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Adaptive Stereoscopic-PIV System for the Analyses of the
Flow-Structure-Interactions(FSI) of Air-Lifted Bodies
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ABSTRACT: Measurements results of flow-structure-interactions (FSI) of an air-lifted body are introduced. An adaptive stereoscopic-PIV system
has been constructed for the measurements of the air-lifted body. The measurement system consists of two cameras and optical sensors. The flow
characteristics around a lifted cylinder body(length=60mmm, diameter =10mm, polystyrene) in the swirling flow field in a vertical pipe
(length=600mm, inner diameter=) are investigated by the use of the constructed adaptive stereoscopic-PIV system. The images of the two cameras
were used for the analysis of the flow fields around the floated cylinder body. The images of the cylinder body captured by the two cameras were
used for the analyses of its motions. Four optical sensors (LED) were used for the detection of the postures of the freely-lifted cylinder body. The FSI
analyses have been carried out to find the physical conditions at which the floating body is stabilized with its upright postures.

1. Introduction

Pneumatic conveyance systems have been widely adopted for
transportations of industrial materials (Klinzing et al., 1997) and
are more important in ocean application such as in risers.
However they have problems of deterioration of the material
quality due to collisions of the materials to the pipe wall, further
low transportation efficiency. Studies on pneumatic conveyance
systems with swirl flows have been performed with goals of
avoiding the deterioration of the material quality. Li and
Tomida(2000) investigated the flow characteristics of the
polyethylene particles and polyvinyl ones to report the pressure
drops in a horizontal pipe. However, their results were restricted
to spherical materials. In some practical applications, the material
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that should be conveyed are cylindrical or complex shapes such as
ocean minerals. The cylindrical materials moving in the swirling
flow has a characteristic that its axis is orientated to the main flow
direction in a certain flow condition. It was shown that the stable
orientation of the cylindrical body to the main flow could be
attained by using a swirling flow (Gould et al., 1983).

Horii et al. (1989) used a special swirling flow which had a
steep axial velocity profile with swirling motion in order to
transport particles without touching the inner wall, which
resulted in a high performance transportation of the cylindrical
materials. These studies are mainly focusing on the orientation
efficiency. And there are few studies that report the flow
characteristics around the cylindrical material body. Yin et al.
(2003) reported a theoretical study on the force balances acting on
a cylinder material in a swirl flow. Unfortunately, experimental
investigations have not been reported on the flow characteristics
around the rotating cylindrical material in a swirling flow.
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The purpose of the present study is to provide experimental
investigation results on the flow characteristics around a
cylindrical body floated in a vertical swirl flow and on the
motional information of the body itself through constructions of a
new "Adaptive Stereoscopic-PIV system’.

2. Adaptive Stereoscopic PIV System

2.1 Hardwares

The adaptive stereoscopic-PIV system has been constructed to
measure the flow characteristics around the cylindrical body
which is floated freely by the swirl flow in a vertical pipe. The
polystyrene cylinder (Ic =60 mm, dc = 10 mm, density 220 kg/m3)
- has been used as the cylinder body. Fig. 1 (a) shows the concept of
the adaptive stereoscopic-PIV system. Four-LED-sensor unit
detects the light reflected from the surface of the floating body,
and it activates the conventional stereoscopic-PIV system when
the cylinder body passes through the sensing zone in nearly
vertical posture. The sensor unit is composed of four reflection
type fiber sensors. The sensor unit were embedded in the pipe
wall as shown in Fig. 1(b). The laser light sheet used for flow
visualization around the body passes through the same vertical
line of the sensor array. The red LED frequency is 680 nm.

