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Abstract.

Large Eddy Simulation (LES) is used to study the effects of steady slot suction on the aecrodynamic forces of and

flow around a wall-mounted finite-length square cylinder. The aspect ratio H/d of the tested cylinder is 5, where A and d are the
cylinder height and width, respectively. The Reynolds number based on free-stream oncoming flow velocity U, and d is
2.78x10* The suction slot locates near the leading edge of the free end, with a width of 0.025d and a length of 0.9d. The suction
coefficient Q (= U/U.,) is varied as O =0, 1 and 3, where Uj is the velocity at the entrance of the suction slot. It is found that the
free-end steady slot suction can effectively suppress the aerodynamic forces of the model. The maximum reduction of
aerodynamic forces occurs at Q = 1, with the time-mean drag, fluctuating drag, and fluctuating lift reduced by 3.75%, 19.08%,
40.91%, respectively. For O = 3, all aerodynamic forces are still smaller than those for O = 0 (uncontrolled case), but obviously
higher than those for O = 1. The involved control mechanism is successfully revealed, based on the comparison of the flow
around cylinder free end and the near wake for the three tested Q values.
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1. Introduction

Flow around wall-mounted finite-length cylinder
(WMFLC) is frequently encountered in engineering
applications, e.g., high-rise buildings, chimneys, etc. The
flow around a WMFLC is highly three-dimensional (3D)
and drastically different from that around a two-
dimensional (2D) one (Park and Lee 2000, Sumner et al.
2004, Wang and Zhou 2009, Krajnovic 2011, Sattari et al.
2012, Kawai et al. 2012, Zheng and Alam 2017, Wang et al.
2017, Bai and Alam 2018, Sohankar et al. 2018a, 2018b,
Bhatt and Alam 2018, Rastan et al. 2019, Derakhshandeh
and Alam 2019). Particularly, the flow around a WMFLC is
characterized by tip vortices or trailing vortices, spanwise
vortices and possible base vortices (Wang and Zhou. 2006,
Wang and Zhou. 2009, Kawai et al. 2012, Rastan et al.
2017). Tip and base vortices induce downwash and upwash
flows, respectively, tending to weaken the periodic
spanwise vortex shedding (Porteous et al. 2014, Wang et al.
2016). The base vortices and associated upwash flow
depend on the boundary layer thickness on the wall where
the cylinder is mounted. The base vortices enhance with
increasing boundary layer thickness (Wang et al. 2006). The
spanwise vortices depend largely on the cylinder aspect
ratio H/d, where H and d are the height and width of the
cylinder, respectively. The shedding of spanwise vortices is
generally asymmetric, but when H/d falls below a critical

*Corresponding author, Ph.D. Associate Professor
E-mail: Guowei@csu.edu.cn

Copyright © 2020 Techno-Press, Ltd.
http://www.techno-press.com/journals/was&subpage=7

value, it becomes symmetric (Sakamoto and Arie 1983,
Okamoto and Sunabashiri 1992, Pattenden et al. 2005).
Sakamoto and Arie (1983) suggested that this critical value
of H/d is 3.0 for a finite-length circular cylinder and 2.5 for
a square one.

Based on time-averaged near wake velocity field,
Tanaka and Murata (1999) calculated the mean vortex line
for a finite-length circular cylinder with H/d=1.25 and 10.
They found that the vortices from both sides of the cylinder
are connected with each other near the free end, forming an
arch-type structure. Wang and Zhou (2009) performed flow
visualization in the spanwise and lateral planes
simultaneously for the flow around a finite-length square
cylinder with H/d = 7. From an instantaneous point of view,
they found that the spanwise shear flow and free-end shear
flow are also connected with each other and form the arch-
type structure. Kawai er al. (2012) confirmed this
observation using 3D stereoscopic PIV measurement in the
near wake of a finite-length square cylinder with H/d = 2.7.

High-rise buildings can be considered as typical wall-
mounted finite-length cylindrical structures. The wind-
induced forces and associated vibrations are generally
crucial for its design (Gu and Quan 2004, Quan and Gu
2012). Shape optimization is one of the most widely used
measures to reduce the wind load and wind-induced
vibration of high-rise buildings (Dutton 1990; Choi et al.
2008; Tanaka et al. 2012, Kim et al. 2015). Kim et al.
(2015) investigated the wind load of a simplified high-rise
building model with a regular polygonal section, e.g.
triangular, square, pentagon, etc. The effects of both side
number n and spanwise helix were studied. The overturning
and torsional moments decrease with increasing n, but the
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decrease becomes less pronounced when n > 5. Meanwhile,
the effect of the helix in reducing the aerodynamic forces
also becomes limited when n > 5.

Many investigations have been conducted on the effects
of corner modification, e.g., corner recessing, chamfering
and rounding, on a high-rise building with a square cross-
section (Kawai 1998, Tanaka et al. 2012, Carassale et al.
2014 and Li et al. 2018, Shang et al. 2019, Zafar and Alam
2019). For a high-rise square building model with H/d=8, Li
et al. (2018) found that if its corners are modified to
chamfered ones, the fluctuating cross-stream base moment
can be reduced by 37.5%. Some other modifications were
also tested to reduce the wind load on high-rise buildings.
Dutton (1990) found that through openings in the upper half
of a high-rise building can significantly suppress its wind
load and associated transverse wind-induced vibration. Xie
(2014) reported that tapering or stepping along the height of
a high-rise building can reduce its cross-wind aerodynamic
responses. However, all these shape optimization methods
have significant effects on the structural and architectural
design of the buildings (Mooneghi and Kargarmoakhar
2016).

