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Optical Analysis in Particle Image Processing of Rotating Flow
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1. Introduction

Recent advances in optics, electronics and
imaging technique make a quantitative flow
42 of velocity field possible. These
advances allow one to capture the instanta-
neous Eulerian velocity images for a flow
field. In addition, one may take advantage of
a digital data processing system to derive
additional information such as streamlines,
vorticity distribution, pressure field, skin fric-
tion, and drag forces, Quantitative flow visu-

visualization

* Addgm AAFYH

alization attracts many investigations because
of its ability to measure velocity vectors at
multipoints of a flow field at the same time.
Furthermore, it needs much less effort and
time comparing with single-point measurement
such as hot wire and laser Doppler anemome-
tries.

In the present study, which has been con-
ducted in the University of lowa, a quantita-
tive flow imaging technique, called the digital
vector velocimetry (DVV) method, **% is
employed to measure the velocity field in the



lid-driven rotating flow. Rotating flows are in
general three dimensional and the flow fields
are very difficult to measure due to curved
geometry normally associated with the rotat-
ing flow. Therefore, there is a definite need
to develop a measuring device and technique
to obtain the comprehensive data of velocity
field and for the rotating flow. The present
study may produce benchmark data for basic
lid-driven internal, rotating flows of the
rotor-stator systems. The measurements made
by the DVV method for the steady rotating
flow are then compared with results of
numerical simulation employing the Finite
Analytic method (FAM).®?

The digital vector velocimetry (DVV)
method is a -method to achieve multipoint
quantitative measurement of a flow field. The
DVV method invokes the idea of the most
probable particle translation between two
time-sequential images by constructing a
velocity vectorgram from them for a selected
small interrogating element, A procedure is
conceived to identify the most probable
intense digital vector to be the velocity vector
for the fluid in the element. Repeating the
interrogation for all elements of the flow field
one thus achieves the quantitative velocity
measurement and flow visualization. One of
the earlier methods for quantitative flow vigu-
alization is known as the particle image
velocimetry (PIV) method. ®? Double or multi-
exposure images with a known time interval
are taken on a single frame of film by a cam-
era. The images are then optomechanically
processed using the principle of Young's
fringe. Unlike -‘the PIV method, the informa-
tion of the particle images in the whole field
obtained in the DVV method is time-sequen-
tially transferred directly to the computer
memory and processed digitally to obtain the
velocity field without the need of developing
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pictures as it is done with the film.

It is shown that the DVV method may pro-
vide the full field measurement without dis-
turbing the flow other than light scattering
particles seeded in the flow. Images are taken
from the scattered light on the particles. In
the present study, 15 frames of time-sequen-
tial images are taken through a charge-cou-
pled device (CCD) video camera. These images
are analyzed by the DVV method to provide
the velocity vector field for each view, The
particle streak picture for each view is also
obtained using the particle streak velocimetry
(PSV) method"™ and then compared qualita-
tively with the measured field from the DVV
method, In the experiment the cylinder wall
and bottom for test cell are made of clear
plexiglass to facilitate the access of the light.
The rotating flow is measured in the laminar
region for Re = 3200 with Re defined based on
the rotating speed and the radius of the lid.
The thickness of the light sheet is adjusted to
10 mm for the side view so that flow motion
on the illuminated plane can be captured. The
reason a rather thicker light sheet is needed
for the side view is that the swirl velocity is
expected to be much stronger compared with
the radial or axial velocity. From the velocity
vector field measured by the DVV method,
the overall flow structure, the pressure field,
recirculation, stagnation and separation in the
lid-driven rotating flow may be investigated
quantitatively.

When the side view is taken by the CCD
video camera, the image is radially ditorted
because of the convex wall on a cylindrical
test cell. Another important distortion is due
to a curved image plane of the light sheet,
which is generated by the thick lens effect of
the cylindrical test section, Therefore, particle
images recorded from the side view are
strongly dependent on the rotating direction of
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the lid and therefore seem like asymmetric
even though the steady rotating flow itself is
axisymmetric. The image must be corrected to
produce the accurate data. Furthermore, near
the wall much velocity information may be
lost due to the so called total internal reflec-
tion of light at the interface between plexi-
glass and air. In order to avoid this phenome-
non near the wall, the test cell is modified
during investigation by placing a square-
shaped side wall filled with water around the
cylindrical test cell. Detail of the total inter-
nal reflection and the optical analysis about
the modified test cell is described in APPEN-
DIX.

