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Flow around a square cylinder with a detached downstream flat plate at a low Reynolds
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Abstract

This paper investigates the interaction of a square cylinder wake
with a detached flat plate of length equal to one cylinder height
(D) at various downstream locations (G). Two modes of wake-
plate interaction are observed from this study. For short gaps
(G < 2D), a shear layer-plate interaction is observed, where the
first flow regime is generated. In this regime, the shear lay-
ers roll up downstream of the plate. The optimal location of
the plate is found at G ~ 2D for maximum reductions in fun-
damental vortex shedding frequency, root mean square lift and
mean drag of the cylinder. A sudden jump in Strouhal number
is observed between 2D < G < 2.5D, which suggests a transi-
tion into a new mode of wake-plate interaction. For long gaps
(2.5D < G < 5D), a vortex-plate interaction is observed, where
the second flow regime is generated. In this regime, the shear
layers roll up within the gap, and the flow structure at near to
the cylinder is almost unchanged with the gap.

Introduction

Bluff bodies are known for generating many flow-induced prob-
lems (e.g.; high pressure drag, unsteady forces, vibrations and
aerodynamic noise). This condition is mainly associated with
the periodic shedding of rolled up shear layers that originated
from flow separations. Therefore, it is important to have an
efficient means of flow control for the bluff bodies, so the flow-
induced problems can be reduced or totally eliminated.

Wake interference is one of the effective passive flow controls
for bluff bodies. Bluff bodies in a tandem arrangement is an ex-
ample. The key parameter concerned for this case is the separa-
tion distance (G) between the bodies, since the flow properties
may encounter a sudden change at a certain critical gap (G.)
[2,3,12,15,19].

Wake interference can also be obtained using a thin flat plate.
The earliest and most extensive studies relate to a circular cylin-
der bluff body [9, 10, 14, 17]. These studies found that G, is
strongly related to the length of vortex formation completion.
Therefore, other bluff geometries may have different values of
G, and it is important to identify these values for the effective-
ness of flow control.

The only available related study for the case of other than circu-
lar shape to investigate the effect of plate gap and to quantify the
value of G, is Farhadi et al. [8]. They numerically investigated a
semi-circular cylinder with a downstream plate of chord length
one cylinder diameter at Re = 100 to 500. They found that the
critical gap for this configuration was G, ~ 4.6D, larger than
for a circular cylinder (G¢, = 2.6D) obtained by Hwang et al.
[10] of the same Reynolds number (Re = 100).

The understanding of the flow structure variations with gap is
also important for the effectiveness of sound reduction. For ex-
ample, a preliminary study by Doolan [6] suggested that a de-

tached flat plate can be used as a sound cancellation mechanism.
Based on Curle’s theory [5], Doolan theoretically showed that a
total sound cancellation is possible when the lift force between
the two bodies are similar but out of phase. However, the flow
simulation showed [7] that it was very difficult to achieve this
condition. This was because the inclusion of the plate in the
wake of the cylinder introduced a strong hydrodynamic interac-
tion between them.

The aims of this study are to inspect in detail the variations
in flow structure for a square cylinder with a downstream de-
tached flat plate, and to identify the critical gap of this con-
figuration. To achive this, the separation distance between the
cylinder and the plate is varied systematically, so any distinctive
flow regimes and also its critical gap could be identified. This
paper is organized as follows. After the introduction, test cases
and the numerical simulations are described. Then, distinctive
flow properties of the identified flow regimes are explained and
the critical gap is quantified. The paper is concluded in the last
section.

Test cases and numerical simulations

The test case under investigation is a rigid square cylinder of
side length D immersed in a steady freestream velocity (Us)
with a Reynolds number based on cylinder height of Re =
UD/v = 150. This condition is called the unmodified con-
dition. Then, a rigid thin flat plate is located downstream along
the centerline of the cylinder. The chord length of the plate is
the same as the side length of the cylinder (L = D). The separa-
tion distance (G), is measured from the rear surface of the cylin-
der to the leading edge of the plate, and is varied from G =0
(attached plate) to 5D, and the thickness of the splitter plate is
fixed to h = 0.02D. Figure 1 shows a schematic diagram of the
test case.

The primitive variables of the flow fields are calculated nu-
merically based on the two-dimensional incompressible Navier-
Stokes equations. The OpenFOAM [18] numerical simulation
system is used to solve these governing equations. The 2nd-
order backward scheme [11] is used for temporal discretisation,
the convection term is discretised using the 3rd-order QUICK
scheme [13] and 2nd-order unbounded Gauss linear differenc-
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Figure 1: Sketch of the test case and annotations.



ing scheme is used for the viscous term. The time step for pres-
sure, convection and diffusion terms is set at AtUs/D = 0.002
with the requirement to keep the CFL number [4] below 0.5.
All of the analyses are made from a set of sampling data of at
least 10 vortex shedding periods after a statistically stationary
flow condition is achieved.