Active control is also applicable for manipulating the
flow over cylindrical structures. Li ez al. (2003) used both
steady suction and blowing near the rear stagnation point of
a circular cylinder and found that the suction and blowing
can successfully suppress the vortex shedding from the
cylinder. Steady suction near the spanwise leading edges of
a square WMFLC with H/d = 3.7 can reduce its mean
aerodynamic drag by about 74% and effectively suppress
the flow separations on the side faces (Zheng and Zhang
2012). Moreover, Menicovich et al. (2014) experimentally
investigated the aerodynamic performance of a high-rise
building model when a steady tangential blowing is applied
to the spanwise leading edge of the model. The mean drag
and fluctuating lift are reduced by 14.2% and 6.1%,
respectively for a blow ratio of 2, which is defined as the
ratio of the mean tangential jet velocity to the oncoming
flow velocity. Zhang et al. (2016) compared the effects of
steady suction at different positions of a square high-rise
building model with H/d=6. The identified that the suction
at the side faces is more efficient than that at the leeward
face in view of the aerodynamic force suppression.
Moreover, the control effect becomes more remarkable
when the suction holes get closer to the flow separation
corners. Note that, the perturbations in the above-mentioned
passive and active controls are arranged along the spanwise
direction of the cylinder, which is essentially similar to that
for 2D bluff bodies (Choi et al. 2008).

Some studies pointed out that free-end shear flow and
spanwise shear flow around a WMFLC are connected to
each other and form a closed arch type structure (Tanaka
and Murata 1999, Wang and Zhou 2009, Kawai et al. 2012,
Zhang et al. 2017). Therefore, it may be possible to control
the entire near wake flow and associated aerodynamic
forces by manipulating the free-end shear flow. Park and
Lee (2004) experimentally investigated the influence of the
free-end geometry on the near wake of a finite-length
circular cylinder of H/d = 6. Compared to a flap flat tip, a
hemispherical free end can significantly weaken regular

vortex shedding from the cylinder and reduce the reverse
flow zone downstream of the cylinder. More recently, Wang
et al. (2018) found that the aerodynamic forces on a square
WMFLC with H/d = 5 can be significantly reduced by
steady slot suction near its free-end leading edge. Its
fluctuating lift is reduced by 45.5% with the suction ratio of
1, i.e., when the suction velocity at the slot equals the
oncoming flow velocity. Although Wang et al. (2018)
investigated the behaviors of the free-end shear flow using
Cobra probe and smoke wire flow visualization for different
suction ratios, the control mechanism was not well
understood.

In this paper, Large Eddy Simulation (LES) is used to
study the influence of free-end steady slot suction on the
aerodynamic forces of and flow around a finite-length
square cylinder with H/d = 5. The simulation results under
three typical suction coefficients are compared in detail,
especially the free-end shear flow. The control mechanism
of the steady slot suction at the free end of a finite-length
square cylinder is paid attention.

2. Numerical simulation
2.1 Numerical methods

LES disintegrates the turbulent vortices into large scale
and small scale with a certain filter. According to
Kolmogorov’s theory, large-scale vortices depend on the
cylinder geometry, which can be explicitly solved. On the
other hand, the small-scale vortices are more universal,
represented by sub-grid-scale (SGS) model (Chen et al.
2009).

The Navier-Stokes (N-S) equations of incompressible
fluid are shown in Eq. (1), and the filtered N-S equations
are shown in Eq. (2)
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where p is the density of the fluid, v is the kinematic
viscosity coefficient of the fluid, &, and i are the filtered
velocity components along the corresponding Cartesian
coordinates x; and x;, respectively (i, j = 1, 2, and 3), p is
the pressure after filtering, 7; is the unsolved SGS turbulent
stress, where 7;=w,u; - W,u,. The anisotropic part of the
SGS stress is represented by an eddy viscosity model.
1 < o, au;
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Fig. 1 Numerical simulation model and calculation mesh
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Fig. 2 Details of the suction slot

in which S; is solvable scale strain rate tensor, 7 is the
isotropic part of SGS stress and is included in the filtered
pressure term, J; is the normal stress of SGS, v is
sublattice  turbulent eddy  viscosity  coefficient.
Smagorinsky-Lilly hypothesis (Lilly 1992) is adopted in
, where C; is the

this paper, which suggests v, = (c,A) |§
Smagorinsky constant (Smagorinsky 1963), for flow around
blunt bodies, C; = 0.1 (Krajnovic and Davidson 2002).
Tutar et al. (1998) have successfully demonstrated the
feasibility of applying the Smagorinsky—Lilly SGS model to
investigate flow past a circular cylinder in the subcritical

flow regime. The strain rate tensor S = 25.7”87,J . The A is

the gird width, A =(AxAyAz)"®, where Ax, Ay, Az are the

grid size in x, y, and z directions, respectively. Commercial
software ANSYS Fluent is utilized to conduct the numerical
simulation.

2.2 Simulation model
The flow around a WMFLC with a square cross-section

is simulated using LES. The width of the square cylinder d
= 40 mm and its aspect ratio H/d=5, where H is the height

of the cylinder. The computational domain and coordinate
system are shown in Fig. 1(a). The origin of the coordinates
is defined at the center of the test model on the bottom wall.
The length, width, and height of the computational domain
are 30d, 20d, and 10d, respectively. The model is 10d
downstream from the inlet of the computational domain.