2. Experimental System

In performing a quantitative flow visualiza-
tion of the rotating flow, the major compo-
nents of the experimental system are (1) test
section, (2) light source and optics, (3) record-
ing medium, (4) light scattering particle and
(5) data processing system. The schematic
image processing system is shown in Fig. 1,

From an optical source, a laser light is
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Fig. 1 Overall image processing system
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passed through an optical system such that a
light sheet is illuminated in the test section.
The test fluid, water, is seeded with small
light scattering particles so that the particles
move with the flow and scatter light from the
laser sheet. The scattered light is detected by
the recording device. In the present study the
charge-coupled device (CCD) is chosen as the
recording medium since the image recorded by
CCD can be stored in a digitized form in com-
puter, When the frame storage mode is set,
the CCD is arranged in a 540 (H) %480 (V)
array with each pixel area measuring 23um X%
23um and the time between frames is 1/30 s
(30 Hz), which is selected for this study. The
digitally recorded images are then analysed by
the proposed: digital vector velocimetry (DVV)
method to determine the quantitative velocity
for the whole field.

The basic geometry selected for the present
study is a cylindrical cavity with the top lid
driven to rotate at a steady angular rotation,
Detailed drawing for the test cell for the lid-

Side wall

T 1TrEmm

(2) Top view of v 1ex cull

Lid
with 1397 mm dismwur
aod 1inch thickness i

1778 mm
270
mm

270w |
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{b) Stde view of cronssection A-A°

Fig. 2 Detailed drawing of test cell for lid-driven

rotating cavity flow



driven rotating cavity flow is given in Fig. 2.
To avoid the noise due to the reflection of
light from the laser, all surfaces of the lid
are coated with a black enamel paint.

The seeding particle chogen for the experi-
ment in water is Pliolite VT, which is vinyl-
toluene-butadiene copolymer. The mean diam-
eter of the particles iz 50 ~ 100 um. The parti-
cles are insoluble in water and have an index
of refraction of about n=1.6. With a specific
gravity of 1.03, they may be considered neu-
trally buoyant.

Images obtained by the CCD video camera
are fed into a microcomputer through a frame
grabber interface board. During the process,
the analog signals are converted into digital
ones representing the flow field image. The
data contained in the sequential flow images
include displacement information of the parti-
cles and time interval between the flow
images. During the experiment, noise in
images may be generated by optical or elec-
tronical reasons from the system and by the
particles that are moving in or out of the
interrogation window. Before processing the
digital data from the images, the noises must
be reduced as much as possible. The data are
in A8CI file format and ready to be used for
quantitative velocity measurement by the dig-
ital vector velocimetry (DVV) method. Each
image datum is a two-dimensional array of
the dimension corresponding to the size of the
interrogation window and every pixel has the
integer value between 0 and 255 scaled by 8
bits or 256 gray levels.

3. Optical Distortion and Correction

The procedures for the correction of the
optical distortion associated with the image
created by the cylindrical plexiglass must be
congidered, The flow selected for investigation
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is a rotating flow in a cylindrical cavity dri-
ven by a lid. Therefore, one must correct any
optical distortion in the images after the DVV
method is implemented. An optical distortion
in ap image is created when one take a pic-
ture of the side view from the light sheet
illugtrated in Fig. 3, and the image plane is
curved due to optical distortion in the radial
direction.

Because water and plexiglass cylindrical
wall behave as a thick non-Gaussian lens,
analytical optical correction is difficult to be
made.
physical reference scale, as shown in Fig. 4,
in cylinder is conducted. The reference scale
that has the markers coated with water-unsol-

Instead a direct measurement of a

uble black paint is positioned on the center
inside the cylinder where the light sheet is
located. The reference scale is immersed inside
the test cell filled with water and the image
of it from the side view is then recorded by
the CCD video camera. Each location of the
lines or markers on the scale is measured and
is compared with the known undistorted scale.
The position and displacement correction
curves are then generated, as shown in Fig.
4. Once the correction curves are obtained,
they are used as standards to recover the orig-
inal radial position of the particle image and
therefore the velocity magnitude from the dis-
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Fig. 4 Correction curves for lid-driven rotating cavity flow
(Ro; original radius, Ro’; radius of distorted image)

torted image.