The computational domain of the finest grid solution (case E)
of Ali et. al. [1] is used for the unmodified square cylinder
case of this current study. For cases of a square cylinder with
a detached plate, the grid domain is extended downstream ac-
cording to the corresponding gap, so the streamwise distance
between the trailing edge and the downstream computational
domain is always 20D. The plate has 204 cells along the edges.
Within the gap, a uniform mesh with cells being spaced equally
at 100 cells for every cylinder side length (D) is constructed, to
maintain the same grid resolution in the near wake region as the
unmodified case. Other grid parameters are set the same as the
unmodified square cylinder case.

Results

Two distinct flow regimes are observed when the gap between
the cylinder and the plate is varied from G = O (attached plate)
to 5D. Figure 2 shows a comparison of instanteneous stream-
wise vorticity contours between regime I, represented by G =
2D, and regime II, represented by G = 2.5D. The first regime is
for G < 2D. In this regime, the separated shear layers from the
upstream corners interact with the plate (named the shear layer-
plate interaction) before they roll up forming large scale vor-
tices. This is similar to the numerical study by Doolan [7], and
detailed explanations about the vortex formation process can be
found from that study. The current study provides additional
information particularly concerned with the effect of the gap
length. When the gap is increased, the interaction between the
shear layers and the plate becomes more intense, consequently,
the secondary vortices grow along the edges of the plate. Then,
the secondary vortices slowly merge with the growing primary
vortices of the same sign of rotation.

The second identified flow regime is for gaps in the range of
2.5D < G < 5D. In this regime, the shear layers roll up within
the gap. Near the base of the cylinder, a well organized flow
structure is observed, and it is almost similar to the case of un-
modified square cylinder. This is because the shear layers roll
up almost independently within the gap. It is also observed that
there is an incipient small scale vortex engulfing the rear surface
of the cylinder due to the face-wide vertical flow induced by the
shear layers. The flow field near the plate is more complex. This
is due to the interaction between the fully grown vortex and the
plate (named the vortex-plate interaction). The plate trims the
oncoming vortex into two parts. One part of the trimmed vor-
tex is being convected downstream to form a von Kdrmadn street
vortex. The other part of the trimmed vortex is relatively small,
and is rapidly diffused.

The flow regimes identified earlier can also be observed clearly
from the time-avergared flow properties. Figure 3 shows a com-
parison of time-averaged streamwise normal stress (Uyy/ U2)
contours between regime I (i.e; G = 2D) and regime II (i.e;
G = 2.5D). For regime I, a pair of high level of Uy, concen-
trations is observed. This is attributed to the completion of the
vortex formation process. For regime II, two pairs of Uy, con-
centrations are observed. The first pair of Uy, concentrations is
located before the plate. The other pair of Uy, concentrations
is located near the trailing edge of the plate, and it is generated
by the vortex-plate interaction that amplifies the velocity fluc-
tuations. The figure also shows the recirculation region (broken
line) for the respective regime. For regime I, the plate is in-
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Figure 2: Spanwise vorticity contours at a time of maximum
lift coefficient about the cylinder, coloured by direction of rota-
tion, red: clockwise direction, —4.0 < % < —0.3; and green:

anticlockwise, 0.3 < % < 4.0 of plate length of L/D = 1.

(b) regime I, i.e; G =2.5D

Figure 3: Contours of time-averaged streamwise normal stress
(%). The contour levels are from 0.04 to 0.15 with a constant

increment of 0.005. The contours are superimposed with a red
dashed line indicating the recirculation zone.
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Figure 4:  Comparison of half-width wake thickness (y /D)
between G = 2D and G = 2.5D. The dashed lines are y; /D
for the unmodified square cylinder.
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Figure 5: Variation of non-dimensional vortex shedding fre-
quency (St) with G/D. -0-; square cylinder of current study,
and -()-; circular cylinder at Re = 100, and -{- circular cylin-
der at Re = 160 by numerical study of [10].

side the bubble, and the length of the bubble increases with gap.
But for regime II, the plate is outside the bubble and the size
is almost constant with the variation of gaps. Thus, for the the
second flow regime, the near wake of the cylinder is not affected
significantly by the plate and the flow structure is similar to the
case of an isolated bluff body.

Figure 4 shows a comparison of half-width wake thickness
(yl/z/D) for regime I (i.e; G = 2D) and regime 1II (i.e; G =
2.5D). The half-width wake thickness is defined as [16];

Us = Ueo — U(X, Y (|1} ) M
1
u(x,£y1/2) = Vo = 5 Us @

where [|mqy, Us and % are maximum defect velocity, free
stream velocity and time-averaged streamwise velocity, respec-
tively. A well defined minimum value of y; /» /D is observed for
regime I, but not for regime II. For regime I, the completion of
the vortex formation creates a low pressure region that conse-
quently squeezes the wake of the cylinder. However, for regime
I, in addition to the necking point due to the vortex formation
process, there are discontinuities in the lines of y; /> /D that oc-
curs at both ends of the plate. This condition is due to the strong
interaction between the vortex and the plate.