The slot for the steady suction is set at the cylinder free
end, as shown in Fig. 2(a). The slot is 0.025d downstream
from the free-end leading edge. The length and width of the
suction slot are 0.9d, 0.025d, respectively, with a slot depth
of d, as shown in Fig. 2(a). Note that, the boundary
condition at the suction slot is not defined at the cylinder
free end. Instead, a velocity outlet is defined at the bottom
face of the slot, as indicated in Fig. 2(b). This definition of
the approach for the suction slot allows the formation of
secondary vortices near the entrance of the slot on the
cylinder free end, which may have significant effects on the
flow above the free end (Kotapati ef al. 2007).

A uniform flow with the oncoming velocity U,=10 m/s
is given at the inlet of the computation domain. The
Reynolds number Re, based on U, and d, is 2.78x10%
which is the same as that used in Wang et al. (2018)’s
experiment. The outlet of the domain is set as pressure-out.
The top and side faces of the computational domain are
defined as the symmetry boundary condition. Besides, the
surfaces of the cylinder and the bottom wall of the
computational domain are set as no-slip wall. The boundary
layer thickness J on the bottom wall is estimated to be about
10mm, i.e., 0.25d, at the cylinder axis. That is, most of the
cylinder span is immersed in uniform oncoming flow. The
windward and leeward faces are named as A and C, and two
side faces are named B and D.

Suction coefficient Q = U,/U., where U, is the velocity
at the exit of the suction slot. Wang et al. (2018)
investigated the effects of O on the aerodynamic forces on a
finite-length square cylinder with H/d = 5. They found that,
compared to the uncontrolled case (Q = 0), the aerodynamic
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Fig. 3 Distributions of the suction velocity along the slot for
different Q values

Table 1 Comparison of the three meshes used in the present
LES

Total grid Mesh number on

Case number model surface At y*
NAN*N.

1 4x10° 41x31x61 0.001 <1

2 7x106 45%x45x%151 0.001 <1

3 8x10° 50x50x151 0.001 <1

forces are minimum at Q = 1. The forces recover slightly
with increasing Q for Q > 1 and become almost constant for
0O > 3. Consequently, the present paper studies three typical
suction ratios, i.e., O = 0, 1 and 3. To this end, the velocity
at the exit of the suction slot (see Fig. 2(b)) is set as U;=0,
10 and 30 m/s, respectively.

The Strouhal number (St = f;'d/U.,, where f; is the
dominant vortex shedding frequency) of a square WMFLC
with H/d = 5 is about 0.11 (Mcclean and Sumner 2014,
Unnikrishnan et al. 2018), slightly smaller than the
corresponding value of a 2D square cylinder. Since U.=10
m/s, the dominant spanwise vortex shedding frequency is
estimated to be 27.5 Hz, the corresponding period being
0.0364 s. The time step in the present simulation is set as
0.001 s, which is about 1/36 of the vortex shedding period.

Fig. 3 shows the distribution of the mean velocity U} at
the entrance of the suction slot for different Q. The
superscript “*’ in the present paper indicates normalization
with U, and/or d. For the uncontrolled case with 0=0, U}
is almost zero along the slot. The slight discrepancy from
zero along the slot is ascribed to the effects of the slot
cavity, as shown in Fig. 2(b). For Q=1 and 3, U is also
quite uniform along the slot, suggesting that the suction is
approximately 2D at the entrance of the slot.

2.3 Mesh independence verification

The computational domain is discretized into structured
hexahedral meshes, as shown in Fig. 1(b). The meshes at
the slot are generated separately and are also discretized
into structured hexahedral meshes. We defined the entrance

of the slot as interface 1, while the exit of the slot is defined
as interface 2. Besides, a boundary layer meshes are
produced at the entrance of the slot, the minimum grid size
is 1x10”° m with a ratio was 1.1. The mesh near the cylinder
surface is refined in three directions. Three sets of meshes
are tested to investigate their effects on the simulation
results. Table 1 lists the information of the three sets of
meshes, named Cases 1, 2, and 3, used for comparison. The
total number of grids is about 4, 7 and 8 millions for the
three cases. The main difference of these meshes lies in the
number of the grids on the model surface in x, y and z
directions, i.e., Ny, N, and N., which are 41x31x61,
45%x45%151 and 50x50x151 in Case 1, 2 and 3, respectively.
All these three sets of meshes meet the condition of y* <1
on the model surface. The main difference between them
lies in the number of circumferential grids around the model.

Table 2 compares the results from the present
simulations and those reported in the literature for square
WMFLC. The St of the present simulation corresponds to
that reported in the literature. For the three tested cases, the
St increases very slightly from Case 1 to Case 3 by about
2.8%. For the time-averaged drag coefficient, C; is the
largest in Case 1. The overbar ¢’ means time-averaged
value. It reduces by about 10% in Case 2 and keeps almost
unchanged in Case 3. A relatively large discrepancy appears
for the fluctuating drag coefficient C';. The C'; being large
in Case 1 reduces by about 35.5% and 62.7% in Cases 2 and
3, respectively. Though the percentages look big, the
absolute differences in C’; between the three cases are
small. The fluctuating lift C is also the largest in Case 1,
decreasing by about 67.8% in Case 2 and keeping almost
unchanged between Cases 2 and 3. The C’; in Case 3 agrees
well with the experimental result by wang et al. (2018).
Considering all these comparisons, the mesh in Case 3 is
adopted for the extensive simulations.