@ Flow Direction

Laser
sheet

cylinder

{a) location of sensing zone

pipe wall d.
Fiber sensor -
detected ]
=
= ;
2 detected . | Detecting leng
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Detecting width: w _=10mm
{b) oriented posture

pipe wall
Fiber sensor

not detected|

not detected

Sensor unit

Detecting width: w =10mm

(b) non-oriented posture
Fig. 1 Adaptive sensing system

Fig. 1(b) shows the condition at which all four fiber
sensors(OMRON, E3X-NA11F) detect the reflected lights from the
cylinder body, which indicates the cylinder body floated and
rotated by the swirl flows in the pipe is in upright condition
(posture). The length of the sensor unit Is = 57 mm almost
corresponds to the length of the rotating cylinder, Ic = 60 mm. Fig,
1{c) shows the condition at which only two fiber sensors detect the
cylinder body, which means the cylinder body rotates inside of
the pipe with non-oriented posture (unstable). In the
non-orientated case, the sensor unit does not activate the
stereoscopic-PIV system. Since the response time of the fiber
sensor was 20us which is small enough than the body’s collapsing
time, the PIV system could be always activated adaptively in the
same posture of the body without a fail. The detection length of
the sensor unit has been adjusted to ws = 10 mm from the pipe
inner wall to attain maximum light signals reflected.

2.2 Softwares

In this study, a hybrid stereoscopic-PIV is used. The hybrid
stereoscopic-PIV introduces, a geometric transformation to
consider the refraction and the aberration of the lens and the
camera calibration method used for the 3D-PTV measurement
developed by Doh et al (2004).
three-dimensional measurement with two cameras, it is necessary

In order to attain

to know their camera parameters. The ten-parameter method
(Doh et al., 2004) is used. Since the arrangement of the cameras
has a large view angle, the obtained images are strongly distorted,
which makes the camera calibration difficult. To overcome this
matter, a two-dimensional image transformation on each camera
image: warping, is carried out before using the original images for
the camera calibration as shown in Eq. (1).

_apxstapyitagp
ag Xt ayny,T1

y= Ay X + AypYs + ax (1)
ayx st apyt+1

X, y : coordinates before transformation

xs, ys: coordinates after transformation

The calibrator image before and after transformation shown in
Figs. 2 and 3. In this study, the image at the center physical plane
(Z =0 mm) was used to calculate the elements of the a; matrix.

In the ten-parameter method, 10 parameters (6 exterior
parameters: J, a, B, ¥, my, my, four interior parameters: ¢, ¢y, ki, ke
) are obtained. (o, 3, ¥) represents the tilting angles of the
photographic coordinates axes against the absolute axes. Fig. 4
shows a coordinate relation when the photographical axes is set
parallel to the absolute coordinate by tilting the angles (q, B, ¥) .
(X, Y, Z ) represents the absolute coordinate, and (x, y, z) repre-
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(a) camera 1 (b) camera 2
Fig. 2 Calibrator image before transformation

(b) camera 2
Fig. 3 Calibrator image after transformation

(a) camera 1

AN

.r.zJ)

X

Fig. 4 The camera parameters on the absolute coordinate and the
photographical coordinate

sents the photographical coordinate of the image centroid of the
calibration targets. I means the distance between the origin O (0,
0, 0) and the principal point (Xo, Yo, Zo ) of the camera.

The coordinate (X, Ym, Zm) represents the point P position of
the calibrator when the camera coordinate is rotated with the
tilting angles to make the collinear set in one line as shown in Fig,
4. The my and my means the point at which the normal vector
from the origin O (Xo, Yo, Zo ) of the camera coordinate meets
with the X-Y plane. The collinear equation for every point
between the two coordinates is expressed as Eq. (2). The cx and ¢y
are the focal distances for x and y components of the coordinate.
Ax and Ay are the lens distortions as expressed as Eq. (3). The Eq.
(2) can be converted to the following Eq. (4)

Since this equation is a strong non-linear, an improved

Xm_ m,
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x=cC + Ax
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Gauss-Newton calculation method (Kobayashi et al., 1989) is
adopted to obtain all necessary parameters using the above two
equations in Eq. (4). Once all camera parameters are obtained, the
relations between the photographic coordinate and the absolute
coordinate of the target image or the particle image can be
expressed as the following Eq. (5). Where, MM is the matrix for
the rotational transformation is expressed in the form of Eq. (6)

X X, X,
[Y =My'|Y,|=B| Y, ©)
z Z Z,
X, ==X chx t+m,
Ym Z‘LAXI,"*‘WLJ, (6)
¥y
Z,=d—t

The camera center (Xo, Yo, Zg) can be expressed as Eq. (7), and
the collinear equation for one target P (or particle P) can be
expressedas P(X, Y, Z)=(a t + Xp, a2t + Yo, as t + ).

