolds number than in
steady flow, Re = 7.1~8.2 x 103 across all incidence angles cases. This is two orders of magnitude
larger than that of steady flow cases, Re < 46. Before the onset of wake instability, the cylinder wake
is hypothesized to be characterized by symmetric vortices which elongate with time. After the onset
of wake instability, the mean drag coefficient and fluctuating lift coefficient develops with time, and
reach their respective steady-state values before the period of acceleration ends. This indicates that
the growth (break-up) of wake instability before the final establishment of vortex shedding regime.

(3) An overshoot phenomenon was found in the time evolution of both mean drag coefficient and
fluctuating lift coefficient in the case of square prism at 12.5° < a < 40°. This was not the case for
a < 12.5°. This is hypothesized to be due to the overaccumulated vorticity during the vortex
formation, elongation and growth of wake instability process, in excess of that in the final vortex
shedding process, wherein part of the vorticity fed by separated shear layers is locked into the
separation bubble formed on the side face. The case of o = 12.5° gives rise to the largest D¢,y and
@ (¢,)-(¢,y/2» With the value being 1.31 and 2.08 respectively, presumably due to the largest

separation bubble formed on the lower side face, which causes the largest vorticity loss.
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