It is worth emphasizing that C, of a WMFLC is closely
linked to the wall boundary layer thickness 0. As shown in
table 2, with ¢ ranging from 0.4 d to 3.5 d, the experimental
C, changes from 1.29 to 1.62 (Sakamoto and Oiwake 1984,
Sakamoto 1985, Mcclean and Sumner 2014, Sumner and
Ogunremi 2015, Unnikrishnan and Ogunremi 2017, Wang
et al. 2017, Wang et al. 2018). The C,; from Case 3 accords
well with the corresponding data from the experiments with
smaller . Other experimental data with H/d=4 and 7, which
are close to the present investigated H/d = 5, are also given
in table 2 for reference (Wang and Zhou 2009, Bourgeois et
al. 2012, Saha 2013, Saeedi et al. 2014, Rastan et al. 2017,
Zhang et al. 2017).

3. Results and discussions
3.1 Aerodynamic forces

Fig. 4 compares C;, C'; and C’; obtained from the
present LES with the experimental results reported by Wang
et al (2018). The present C'; is very close to the
experimental results at all three typical Q. Since C is
directly related to the spanwise vortex shedding, this
observation may indicate that the present LES can



Large Eddy Simulation of the flow around a finite-length square cylinder with free-end slot suction 537

Table 2 Comparison of simulated and experimental results

Cases H/d Re o/d C,; Cla Cl St Method
1 (4x10% 5 2.78x10* 0.25 1.680 0.110 0.423 0.107 LES
2 (7%10%) 5 2.78%x10* 0.25 1.503 0.071 0.136 0.109 LES
3 (8x10% 5 2.78x10* 0.25 1.533 0.041 0.137 0.110 LES
Sakamoz‘l’;gf)omake 5 3.4x10° 33 1.30 0.08 0.30 0.10 Exp
Sakamoto (1985) 5 3.4x10%~1.7x10° 35 1.29 0.082 0.31 0.10 Exp

Mcclean and Sumner
(2014) 5 7.3x10% 1.5 1.43 0.015 - 0.105 Exp
Sumner and Ogunremi
201 S)g 5 7.4x10° 1.6 1.47 - - - Exp
Unnikrishnan and
Ogunremi (2017) 5 3.7x10% 1.5 1.425 - - 0.105 Exp
Wang et al. (2017) 5 6.8x10* 1 1.51 - - 0.11 Exp
Wang et al. (2018) 5 2.78x10* 0.4 1.62 0.055 0.13 0.11 Exp
Bourgeois et al. (2012) 4 1.2x10* 0.72 - - - 0.10 Exp
Saha (2013) 4 250 - 1.23 - - 0.124 DNS
Saeedi et al. (2014) 4 1.2x10% - - - - 0.106 DNS
Zhang et al. (2017) 4 1000 0.31 1.404 - - 0.106 DNS
Wang and Zhou (2009) 7 9300 1.35 - - - 0.110 Exp
Rastan et al. (2017) 7 250 0.84 1.287 0.095 0.085 0.117 DNS
17 0 Wang ctal (2018)

F L6 OOl o o ® PresentLES averaged spectral coefficients, which is useful to identify
1s® . . the dominant frequency in a signal and the strength of
14l L L L (), spectral peaks. For a non-stationary signal, a time-

0.10 frequency plot is useful for understanding the flow physics

~ (Alam et al. 2010). Time-frequency analysis using short-
& 0o0sig e S C time Fourier transform (STFT) identifies the distribution of
0.00 L . . . (b), power as a function of the frequency at every instant for the
0.15 signal analyzed. It is well known that, a large window size

- (signal length in time) improves the frequency resolution
© oo “-a R g O S o but reduces the temporal resolution, and vice versa. In the
005 L N , , (), present STFT, Gaussian wind function is used. The width of

1 22 3 4 the window is 0.1s to achieve a compromise between

Fig. 4 Effects of suction ratio Q on Cj, C'yand C

successfully extract the main features of spanwise vortex
shedding. The present C,; and C'; are slightly smaller than
the experimental data. For example, at 0 =0, C, is 1.53 in
the present LES, approximately 5.5% smaller than that.
reported by Wang et al. (2018). The possible reason is that
the boundary layer conditions in the present LES and the
experiment are not completely identical. Particularly, the
boundary layer thickness ¢ is 0.25d in the present LES and
0.4d in Wang et al. (2018)’s experiment. Although there are
some quantitative differences in C; and C’; between the
LES and experiment, their variations with O have the same
tendency. Both C; and C’; present their minimal values at
O =1 and then recover a little bit at Q = 3. The maximal
reduction in C,;, C's, and C are 3.75%, 19.08%, and
40.91%, respectively, compared to the uncontrolled case.
These observations are similar to those reported by Wang et
al. (2018), indicating the significant effects of the free-end
suction on the aerodynamic forces on the square WMFLC.
Fig. 5 shows the instantaneous C;at different Q, and the
corresponding short-term Fourier analysis results along with
power spectrum. The power spectrum provides time-

frequency and temporal resolutions.