X,= B ymx+ Bymy—+ By3d
YO - Bmmx'f' Bzzmy+ Bz3d (7)
ZO = B31mx+ B32my+ B33d

The cross-sectional points constructed from the following two
collinear Eq. (8) for the two cameras are defined as the
three-dimensional positions in the absolute coordinate.

A(X, Y, Z) = A(allt+ bll’ a12t+ blZ’ algt'}' b13)
®
B(X, Y, Z) = B( a215+ b21, a225+ bzz, 0233+ b23)

Where, ¢ and s are obtained by the least square method (LSM).
Since the cross-sectional points do not always intersect on one
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point, the below Eq. (9) is used for the definition of the last
three-dimensional position of the targets (or the particles), which
implies the center of the shortest distance between the two
collinear equations.

X : X1 (X
Y P = ? Y A + Y B (9)
Z zZ) |z,

Where, Xa, Ya and Za represent the absolute coordinates for
camera A defined by Eq. (7). Xg, Yp and Zs represent the absolute
coordinates for camera B. After obtaining the positions of the
vector grid points (vector start points), the three-dimensional
vector terminal points are calculated by combining the
* two-dimensional vector terminals of each camera’s image. The
two-dimensional vectors are obtained by the conventional gray
level cross-correlation method (Kimura et al., 1986)

3. Experimental System and Procedures

Fig. 5 shows the overall measurement system. Two digital
cameras (Kodak ES1.0, 1k x 1k) were used for the stereoscopic
measurements and arranged as seen in the figure. Smoke (Glycol
, d=0.5~ Tum)was used as seeding particles and it was let into the
main pipe (D=100mm, L=1100mm). Nd-Yag laser (120m], 15Hz)
was used for flow field visualizations. The swirl flow is
generated by suctioning the main pipe air at top with a blower.
The air inlet is made at the bottom of the main pipe through four
small horizontal pipes (d=10mm) as seen in the Fig. 5. As
mentioned previously the floating body was put into the swirl
flow field in order to investigate the flow properties at which its
posture becomes upright rotating at a certain height from the
bottom of the main pipe with stability. Its posture was sensed by
the four optical sensors (LED, reflection type) attached on the
pipe wall.

Controller

Y
F3 X
The shupe of
Laser Sheet four small inlet pipes

(Nd-Yag [20m]) l

Camer |
(Megapius
1008 X 1018)

Camera 2
(Megaplus

1003 X 1018) Main vertical pipe

(D= 110 mrm, L = 600 mm)

Air & Tracer smoke
D Pulse generator

Computer(Lab view) (LC880)

Four small inlet pipes(D=10mm)