The particle location on the image is found
to be only slightly distorted except that near
the wall, When the light travels from the
water to air through the plexiglass wall, the
phenomenon of so-called total reflection may
happen within some region near the wall (A-D
and D'-A’ region in Fig, 3) and therefore in
this region ne image can be obtained. This
region is referred to as the dead zone in the
present study, Detail of optical analysis on
this phenomenon is given in APPENDIX,

Another correction is required in the mea-
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surement due to particle motion. In the steady
rotating flow within an axisymmetric test
cell, the side view image taken from crosssec-
tion A-A’ is expected to be axisymmetric.
However, the flow field recorded on the side
view image is not symmetric. This is because
the image records the particles moving into
the light sheet on one side and moving out on
the other side. This flow image is further dis-
torted by the curved cylindrical geometry and
the finite thickness of light sheet used., Let us
consider typical side and top views of images
for the axisymmetric flow rotating clockwise
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Fig. 5 Example of typical rotating flow

as in Fig. 5. Even though the figure is a lit-

tle bit exaggerated, Fig. 6 shows that the-

image taken by a CCD camera is asymmetri-
cal, Here an important problem of how the
actual symmetric velocity field is recovered is
raised. This problem can be solved using the
average concept as follows,

Consider the flow rotating in the reverse
direction, 1.e., counterclockwise, with all
other flow conditions remaining the same, as
shown in Fig. 7. Then the velocity vectors of
the picture taken from the image b-b’ are also
contaminated by the same amount of distor-
tion as in clockwise rotation, but radially in
the opposite direction. If we take average of
the vectors on the images a-a’ and b-b’, the
effect of the radial distortion is cancelled and
the original, correct axial magnitudes of vec-
tors are recovered. Therefore, the resultant
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Fig. 6 Distorted image of velocity vectors
(a) Distorted image plane (Top view)
(b) Image taken by camera (Side view)
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vector field is considered as axisymmetric,
although it is still distorted in the radial posi-
tion and displacement due to curved cylindri-
cal geometry mentioned earlier.

After the actual velocity vectors at the orig-
inal position are recovered using the correction
curves that have been obtained in Fig, 4,
they can be considered as an acceptable

Image frem 22’

lmage from bb*
Recovered inage

aofid

Fig. 7 Recovery of image using average concept

axisymmetric velocity vectors on the real light
sheet A-A’ of Fig. 3.

4, Analysis of Flow Visualization

In general, velocity information near the
wall is very important in fluid mechanics.
Thus we need to find a remedy to recover the
lost velocity data in the so called dead zone
near the cylindrical wall, For this purpose,
the square-shaped plexiglass side walls are
placed outside the original plexiglass cylindri-
cal test cell. Water is filled in the space
between the cylinder wall and the side wall.
Becauge the configuration of the test cell is
modified, other correction curves for radial
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Fig. 8 Correction curves [or lid-driven rotating flow with side wall
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position and velocity need to be prepared. The
schematic diagrams of the top view of the test
cell and the corresponding correction curves
are shown in Fig. 8.

The detail of the optical background for the
modified test cell is described in APPENDIX.
From this analysis it can be shown that the
dead zone near the wall is eliminated and the
whole velocity field may be captured. There-
fore in this study the test cells with side wall
are used for quantitative measurement of
velocity field by the DVV method and the
detailed description of experimental measure-
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ments is given in the following.

The dimension of the flow domain, 127 mm
diameter by 127 mm depth, taken by the CCD
video camera is 421%211 pixels in this config-
uration of the test cell. The size of the inter-
rogating window is 31x31 pixels or 9%9 mm’
except near the boundary including the axis,
where the dimension of the window is set as
31x21 or 21%X21 pixels to increase the resolu-
tion near the boundary with 21 pixel length
(=6 mm) in the normal direction to the bound-
ary. The Reynolds number (or angular speed)
of Re =3200 (10 rpm) is selected for quantita-
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(b)
Pig. 9 Particle streak view and result of DVV measurement of lid-driven rotating flow with side wall (=10

rpm).
{a) & (&) Counterclockwise rotation of lid
() & (b)" Clockwise rotation of lid

tive investigation of the lid-driven rotating
flow.