As expected, for the uncontrolled case (Q = 0), the
fluctuation in C;is not stable over time. Both high- and low-
amplitude fluctuations of C; occur intermittently. This
observation is consistent with that reported by Wang and
Zhou (2009), Sattari et al. (2012) and Uffinger et al. (2013).
The high-amplitude fluctuation of C; corresponds alternate
formation and shedding of spanwise vortices while the low-
amplitude fluctuation is accompanied by co-existing
spanwise vortices in the obstacle lee throughout the
shedding circle (Bourgeois ef al. 2011, 2012 and 2013). The
shifting between these two typical shedding modes can be
clearly observed in the time-frequency spectrum for Q=0
(Fig. 5(b)).

At Q = 1, the fluctuation in C; significantly small
compared to that at Q = 0 (Fig. 5(d)). Besides, the shifting
between the two typical vortex shedding modes also
becomes less obvious (Figs. 5(d), 5(e)). With the increase of
0 to 3, both the fluctuation in C; and the peak in its time-
frequency spectrum enhance noticeably compared with
those at O = 1. For an easy comparison, the spectrum of C;
is normalized into dB scale using the peak value of 0=0 as
reference. Obviously, the peak at O = 1 is -5.05 dB,
significantly lower than the zero at O = 0. When Q is
increased to 3, this peak value rises to -2.85 dB, albeit still
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Fig. 5 Instantaneous lift, its short-term Fourier transform results, and power spectra for 0=0, 1 and 3

smaller than that for the uncontrolled case (Q=0) but higher
than that for O = 1. This observation supports the Q effects
on C'in Fig. 4.

Fig. 6 presents the distributions of the time-mean and
fluctuating pressure coefficients C_p and C_l’, on the
windward, side and leeward faces of the cylinder. The C,
and Cy are defined asC, = 2(P-py)/ pUZandCy=2Pus /
pUZ, respectively, where P is the time-averaged pressure,
P,y is the root-mean-square value of the fluctuating
pressure, and P is the static pressure.

Distributions of C_p and C_z': on the side and leeward
faces may reflect the vortex shedding behavior. Lee (1975)
and Noda and Nakayama (2003) investigated the effects of
oncoming flow turbulence on the aerodynamic
characteristics of a 2D square cylinder, including the
circumferential distribution of C, and Cj. They found that
spanwise Karman vortex shedding is suppressed gradually
with increasing turbulence intensity (Ti), especially for Ti >
8%. The absolute values of both C,, and C’, on the side and
leeward faces decrease gradually, which is ascribed to the
weakened spanwise vortex shedding.

As shown in figure 6, the distributions of C_p and C', on
the windward face are almost unchanged for the three
typical Q values, except small C_p appearing near the free-
end leading edge for the controlled cases. For Q = 0, the
distributions of C_p and C', on the side and leeward faces
(i.e., B and C) change noticeably along the cylinder span,
suggesting a strong three-dimensionality of the flow. The
C_p is relatively small near the trailing edge at the upper
half of the cylinder (Fig. 6(b)). It gradually grows toward
the base, apparently because of the effects of wall junction.
This distribution concurs with that obtained experimentally

by Wang et al. (2017). The distribution of C', is mostly
uniform near the cylinder midspan (z* = 1.5 - 3.5). Note
that, the values of C_p and C', for the present finite-length
square cylinder are far smaller than the corresponding
values of a 2D square cylinder reported by Lee (1975),
Noda and Nakayama (2003) and Wang ef al. (2017). This is
because the vortex shedding from a WMFLC is
considerably weak, compared with that from a 2D cylinder.

For Q = 1, the magnitudes of C, on faces B and C
(Figs. 6(e) and 6(f) reduces slightly, compared with that for
O = 0 (Figs. 6(b) and 6(c). Besides, C’, the same faces
(figure 6n, 0) is considerably suppressed when compared
with the 0=0 case (Figs. 6(k) and 6(i)). It indicates that the
spanwise vortex shedding is considerably suppressed for Q
= 1. With Q increasing to 3, the suppression of C_p and C',
is less pronounced, which is consistent with the
observations in Figs 4 and 5. It is worth mentioning that the
effects of free-end suction appear not only on near the
cylinder free end but also over the entire cylinder span (Fig.
6).

A special observation can be made at O=1 with a close
look at the C_,, distribution near the free end (Fig. 6(e)).
The C_p presents its minimum value of -1.0 on the side face
near the cylinder free end, which is even lower than that at
0=3. It is interesting to figure out what happens on the
cylinder free end at O=1, which causes this local minimum
C_p near the cylinder free end and suppresses the
aerodynamic forces most efficiently. As such, we look into
the C_p and C’, distributions on the cylinder top surface (Fig.
7). Apparently, the distributions are highly contingent on Q.
For O0=0, both C_p and C', distributions are quite uniform,
which can be ascribed to the fact that the free end is fully



Large Eddy Simulation of the flow around a finite-length square cylinder with free-end slot suction 539

4t
3t
™
2t
¢ 1
1 | .
oW, Lol o o
08 5. o -
= 07
0.6
— 05 4
— 04 .
03 C,
B0z 3p ™= a2
B0l [0l
o ) 0.1
ol 27 I I E 0.05
=02 0
B3
04 [ I I
05
05 oL m (] (o)
-0.7 3
08
09
-1 4+
3F
™
2k
'l
o : 0 _(P) _,(q) (r)
05005 05005
A C A B C

Fig. 6 Distributions of C_p and C', on the windward, side
and leeward faces of the cylinder

immersed in the reverse flow formed by the free-end shear
flow. The oncoming flow bends upward while approaching
the cylinder free end, then separates from the leading edge
forming a reverse flow on the free end (Sumner ef al. 2017,
Wang et al. 2018, Cao et al. 2019). From the direct
numerical simulation (DNS) results, Rastan et al. (2017)
found that the behavior of the free-end shear flow depends
on the Reynolds number. The separated free-end shear flow
reattaches on the free end at Re < 40 while remaining fully
separated at Re > 250. The present Re=2.78x10* nestles in
the latter range; that is, the cylinder free end is expected to
be completely immersed in the separated flow, which will
be further confirmed later. The uniform distributions of C,
and C', thus prevail on the free end for Q0 = 0.

