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ABSTRACT

Three-dimensional flow structures around a finite wall-
mounted cylinder, which is drilled an inclined hole going from
the rear surface to the top surface inside a circular cylinder of
an aspect ratio 1 (RIH), are instantaneously measured by
Tomographic PIV in a water tunnel. Here both of the diameter
D and height H of circular cylinder are 70 mm. Tomographic
PIV measurement was performed at Reynolds number of 8,570
in a water tunnel. Three dimensional time-mean velocity fields,
vorticity and Q criterion are discussed and compared between
the hole and no hole of low-aspect-ratio cylinders. It is found
that RIH generates a stronger counter-rotating vortex pair near
the free end and a stronger downwash flow behind the RIH
cylinder. Comparing to the standard cylinder, the arch vortex
and large-scale vortices break down slowly in the wake of RIH
cylinder.

INTRODUCTION

A finite circular cylinder makes a strongly three-
dimensional complex flow structure, and the aspect ratio (the
ratio of the height and diameter) of the cylinder influences the
wake flow, which is different from the structure of an infinite
circular cylinder (Rinoshika and Zhou, 2005, 2009), due to the
effect of the free end (or tip) of the cylinder and the connection
of cylinder and wall (Sumner et al., 2004; Pattenden et al.,
2005; Wang and Zhou, 2009; Goncalves et al., 2015). The
engineering field has many important applications, such as
reducing drag and noise induced by designing the offshore
structures, heat exchangers, structural vibrations, automobile
and so on. The investigation of the complex flow structures of
the finite circular cylinder can be found a lot. Kdrman vortex
from the both sides of the cylinder, the horse shoe vortex
(called necklace vortex) and base vortex near the ground of the
connection of the cylinder and wall (Tanaka and Murata, 1999;
Sumner et al., 2004) and a pair of streamwise counter-rotating
vortices (called trailing vortices) generating from the free end
(Kawamura et al.,, 1984a; Johnston and Wilson, 1996;
Adaramola et al., 2006) can be observed. Lee (1997) also
informed that a structure like Karman vortex cell is reduced
related to the aspect ratio when the aspect ratio is high. The tip-
vortices (Okamoto and Yagita, 1973; Kawamura et al., 1984b;
Roh and Park, 2003) and a horse shoe vortex (Krajnovi¢, 2011;
Rostamy et al., 2012) exist around a low-aspect-ratio cylinder,
while alternating vortex shedding, i.e., Karman street, can’t be
found. At the case of a lower-aspect-ratio cylinder, “arch-type
vortex” formation appears in the near wake (Lee, 1997)

because the vortex from the free-end surface is influenced by
the vortices generated from the sides before reattaching to the
ground. The details about finite-height cylinder can be seen in
Sumner (2013) and Porteous et al. (2014). Recently, Zhu et al.
(2017) used tomographic PIV to measure the three-dimensional
flow structures around a short wall-mounted cylinder with an
aspect ratio of 2, and found the instantaneous 3D M-shape arch
vortex.

However little investigation focuses on controlling vortices
in the short cylinder wakes. Recently, Rinoshika et al. (2017)
developed a passive control method, in which an inclined hole
drilled from the rear surface to the free-end surface is used to
control the flow around a short cylinder. It was found that the
lengths of rear separation region are effectively reduced.
Furthermore, Rinoshika et al. (2018) drill a horizontal hole
from the surface of front side to the surface of rear side inside
the short cylinder to generate the jet flow, which reduced the
area of the rear separation region effectively. One of important
purpose in the flow control is generally to suppress the vortices
or the rear circulation zone in the wake. However, how the
flow issued from the inclined hole effects on three-dimensional
flow structures behind the short cylinder is yet unclear, which
motivates the present investigation.

In order to clarify three dimensional wake flow structures
around low-aspect-ratio cylinders with the hole and no hole on
the flat plate, Tomographic PIV is used to measure
instantaneously the three dimensional velocity fields in a water
tunnel. Three dimensional velocity fields, vorticity and Q
criterion are discussed and compared between the hole and no
hole of low-aspect-ratio cylinders.

EXPERIMENTAL SETUP AND MEASUREMENT
METHOD

The experiment was conducted in a circular open water
tunnel. The size of the test section is 3000 mm (length) x 600
mm (width) x 700 m (height). As shown in Figure 1(a), a short
circular cylinder with a height of H =70mm and a diameter of
D = 70 mm (the aspect ratio of H/D = 1) is mounted on a flat
plate. Inside the cylinder, as shown in Fig.1(b), a hole with a
diameter of d = 10 mm (d/D=0.14) is drilled from the rear
surface to the free end surface, called rear inclined hole (RIH).

For evaluating the effect of the hole height, we use three
RIH models with different hole positions on the rear side
surface (h = 20mm, 35mm and 50mm), expressed as RIH20,
RIH35 and RIHS0, respectively. Here the centre of the hole on
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the surface of free end is fixed at L=30mm from the leading
edge of cylinder (Rinoshika et al., 2017).

