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ABSTRACT
Expanded technologies on Long-Range PIV by using a CCD camera with the long-focus optical system
enabled us to measure the velocity field hardly accessible as the top of the soaring chimney at fossil-fired
power plants. Field application development for such sophisticated technologies as Super-Long-Range PIV will
be utilized for managing operation and considering effects on the environment in the power plants. It has the
possibility effective in grasping the surrounding environment as large-scale phenomena for a power plant, and
furthermore grasping the influence of the natural disaster on the environment such as a volcanic eruption. The
present work carried out the measurement of velocity field using Super-Long-Range PIV system, where the
exhausted steam flow, lit up by the daylight, from the top of the chimney at the fossil-fired power plant in
operation located in distance of ~7.8 km far from the measuring point, was shot to the CCD camera to detect
the flow velocity by cross correlation process of the image data. The schematic diagram outlines of the system
are shown in Figs. 1 and 2. The visualized fluid velocity field by the natural daylight beam in Fig. 2 was
magnified by the long-focus optical system and recorded into the CCD camera system. The degree of the
image-field distortion, which is one of Seidel’s classifications of five aberrations, was examined, taken by the
CCD camera through the telescope. We took the image data of the exhausted steam flow from the top of the
chimney at the fossil-fired power plant in operation located in distance of ~7.8 km, using the CCD camera
connected to the telescope in every 1/30 second under day lighting. After low-pass filter processing was made,
high-pass filter processing was also made for the image data of each time. Cross correlation processing on these
digital image data could detect the velocity field of the exhausted steam flow from the chimney of the
fossil-fired operating power plant in distance of ~7.8 km far from the original measuring point. Measured
velocity of the exhausted steam showed fairly good agreement with the experiential and analysis data of the
plant.
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1. Introduction
It seemed to hardly measure the large-scale velocity-field in the outdoors using the current PIV, because PIV
usually requires a laser seat projected in the two-dimensional space to make the velocity field visualize, though
there were some works on long range LDV systems [1-3]. We developed two newly typed PIV-systems to
measure outdoor velocity fields, one of which is using a laser seat spread into large space and the other of
which eliminates the necessity of a laser seat. The visualized fluid velocity-field by the natural daylight beam
was magnified by the long-focus optical system and recorded into the CCD camera system. Super-Long-Range
PIV as expanded technologies by using the PIV technologies and the long-focus optical system could be
realized to measure the velocity field hardly accessible far from the order of kilo-meters.

2. Long-Range PIV System Using Laser Beam

1.50X10-6[rad] = 0.309 [arcsec]
Ex. 30㱘m

Fig. 1 shows a schematic diagram of the Long-Range PIV
System. This system can conduct PIV measurement at a
point more than 20 meters away from an object of
measurement. For lighting, laser optical sheet using a
high-power 120 mJ double-pulse Nd-YAG laser (Gemini
20m
PIV by New Wave Research) were utilized. In a wide
measurement range, light from a source decreases in
Fig.3 Particle visualable diameter
per-unit-area volume and scattered light from tracer
particles becomes very weak in intensity. Accordingly,
as shown in Fig.3, a large-bore optical system and a high imaging-performance optical system were chosen.
When 30 µm tracer particles are observed at a distance of 20 meters, the apparent diameter is 1.5 x 10-6 rad
(0.309 arcsec), which represents a very slight angle. By contrast, when a CCD camera capable of producing
picture elements of 9 µm per pixel and an optical system with a focal length of 2,000 mm are utilized in direct
focus photographing, the resolution comes to 0.947 pixel/arcsec. In this case, the size of tracers falls short of
1 pixel for CCD but PIV-processed 2-5 pixel images can be taken by the method which will be described later.