For O =1 and 3, the C_p and C', both vary on the free-
end surface (Figs. 7(b), (e)). When O=1, the C, is small at
the upstream half of the free end while large at downstream
half. Meanwhile, remarkably high C', appears near the
suction slot, with two tails extending to the downstream
(Fig. 7(e)). For Q = 3, the C_p on the free end becomes
uniform again, being significantly higher than that for 0=0.
Interestingly, C’, in most of the area downstream the suction
slot is approximately zero, except at the side edges of the
free end (Fig. 7(f)). The significant variations of C_p and C',

on the free end as well as of aerodynamic forces (Figs. 4 -
6) are obviously linked to the free-end slot suction. It is
interesting to investigate the effects of slot suction on the
free-end shear flow and to reveal its control mechanism.

3.2 Flow structures

3.2.1 Flow around the free end

The free-end shear flow is closely related to the
downwash flow in the wake. Here, the effects of slot
suction on the free-end shear flow are investigated. Figure 8
presents the time-averaged streamlines together with the
distributions of turbulent kinetic energy TKE" in the central
symmetric plane at y* = 0. The TKE" is defined as
where U’ , u?, uy’
are the variances of the velocity components in x, y and z
directions, respectively. The time-averaged streamlines,
shown in Figs. 8(a) - 8(c), are overlapped with the contours
of mean streamwise velocity U; for an easy interpretation.
The red solid line and ‘%’ in Figs. 8(a) - 8(c) indicate the
boundary of flow reversal (U; = 0) and the saddle point
formed by the downwash and upwash flow (Wang et al.
20006), respectively.

At O = 0, the streamlines separate from the leading
edge of the free end and bend down in the near wake,
forming a large recirculation zone, which is qualitatively
similar to the PIV measurement results by Sumner et al.
(2017). The streamwise length of the recirculation grows
from the cylinder tip to the cylinder midspan, not varying
much from the midspan to the base. It is maximum of 3.43d
at z° = 2. The downwash being much stronger than the
upwash pushes the saddle point to be very close (z° = 0.40)
to the base (Fig. 8(a)). Wang and Zhou (2009) and Sumner
et al. (2017) for a square WMFLC with the same H/d
identified the saddle point at z* = 3.21 and 2.86, respectively,
which are higher than the present one. This is because the
wall boundary layer in the present investigation is relatively
thin, thus generating a weakened upwash flow in the near
wake (Wang et al. 2006). The maximum TKE" appears in
the near wake at x* = 3.5, lying close to the boundary of the
recirculation. The free-end shear flow is traced by TKE".
However, TKE" in the shear flow is obviously smaller than
that in the near wake.

For O=1 (Figs. 8(b), 8(e), the downwash flow extends
further downstream; the maximum streamwise length of the
recirculation is 4.1d. Meanwhile, the maximum TKE" in the
near wake also shifts downstream to x* =~ 4.0. Note that, the
maximum 7KE" is 0.15, about 20% smaller compared with
the uncontrolled case. A close look at the streamlines over
the free end discloses a recirculation bubble formed by the
shear flow reattachment under the suction effect (Fig. 8b). It
is interesting to note that, because of the occurrence of the
reattachment, TKE" over the free end is enhanced
significantly compared with the uncontrolled case. The
maximum 7KE" in the free-end shear flow is 0.21, about 40%
higher than that in the near wake (Fig. 8(e)).

For O =3 (Fig. 8(c), 8(f), the flow is fully attached on
the free end, suppressing the recirculation on it. The
recirculation zone behind the cylinder shrinks a little bit
from O = 1, but still larger than the uncontrolled case. Since

TKE™ =0.5-(u;?+u;” +u;’) /U2
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Fig. 8 Time-averaged flow field around the cylinder (a-c) and distributions of TKE* (d-f) in the central symmetric plane

the flow is fully attached on the free end, the TKE" over
free-end is very small (Fig. 8(e)). Similar to the variation of
the recirculation zone, the maximum TKE" recovers slightly
from Q = 1, being smaller than that for 0=0.

Fig. 9 presents the time-mean streamlines around the
free end and the flow visualization results from Wang et al.
(2018) for H/d = 5 and Re = 3x10%. Both streamlines and
flow visualization patterns display the same predominant
features, though the Reynolds numbers are different for two
studies (Fig. 9(a), 9(d)).

For Q = 1, according to the smoke flow visualization
result (Fig. 9(b)), the free-end shear flow reattaches on the
free end. Wang et al. (2018), using a Cobra probe, also
obtained the velocity distribution over the free end, which
confirmed the flow attachment. However, due to the
limitations of both Cobra probe and smoke wire technique
used by Wang ef al. (2018), the flow structure in the

recirculation region was not explicitly revealed. In the
present LES result (Fig. 9(b)), a source point S appears on
the free end. The flow behind point S is attached on the free
end pointing downstream, while that upstream of it is
reverse. Since point S locates at the central symmetry plane,
the divergent flow from point S in the symmetry plane (Fig.
9(b)) indicates the existence of inflow pointing to S from
the lateral direction. That is, the flow structure on the free
end at Q = 1 must be highly three dimensional, which will
later be addressed in detail.