Fig. 5 Overall experimental system

Table 1 Four experiments were tested

Blowing condition Suction condition

- Floating cylinder in
- Floating cylinder out

- Hoating cylinder in
- Floating cylinder out

Fig. 6 Measurement region

Fig. 7 Camera calibrator

The height of the cylinder’s rotating position of the cylinder
were controlled by adjusting the blower’s speed control system.
Four cases were tested as seen in the Table 1. Blowing condition
implies that the flow was generated by the blower installed at the
inlet of the main pipe. On the contrary, suction condition implies
the blower was installed at the outlet of the main pipe. The flow
rate was controlled by the blower’s speed control using the
motor inverter of the blower. The flow rate was maintained at
1.7x10° m’/sec. The flow rate was measured with a flow meter
installed at the outlet of the main pipe. The Reynolds number
with the diameter of the main pipe is about 4240. Fig. 6 shows the
measurement region. X is the horizontal direction of the vertical
pipe. Y is the vertical direction of the vertical pipe. And Z is the
azimuthal direction of the vertical pipe. The measured velocity
components U, V and W were defined as the horizontal, vertical
and azimuthal components, respectively. The measured
velocities were normalized with the velocity obtained from the
flow rate, 0.42m/sec. Before commencing the main experiments
the camera calibration was carried out. A flat plate (56mm x
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48mm) was attached onto a traverse and was moved to 9
positions to Z-axis direction (-12mm, -9mm, -6mm, -3mm, Omm,
3mm, 6mm, 9mm, 12mm) with 3mm distance at which the
images of the plate were captured for camera calibration. Fig. 7
shows the camera calibrator.

4. Results and Discussions

Fig. 8 shows a picture taken at an instance when the floating
cylinder was maintained at a stable but not passing through the
measurement zone. Fig. 9 shows instantaneous raw images taken
by the two cameras in Fig. 5. Fig. 10 shows mean
three-dimensional vector field. The number of instantaneous
vector fields for averaging is 96. Every instantaneous vector field
was obtained at the time when the bar came into the same
posture regions. That is, an adaptive sampling for vector field
was carried out and averaging was made at the same condition
where the rotating bar comes into a certain area in the swirl flow.
The two spots seen at the lower part in Fig. 10 are error vectors
due to reflections. Fig, 11 shows the horizontal velocity profiles
when the flow is blowing condition with the floating cylinder in
and out conditions. There is a slight discrepancy between the two
profiles even if the flow rate were maintained at the same. This is
due to the existence of the floating cylinder. When the floating
cylinder is rotating inside of the main pipe, W component
increased along the whole radial direction.

Fig. 8 Experimental picture taken at an instance

(a) viewed by camera 1

(b) viewed by camera 2

Fig. 9 Instantaneous raw image

Fig. 10 Mean velocity field(Blowing with no floating cylinder)

V component that is a vertical component direction becomes
decreased from x/R=0.3 to the floating cylinder’s location while
U component is still maintained in this region except the region
over x/R=0.75. Fig. 12 shows the vertical velocity profile at
x/R=0.8, which means the location of nearest vertical line along
the floating cylinder. U, V and W components decreased along
the whole zone except y/R=-0.1~0.05 for W component.
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Fig. 11 Horizontal velocity profile at y/R=0.0(blowing condition)
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Fig. 12 Vertical velocity profile x/R=0.8 (blowing condition)
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Fig. 14 Vertical velocity profile x/R=0.8(suction condition)

Fig. 12 shows the horizontal velocity profiles when the flow
is suction condition with the floating cylinder in and out
conditions. W components show similar profiles for both
cylinder in and out conditions. U and V components shows
decreased profiles over the whole x/R locations. Fig. 13 shows
the vertical velocity profile at x/R=0.8 when suction condition.
W component shows uniform profile showing different shape
from that in the case of blowing. U, V and W components show
homogeneous profiles along the whole y/R locations showing
different profiles from those in the case of blowing, which
implies that suction condition is better for maintaining the
floating cylinder at stable posture during operation rather than
the case of blowing,

5. Conclusion

An adaptive stereoscopic-PIV system has been developed for
measuring the flow characteristics around the floating cylinder in
a swirl flow.

It was seen that the height of the floating cylinder body was
maintained at the same level regardless of blowing and suction
conditions. For the case of suction, all velocity profiles of U, V, W
are similar regardless of body in and out cases.

W component was dominant than other components and

played crucial roles in stabilizing the posture of the floating body.

Turbulent properties were also investigated, but not
mentioned this time, and it was seen that the turbulent properties
were smaller in the case of suction than in blowing case, which
implies that suction condition is better for controlling the floating
cylinder than blowing condition, stable parallelization of the
floating body. Further investigation to flow-structure interactions

is now underway.
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