Figure 5 shows the variations of Strouhal number (St = f U%,
where f is the vortex shedding frequency, D and U.. are the side
length of the cylinder and the free stream velocity, respectively)
with the gap. When the plate is detached from the cylinder to
G = 0.5D, a sudden increase in Strouhal number is detected.
This is due to the existence of two secondary vortices (instead
of one for the case of attached plate), each at the ends of the
plate, that brings additional perturbation to the shear layer’s in-
stability.

For the gaps in the range of 0.5D < G < 2D, the plate pushes the
vortex formation completion further downstream when the gap
is increased. Consequently, the Strouhal number decreases with
the gap. Then, beyond G ~ 2D the shear layers have reached
their limit, where they cannot be convected further downstream
before rolling up. Thus, the shear layers become unstable and
the vortex formation occurs within the gap. This condition
makes the Strouhal number increase significantly. For the sec-
ond regime, the Strouhal number slowly increases. The reason
for this is not yet understood at this stage of study, but it is
probably due to the minimum wake width of the cylinder that
becomes narrower when the gap is increased.

Figure 5 also compares the variations of Strouhal number for the
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Figure 6: Variation of root mean square lift coefficient (Cp,, )
with G/D.

case of a circular cylinder with detached plate from the numer-
ical study of ref. [10]. The critical gap for a circular cylinder is
G irouar ~ 2.6D, and for the square cylinder of the current study
is smaller than that 2D < G, S 2.5D, as further study is
needed to refine the transition region). The trend in the variation
of St with G is almost similar for circular and square cylinder
cases, except in the second flow regime, where for the circu-
lar cylinder case, there is a jump of St in the transition regime
before it becomes almost constant.

Figure 6 shows the variations of root mean square lift coeffi-
cient fluctuations with G/D for the cylinder (Cy,,,,, ) and for the
plate (CLRMS,,)' For the first flow regime (G < 2D), the magni-
tude of Cp,,,. decreases with gap length. This is attributed to
the generation of less compact vortices near of the cylinder, as
the shear layers roll up further downstream, they provide more
opportunity for the vortex diffusion. However, the magnitude of
Clyys, increases with the gap, as the plate moves closer to the
point of vortex formation completion, at which the strength of
the vortex is the strongest.

A sudden jump in Cp,, and Cpg, is observed in the transi-
tion regime (2D $ G < 2.5D), and the magnitude of . is far
greater than for the unmodified square cylinder (CLRMSO =0.28)
[1]. This is because the vortex-plate interaction generates a
large surface pressure variation in the vicinity of the plate. This
condition amplifies the surface pressure on the cylinder. But the
effect is weakened when the plate moves further downstream.
Thus, the magnitude of Cp,,,. decreases with the gap. For the
magnitude of Cp,,, , the changes are very small, and almost
identical at long gaps, as the vortices are well formed and orga-
nized before they hit the plate.

Figure 7 shows the variation of mean drag coefficient for the
cylinder (Cp,,,, ) and for the plate (Cp,,,,,) with the effect of
gap. For the first flow regime, as the plate is inside the recir-
culation region, the plate experiences a thrust (negative viscous
drag). The thrust increases as the plate moves closer to the sad-
dle point of the recirculation region. However, a non-monotonic
change is observed for the mean drag of the cylinder. The mag-
nitude of Cp,,,,. increases when the plate is first detached from
the cylinder (i.e.;from G = 0 to 0.5D). This is because the gap
provide a space for the fluid to be entrained across the wake
centerline, that decreases the pressure on the base of the cylin-
der. But, then it gradually decreases when the gap is further
increased. This condition is related to vortex formation, where
the vortex forms further downstream as the gap is increased,
hence, more pressure recovery can be obtained at the base of
the cylinder.

‘mean,

A sudden increase in the mean drag for both bodies is observed
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Figure 7: Variation of mean drag coefficient fluctuations with
G/D

in the transition regime. Then, for the second flow regime, the
variation of mean drag is almost constant, and the plate experi-
ences a positive drag, as the plate is now located outside of the
recirculation region.

Conclusions

The flow around a square cylinder with a downstream plate at
various gap lengths (G) has been investigated numerically at
Re = 150. Two distinctive flow regimes are identified according
to the gap length. For the first flow regime (G < 2D), the shear
layers roll up after the gap, but this occurs closer to the gap
as the gap is increased. A significant increase in aerodynamic
forces is observed in the transition into a new regime, and the
critical gap lies between 2D < G, < 2.5D. A further study is
required to identify accurately this critical gap, by refining the
transition regime. For the second flow regime (2.5D < G < 5D),
the shear layers roll up within the gap and the flow structure near
the cylinder is almost constant with the variation of the gap.
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