With O = 3, the flow on the free end remains fully
attached (Fig. 9(c)), consistent with the flow visualization
result by Wang et al. (2018). Since the flow around the free
end is highly 3D, especially at Q = 1 (Fig. 9(d)), it is
interesting to look into 3D streamlines around the free end,
as shown in Fig. 10. The streamlines are colored by the
value of mean streamwise velocity Uj;. The separation at
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the free-end leading edge and the secondary vortex at the pressure on the free end (Fig. 7(a)). In Fig. 10(a3), a vortex
free-end trailing edge (V2 in Fig. 9(a)) are clearly seen in filament, marked with A, presents near the trailing edge of
Fig. 10(a). The acceleration of the free-end shear flow can the free end, which corresponds to the secondary vortex V2
be also observed, especially in the side view figure. Besides, in Fig. 9(a). B and C in Fig. 10(a3) indicate the vortices
in Figs. 10(al) and (a2), an upward flow along the side symmetrically appear at the sides and in the wake,

faces occurs under the entrainment effects of the negative respectively.



542 Hanfeng Wang, Lingwei Zeng, Md. Mahbub Alam and Wei Guo

-
(@) 0=0
&
b)) 0=1
-
(©)QO=3

Fig. 11 Iso-surfaces of U;=0.3 at (a) 0=0, (b) O=1, and (c)
0=3

When Q is increased to 1, two pairs of vortices appear
on the cylinder free end, marked with E and D in Fig.
10(b3). The free-end shear flow is trapped by the suction
near the leading edge, forming a pair of strong vortices E,
which converge towards the center of the free end. This
flow forms a 3D saddle point S on the free end, which
essentially corresponds to the source point S in the central
symmetric plane, as shown in Fig. 9(b). Taking a close look
at the streamlines in Fig. 10(b), it can be found that some
upwards flow along the cylinder side faces is driven into
vortices E. In addition, another pair of vortices D
materializes near the side edges of the free end, mainly
formed by the upward flow along the side faces (Figs.
10(b1) and 10(b2). Both pairs (i.e., E and D) are inherently
associated with the highly negative pressure on the cylinder
free end (Fig. (7b)). Moreover, the strong pressure
fluctuation on the free end (Fig. 7(e)) can be also ascribed
to the violent swirling motion of vortices E and D. It is
worth mentioning that, at Q = 1, the highly negative
pressure on the cylinder free end seems to induce more
upward flow along the side faces. This strong upward flow,
together with the free-end shear flow, forms the complex
3D flow structures over the free end.

At O = 3, the vortices D yet occurs near the side edges
of the free end. However, their size is appreciably small,
compared with that at O = 1. Note that the separation at the
free-end leading edge is completely suppressed by the
suction. The flow is attached on most of the free end, except
near the side edges (Fig. 10(cl), (c3)). The observation is
also consistent with the flow visualization result by Wang et
al. (2018).

Since the suction changes the pressure distribution on
the free end (Fig. 7), it produces upward flow along the side
faces (Fig. 10). Fig. 11 presents the iso-surface of U;=0.3
for different Q values. This iso-surface traces the area

Fig. 12 Sketch showing the position of point P

where the upward flow is relatively strong (U;> 0.3). For Q
=0, the upward flow largely appears at the free-end leading
edge, which is apparently induced by the ascending free-
end shear flow. In addition, a pair of narrow strips appear
on the side faces of the cylinder (Fig. 11(a)). At Q = 1, the
iso-surface near the leading edge shrinks, while that on the
side faces enlarges significantly, compared with those at O
=0. At O = 3, the iso-surface near the leading edge shrinks
further, which removes the upward free-end shear flow
completely. The upward flow area on the side faces also
reduces noticeably, compared with that at O =1.

The upwards flow at the side faces of the cylinder at O =
1 (Fig. 11(b)) is apparently induced by the strong negative
pressure on the cylinder free end (Fig. 7(b)). Considering
the significant reduction of C'; at Q = 1, it is understood that
the suction with Q = 1 gives rise to the highly 3D vortex
structure on the free end (Fig. 10(b)), creating a low
pressure on the free end (Fig. 7(b)) and inducing strong
upward flows along the side faces of the cylinder (Fig.
11(b)). This upward flows on side faces may weaken the
spanwise vortex shedding and thus bring about the
reduction in the aerodynamic forces (Figs. 4 and 5).

Recently, Kindree ef al. (2018) and Peng et al. (2019)
found that the flow around a WMFLC bears a low-
frequency periodicity, with the frequency of about 1/10 of
the spanwise Karman vortex shedding. This low-frequency
behavior was found to be the up-down flapping of the free-
end shear flow, characterizing high- and low-amplitude
fluctuations of C; (Peng et al. 2019). We are therefore
interested in investigating the dynamic behavior of the free-
end shear flow for different Q values.