3. Optical System Simulation Using a Point Source of Light
Optical system simulation using a point source of light was conducted. The model used is an optical system
that has a round shield with a diameter, Dc, at the center of the aperture, Dp. The central shielding ratio is
defined as Dc/Dp. Figs. 4.1 and 4.2 show the results of simulation conducted with the aperture of 140 mm
and by changing the central shielding ratio from 0% (without the shield) to 35% and 50%. As is apparent
from the phographs, as the central shielding ratio increases, the diameter of the central bright area (the airy
disc) becomes smaller. This means that the Rayleigh limit, a separation limit which is reached when the airy
disc of the iso-intensity double light source has been separated by half the diameter, improves as the central
shielding ratio increases. Furthermore, as the central shielding ratio increases, the brightness of the airy disc
declines but the primary diffraction ring surrounding the disc brightens. If the aperture is small (70 mm), the
airy disc becomes bigger. In other words, the resolution as represented by the Rayleigh limit declines (Fig.
4.1.2). Figs. 4.3.1 to 4.3.3 show the results of simulating the out-of-focus condition where the focal point is
displaced by 0.3 mm, a technique that is often used to take a bigger image of tracers.
Fig. 5.1 shows a standard image (No. 05) for PIV supplied by Okamoto et al [4]. The diameter of tracers in
this image is 5 pixels and when these tracers are taken as particles with a diameter of 30 µm and are observed at
a distance of 20 meters, the resolution of the image works out to 16.2 pixels/arcsec. The results of simulation
with this image as an input (that is, when a group of 30 µm particles looking like an image at a distance of 20
meters ahead is observed) are shown in Figs. 5.2 to 5.6. The graphs show apparently that as the central
shielding ratio increases, the image of particles becomes clear. Figs. 5.3 and 5.4 indicate the results of
simulation conducted with small and large apertures. With the larger aperture, the image of particles
obviously becomes clear.

Fig. 4.1.1 No shade;

Aperture: 140mm

Fig. 4.1.2 No shade;

Aperture: 70mm

Fig. 4.1 Optical simulation of a tracer for a point illuminant of Delta-function.

Fig. 4.2.1 Shade rate; 35%

Aperture: 140mm

Fig. 4.2.2 Shade rate; 50%

Aperture:140mm

Fig. 4.2 Optical simulation of a tracer shaded for a point illuminant
of Delta-function.

Fig. 4.3.1 A tracer gradated
by out-of-focus. No shade;
Aperture:140mm

Fig. 4.3.2 A gradating
tracer. Shade rate;
35%

Fig. 4.3.3 A gradating
tracer. Shade rate;
50%

Fig. 4.3 Optical simulation of a tracer shaded for a point illuminant
of Delta-function.

Fig. 5.1 Standard Picture
by Okamoto as the input
for Figs. 4.2~4.6

Fig. 5.2 Optical simulation
of Standard Picture with
no shade and aperture of
140mm.

Fig. 5.3 Optical simulation
of Standard Picture with
no shade and aperture of
70mm.

Fig. 5.4 Optical simulation Fig. 5.5 Optical simulation Fig. 5.6 Optical simulation
of Standard Picture with
of Standard Picture with of Standard Picture with
50% shade and aperture of 35% shade and aperture of 50% shade and aperture of
140mm.
250mm.
140mm.
Fig. 5 Optical simulation of Okamoto’s Standard Picture(Ref.1) by
varying shade rates and the aperture of a telescope.
4. Simulation of a CCD Camera Image Using a Point Source of Light
Figs. 6.1 and 6.2 show the results of simulation in which a point source of light 20 meters ahead (assuming to
be a very bright tracer) was photographed by a CCD camera with the size of one pixel being 9 µm, using an
optical system with an aperture of 140 mm and a focal length of 2,000 mm. By changing the central shielding
ratio, the size can be changed while the edge of a tracer photographed by the CCD camera is made clear.
However, if the central shielding ratio is 50%, condensing power declines to three-fourths of the initial level.