The velocity vector plots from the digital
vector velocimetry (DVV) method for angular
speed of 10 rpm are compared with the quali-
tative pictures obtained using the particle
streak velocimetry (PSV) method in Fig. 9,
which is obtained by the CCD camera with an
exposure time of 0.8 s to create the particle
gtreak image. Tt is seen that the two flow
patterns with the opposite directions of lid
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rotation are not symmetrical and look totally
different from each other. The actual flow
pattern should be symmetric according to
axisymmetry of the domain. For each case,
the velocity vector pattern measured from the
DVV method reveals good agreement with the
particle streak view. Thus both of the PSV
and the DVV measurements seem to be in
agreement and convincing. Fig. 10 shows the
corrected side view through the optical correc-
tions. Velocity vector plot (8) is a recovered
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() v
Fig. 10 Corrected side view flow field of lid driven
rotating flow with side wall
(@=10 rpm), (a) Recovery of axisymmetric
flow using average concept.

(b) Final distortion-corrected axisymmetric
flow field.

axisymmetric flow field by taking average of
images (3 and () in Fig. 9. The final
axisymmetric flow field after taking correction
of the rotational direction and correcting the
radial distortion using the correction curves
given in Fig. 8 is shown in plot (b) of Fig. 10.

As expected, many velocity data near the
wall are recovered using the modified test cell
while without the side wall they are lost in
the dead zone. The experimental data
obtained are compared with the numerical
results by the FAM in Fig, 11. Numerical cal-
culation for the lid-driven rotating cavity flow
is conducted with staggered system of 42x22
grids, and results of velocity vector, stream
function and pressure distribution are given in
the figure. The comparison reveals good
agreement with each other.

b. Canclusion

The optical analysis is considered to improve
the accuracy of the DVV method in case of
test cell including convex cylindrical wall and
to apply to the lid-driven rotating flow.
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With the cylindrical geometry of the test
cell, many velocity data in the region near
the wall, typically about 10 % of the total
velocity data, are lost due to the total inter-
nal reflection occurring in the interface
between the plexiglass and air. The region in
which the image can not be seen from the
side view is called as the dead zone in the
present study. In order to eliminate the dead
zone, the test cell is modified by placing a
square-shaped container filled with water
around it. With the modified test cell, the
whole field image including near wall images
may be captured by the DVV method.

As a post-treatment of velocity field of the
side view obtained from the DVV method,
optical distortion due to the presence of the
convex geometry of the plexiglass wall is cor-
rected, The correction includes two steps. The
first step is to recover the axigymmetric flow
by taking average of the two velocity fields
with opposite directions of rotation of the lid.
The second step is to achieve the radial distor-
tion-free axisymmetric flow field using the
correction curves prepared for the rofating
flows. After corrections, the final accurate
axisymmetric velocity field for the side view is
obtained. The quantitative measurement of
the DVV system with the correction of optical
distortion shows good agreements with numer-
ical simulations.
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It is observed that with the cylindrical test
cell many velocity data near the wall are
found to be lost. In the study this region is
called as the dead zone. The image from a
particle inside the dead zone can not be cap-
tured because the total internal reflection
happens at the interface where the scattered
light travels from plexiglass to air,

In general, velocity information near the
wall is very important in fluid mechanics.
Thus we need to find a remedy to recover the
lost velocity data near the cylindrical wall.
For this purpose, the square-shaped plexiglass
side wall is placed outside the original plexi-
glass cylindrical test cell. Water is filled in
the space between the cylinder wall and the
side wall,

A. Analysis of Optical Path for Test Cell

without Side Wall

The optical path from the scattered light
from the illuminated particle to the CCD
image 18 analyzed. The test cell considered is
as shown in Fig. A-1 which is a cylindrical
plexiglass, with optical index of refraction n,,
containing water with refraction index n..
Outside the cylinder is air with refraction
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Index n, This is the case for the test cell
without side wall. In order to understand the
optical path through the test cell the following
analysis is performed.

When the ray travels from plexiglass
(np =1.6) to air (n, = 1.0), the critical angle
can be solved as

8, = sin'l(g) =38.7 (4-1)

1.6

The paths of the light rays are categorized
into three cases. One is the path of the ray A
from the particle near the axis, and another
ray C is from the particle near the cylinder
wall, and the other ray B is from the inter-
mediate region,

Snell’s law requires that ray A in Fig. A-1,

Fig. A-1

Refraction of rays at test cell
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incident normal to the surface from point O,
is transmitted without change of direction
regardlessly of the ratio of refractive indices.
For particles near point O, Gaussian lens for-
mula®™ for interface between substances
holds.