A point P (x*= - 0.375, y*= 0 and z" = 5.5, 0.5d above
the free end, as shown in figure 12) is selected to monitor
the behavior of the free end shear flow. Figure 13 presents
the time histories of the velocities (U," and U.") in the
lateral and vertical directions. The corresponding C; is also
shown for a comparison purpose. As discussed in figure 5,
C; changes alternately from the high- to low-amplitude
fluctuations, as also observed by Bourgeois ef al. (2011),
Sattari et al. (2012), Uffinger et al. (2013) and Wang et al.
(2018), etc. Peng et al. (2019) suggested that the high- and
low-amplitude lift forces are associated with the change in
the spanwise vortex shedding from asymmetrical to
symmetrical modes and also with the flapping of the free-
end shear flow. As seen in Fig. 13(a), a low-frequency
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variation in U." is clearly observed, indicating the up-down
flapping of the free-end shear flow. This low-frequency
flapping of the free-end shear flow causes the fluctuations
in C; and U,”, the latter is associated with the spanwise
vortex shedding modes. Note that, the averaged U." is about
0.38 at Q = 0, suggesting the free-end shear flow bends
upward at point P. This observation is consistent with the
flow visualization results by Wang et al. (2018), as shown
in Fig. 9(a).

At Q = 1, the averaged U." reduces to about 0.28 (Fig.
13(b)), smaller than that at Q = 0 (Fig. 13(a)), suggesting
that the shear flow is restricted closer to the free end by the
slot suction. As shown in Fig. 13(b), the low-frequency
variation in U," is less obvious compared to the
uncontrolled case. Meanwhile, the occurrence of the high-
amplitude fluctuation in C; is also significantly suppressed.
That is, the free-end shear flow still flaps, albeit weakly,
which sparks the C; fluctuation.

At Q = 3, the low-frequency modulation in U."
disappears (Fig. 13(c)), with the averaged U." reducing to
about 0.16. Given that the shear flow is fully attached on
the free end (Fig. 9(c)), the low-frequency flapping of the
free-end shear flow completely ceases. Although the

flapping disappears, the occurrences of high- and low-
amplitude fluctuation of

C; are still discernible again, suggesting a weak or no
correlation between the free-end shear flow flapping and the
spanwise vortex shedding (Peng ef al. 2019) when the shear
flow is fully attached.

3.2.2 Near wake

For all the cases tested, two typical instants A and B are
selected corresponding to high- and low-amplitude C,
respectively (Fig. 13). The corresponding near wake flow
structures at instants A and B are compared in Fig. 14,
where the iso-surfaces of 4> (Zhang et al. 2017) are colored
by pressure coefficient C,. The A, is defined as

_ ou; 0u;
A =05(50 —5;;) ,  with ﬂj=0-5(87‘87:) and

i

s; =0.5(

u.
+7j) being the symmetrical strain tensor

ou,
X, 0%

and skew-symmetrical rotation tensor, respectively.

For O = 0, the two typical vortex shedding modes are
clearly observed (Figs. 14(a), 14(b)). The near wake
presents alternating vortex shedding for high-amplitude C;
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Fig. 15 Time-average near wake structures with 1,= 0.4: (a)

0=0,(b)0=1,and (c) 0=3

(Fig. 14(a)) while a symmetric shedding persists for the
low-amplitude C; (Fig. 14(b)). As such, the wake is
narrower in the latter case than in the former. When the
free-end suction applied, the alternating vortices are less
organized, breaking into random small-scale vortices,
especially for O=1. The wake is still wide for the high-
amplitude C; and narrow for the high-amplitude C; (Figs.
14(c) - 14(%)).

Fig. 15 compares the time-mean near wake structure for
the three tested cases. Besides the horseshoe vortices on the
ground wall, a clear dipole structure features the wake for
0=0 (Porteous et al. 2017). The absence of base vortex can
be ascribed to the small boundary layer thickness used in
the present investigation (Wang et al. 2006). For O=1, the
dipole structure is impaired, compared with that for 0=0.
The tip vortex is enhanced again for Q=3, which is
consistent with the dependence of the aerodynamic forces

on Q.

4. Conclusions

The mechanism of force and flow control by a steady
slot suction near the free-end leading edge of a wall-
mounted finite-length square cylinder is numerically
investigated. Three suction ratios O0=0, 1, and 3 are tested to
reveal the effect of Q on the near wake and aerodynamic
forces. The results lead to the following conclusions:

* The maximal reduction of aerodynamic forces occurs

at O=1. The maximum reduction in time-mean drag,

fluctuating drag, and fluctuating lift are 3.75%, 19.08%,

and 40.91%, respectively, compared to the uncontrolled

case (0=0). The O=3 offers larger and smaller forces
than Q=1 and 0, respectively.

* At O=1, two pairs of vortices appear on the free end,

resulting in a very low-pressure region at the upstream
half of the free end. This low pressure drives a strong
upward moving flow along the side faces of the cylinder,
which weakens the spanwise vortex shedding. The TKE
in the free-end shear flow is the strongest, enhancing the
momentum transport between the free-end shear flow
and near wake. While partially attached in the free-end
surface for O=1, the free-end shear flow is fully attached
for O=3 and fully detached or 0=0. The fully attached
flow for O=3 enhances the pressure on the free end and
weakens the induced upward moving flow along the
side faces.

* As the boundary layer thickness is quite small, only tip
vortices appear in the near wake for all the cases.
Particularly, for O=1, the time-mean tip vortices are
dramatically impaired, and the alternating spanwise
vortex shedding wakens. When Q is increased to 3, the
tip vortices and alternating vortex shedding both are
reinforced.
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