The circular cylinder model was mounted on the central
axis of the bottom wall 1200 mm downstream of the test
section entrance. The streamwise, spanwise and wall-normal
directions were indicated by the X, y, and z axes, respectively.
A free stream velocity is fix at U = 0.162 m/s, corresponding to
Reynolds number Re (=UD /v ) of 8,570. The origin of the
coordinate system was set at the centre of the cylinder bottom
surface.
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(a) Standard cylinder (b) RIH cylinder

Fig.1 Short circular cylinder models
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Fig.2 Tomographic PIV setup

The experimental apparatus for the tomographic PIV
measurements is shown in Fig.2. The PIV tracer particles with
a mean diameter of 10 pm are adopted. Illumination was
provided by a dual-head Nd:YAG laser (500 mJ/pulse, 532 nm
wavelength) with a pulse separation time of 3 ms, which yields
average displacements of approximately 0.48 mm (8 pixels) in
the free-stream region. The optical lenses and the mirror were
designed to generate an 80 mm thick light sheet illuminating
the tracer particles around the cylinder. The light sheet was
perpendicular to the test section bottom. Four high-resolution
(6600 x 4400 pixels?, 12bit) double-exposure CCD cameras
(IMPERX SM-CCDB29M2) were applied to record the
measurement domain simultaneously. In Fig.2, the viewing
angles were approximately 47 between cameras. The
measurement volume was in the coordinate range [-115; 130],
[-70; 70], [0; 100] (mm) with a digital imaging resolution of
0.075 mm per pixel, so that its corresponding physical domain
had a size of 245 x 140 x 100 mm?®. Tomographic particle

image velocimetry (TPIV) was applied in the present
investigation for its ability to display the average and
instantaneous three-dimensional distribution of velocity and
vorticity. The 3D vector calculation was done through multi-
pass correlation analysis with a deforming interrogation
window. In the final pass, the interrogation volume was 32 X 32
X 32 voxel with 50% overlap, leading to a spatial resolution of
2.4 mm and a vector pitch of 2.4 mm.

(b) RIH cylinder with h =0.5D
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Fig.3 The mean isosurface of Q/(U/D)>=5 colored by the
streamwise vorticity &, B /T
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RESULTS AND DISCUSSION

Fig. 3 shows the mean isosurface of Q/(U/D)>=5 colored by
the streamwise vorticity &, /U around the standard and RIH
(with h = 0.5D, 0.71D) cylinders. As shown in Fig.3(a), the
arch vortex structure of standard cylinder clearly exhibits a W-
type head instead of a reversed U (Lee, 1997) or an M shape
(Zhu et al., 2017) standing on the ground plane behind the short
cylinder. Two concave parts near the two sides of the
horizontal part are evidently observed in the W-type arch
structure, which is caused by the downward flow from the free
end and tip vortex. The center convex of the horizontal part on
the W-type arch structure is induced owning to the strong
upwash effect of the large flow separation behind the short
cylinder. Being different from M-sharp arch structure (Zhu et
al., 2017), the larger distance between two tip vortices results
in the weaker effect of tip vortices on center part of the head
even though they have strong vorticity at the two sides of the
arch head. At the case of RIH cylinders, W-type head of arch
structures becomes weaker and closes to reversed U shape. It is
because that a part of upwash flows through the rear side
surface hole and the effect of upwash flow on the arch strcture
becomes weaker. Two concave parts near the two sides of the
horizontal part becomes smaller due to the effect of stronger
issue flow from the hole of the free end surface.
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(¢) RIH cylinder with h=0.71D
Fig.4 The mean velocity vectors with the contour of the mean
streamwise vorticity &, [ fIF in the (y, z)-plane of x/D=0.7

Fig. 4 shows the distribution of mean velocity vectors with
the contour of the mean streamwise vorticity &, B /¥ around
the standard and RIH (with h = 0.5D, 0.71D) cylinders in the (y,
27)-plane at the downstream of x/D=0.7. As found by Rinoshika
et al. (2017), the fluid of the large rear recirculation zone flows
upwards to small recirculation zone of the free end surface
through the RIH. At the location of x/D=0.7, a pair of tip
vortices can be clearly observed in the standard cylinder wake.
The upwash and downwash flows can be seen between two tip
vortices near the top surface the cylinder, which is an important
reason forming the W-type head of arch structure in the short
cylinder wake. At the case of RIH cylinders, the position of tip
vortices become higher, and the distance between them
becomes wider than that of the standard cylinder due to the
effect of the issue flow from the hole on the free end surface.
As the height of the side hole increases, the distance and the
height of the two tip vortices slightly increase because the
streamwise velocity of issue flow from the hole on the free end
surface increases.

(a) Standard cylinder (Q/(U/D)*=13.5)
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(c) RIH cylinder with h = 0.71D (Q/(U/D)*=5)

Fig.5 Instantaneous isosurface of Q/(U/D?) colored by the

velocity u/U

Fig.5 shows the instantaneous isosurface of Q/(U/D?)
colored by the velocity u/U around the standard and RIH (with
h = 0.5D, 0.71D) cylinders. Three-dimensional vortical
structures of various scales, such as the arch vortex, tip vortex
and the large-scale streamwise vortex, are clearly observed.
The free end originates the top flow separation and tip vortices
at the trailing edge, which induces a W-shape arch vortex. The
center convex of the horizontal part of the W-type arch
structure is produced due to the upwash effect of the large flow
separation behind the cylinder. The two concave parts of the
horizontal part are caused by the downward flow and tip
vortices. At the case of hole cylinders, the large-scale arch
vortex and large-scale streamwise vortex close to the cylinder
are clearly observed The W-shape of the head becomes slightly
weaker due to the effect of the suction flow from the side hole
on the upwash flow from the flat plate. The issue flow also
results in decreasing two concave parts in the horizontal part of
arch structure. Comparing with the standard cylinder, the arch
vortex and large-scale vortices break down slowly.

Conclusions
To clarify the three-dimensional flow structures behind a

wall-mounted short cylinder with the hole and no hole, the

Tomographic PIV measurements are carried out in this study.

The main results are shown as follows.

(1) The W-shape head becomes weaker at the case of the hole
models.

(2) At the case of RIH cylinders, the tip vortices become
strong, and the distance between them becomes larger.

(3) As the height of the hole increases, the distance and the
height of the tip vortices also increase.

(4) 3D various scale vortical structures can be observed
behind the models.

(5) Comparing with standard cylinder, the arch vortex and
large-scale vortices break down slowly.
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