n,-n,

n
Water — Plexiglass: L L= (A-2)
5§ 8 -R,
n n, n-n
Plexiglass — Air : E 422 P
g (-s'+0.5inch) s" -R,
(A-3)

where s is the object distance, s is the Inter-
mediate image distance due to the interface
between water and plexiglass, s" is the final
image distance from the interface between
plexiglass and air, and R; and R, are the radii
of curvature at each interface. If the sign of
the image distance is positive, the image is
located at the distance from the interface in
the direction of the original light. In the pre-
gent study, R; = 2,5 inches, Ry = 3,0 inches and
s = 2.5 inches,

Equations (A-2) and (A-3) give us s"=-3.0
inches, which means that the images of the
objects near point O are focused at original

"

locations, If " is set to be an infinite value,
then the length s = 12,496 inches is obtained,
which is referred to as the front focal length.
Consider now the optical path of ray B from
point P located apart from the center point O.

1 Freun focal padnt
v ead74mm)

o )

Wee) l Ra

a=l0 -

{Ain)

Fig, A-2 Creation of image of offaxis object P
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Fig. A-3 Tlustration of the dead zone

The image of point P is seen as P; which is
obtained in a manner shown in Fig. A-2.

Also the case of ray C is shown in Fig. A-1,
Ray C from point Q refracts at the first
interface between water and plexiglass, and
may experience the total internal reflection at
the second interface between plexiglass and
air if the angle of incidence, @y, is greater
than critical angle of incidence (38.7°), as
shown in Fig. A-1. Therefore the image of @
can not be obtained by taking the picture,
The region where the images of the objects
created by rays similar to ray C are lost in
this manner is called the dead zone.

The region of the dead zone can be deter-
mined analytically from an optical analysis.
Assuming that the ray D from point @ is the
closest ray to the wall, W, that can be imaged
from the side view by the CCD camera, the
ray D from that point travels along the path
drawn in Fig. A-3. Applying the trigonometric
rule to AOMN, we have the relation:

R .__ R (A-4)
sin@, sin(180°-4,)
From the Snell’s law at point M,
n,sing, = nsinf, A-5)

Equations (A-4) and (A-5) give us 8, =
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64.2°, which means that the limiting point Qg
is located at R = R, sin 83~ 0.90 R,. Therefore,
it is concluded that the dead zone for the side
view of the given test cell is in the region of
0.9R;{R{R; and no image can be obtained in
the range, which shows that the image near
the cylinder wall, about 10 % of the total
image, is lost due to the dead zone just ana-
lyzed.

B. Analysis of Optical Path for Test Cell
with Side Wall

To modify the test cell so that we may cap-
ture the image near the wall, a side wall that
is a flat wall container is added around the
cylinder, as shown in Fig. B-1. The purpose
of using the side wall is to eliminate the dead
zone defined in the previous section. The side
wall, with 0.25 inch thickness of plexiglass
plates, is placed around the cylindrical wall to
form a square-shaped side wall and the space
between the two walls is filled with water to
change the optical path from the near wall
region.

As explained in the section A, the critical
interface for the dead zone is the one from
plexiglass to air in Fig. A-1. If air is replaced
by water, the critical angle of incidence ()
becomes much larger than that without the
side wall. The critical angle for the test cell
with side wall is

6, ~ sm'l(ﬂ) ~56.4° (B-1)
16

In order to verify whether the dead zone is
eliminated or not, the most extreme case,
ie., at point W just near R = Ry, is investigat-
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Flemigles Air

Fig. B-1 No dead zone with the side wall

ed, as shown in Fig. B-1.
The light ray E from point W which travels
along the path through the cylinder and water
is depicted in the figure. AOUW gives us the
following relation by the trigonometric rule:
Rl RZ
sin6, sin(180° - 0,)

B-2)

Also from Snell’s law at point W, we have
(B-3)

From Equations (B-2) and (B-3), we have 0,
= 44.0°, which is greater than 6, but less than
.. In other words, the ray from point W of
the test cell with the side wall is refracted
along the path of ray E and can be imaged by
the CCD camera while the ray from W without
the side wall is totally reflected at the inter-
face between plexiglass and air, Therefore, we
conclude that if the side wall is placed around
the cylinder wall with water filled between the
two walls, the whole velocity field may be cap-

6, = 6, =56.4°

tured without losing velocity information near
the wall inside the cylinder.