5. Super-Long-Range PIV System
Fig. 2 shows a schematic diagram of the Super-Long-Range PIV System. A flow field visualized by natural
light or a continuous light source is enlarged by a long focal-length optical system and is recorded by the CCD
camera. Because vapor and other particles as tracers are hard to be dissolved into individual particle images,
each pixel of the CCD camera records information about the luminance of scattered light from numerous
particles. The luminance information is carried in a main flow and, based on this information, the flow speed
is calculated by assuming that change is small if in a short time. Figs. 7.1 and 7.2 show the results of
simulation that used not particle images but changes in the shades of brightness as test images. Contrary to
the case of particle images, it is apparent that as the central shielding ratio increases, the contrast decreases (the
images blur). In addition, a large aperture is better.

Long focal-length optical systems used in the Long-Range PIV System (Fig. 1) and the Super-Long-Range PIV
System (Fig. 2) are the Makustov-Cassegrain OMI-140 telescopes (D: 140 mm; f: 2,000 mm; the central
shielding ratio: 33%), made by Orion Optics, or the TV-76 telescopes (D- 76 mm; f: 480 mm; the central
shielding ratio: 0%), made by Tele Vue Optics, which were equipped with filters capable of changing the
central shielding ratio at the front. The OMI-140 telescope was mated with a reducer, made by Meade
Instrument Co., capable of reducing the focal length by 0.63 times as the need arises. The TV-76 telescope
was also combined with a dedicated reducer capable of shortening the focal length by 0.8 times depending on
circumstances. For a CCD camera, the MegaPlus ES 1.0 10-bit camera was used. The size of one pixel is 9
µm. Image signals emitted by the came are transmitted as digital data are through the PCI bus-transmission
frame grabber board EPIX PIXCI-D2X mounted on the computer. The transmitted data are stored on the hard
disk in the computer. The images captured by the CCD camera through the OMI-140 telescope were
examined to check for a curvature of field, one of Seidel’s five aberrations. The results of this examination
are shown in Figs. 8.1 and 8.2. The images were shown on grid sheets and scales installed at distances of 20
meters and 50 meters, respectively. The examination found no curvature of field in the images as shown in
Figs. 8.1 and 8.2. Accordingly, mapping designed to correct a curvature of field was not conducted when the
flow speed vector was calculated.

Fig. 6.1.1 Optical image of Fig. 6.1.2 Optical image of Fig. 6.1.3 Optical image of
CCDC with no shade and CCDC with 35% shade and CCDC with 50% shade and
aperture of 140mm.
aperture of 140mm.
aperture of 140mm.
Fig. 6.1 Optical simulation of CCD Camera(CCDC) with a point illuminant
of Delta-function as a tracer.

Fig. 6.2.1 Optical image of Fig. 6.2.2 Optical image of Fig.6 5.2.3 Optical image of
CCDC with no shade and CCDC with 35% shade and CCDC with 50% shade and
aperture of 140mm.
aperture of 140mm.
aperture of 140mm.
Fig. 6.2

Optical simulation of CCD camera(CCDC) with an out-of-focus
point illuminant of Delta-function as a tracer.

Fig. 7.1.1 Original picture
tested for Super-Long range
PIV system.

Fig. 7.1.3 Optical simulation of
test picture with 35% shade
and 140mm in aperture
Fig. 7.1

Fig. 7.1.2 Optical
simulation of test picture
with no shade and 140mm

Fig. 7.1.4 Optical simulation of
test picture with 50% shade
and 140mm in aperture.

Optical simulation of original picture tested for Super-long Range
PIV system by varying shade rates at 140mm in aperture.

Fig. 7.2.1 Original test
picture of parallel
illuminant for Super-Long
range PIV system.

Fig. 7.2.2 Optical
simulation of test picture
with no shade and 140mm

Fig. 7.2.3 Optical
simulation of test picture
with no shade and 70mm in

Fig. 7.2 (1) Optical simulation of original picture of parallel illuminant tested for
Super-long Range PIV system by varying shade rates and the aperture.

Fig. 7.2.3 Optical
simulation of test picture
with 35% shade and
140mm in aperture.

Fig. 7.2.4 Optical
simulation of test picture
with 50% shade and
140mm in aperture.

Fig. 7.2 (2) Optical simulation of original picture of parallel illuminant
tested for Super-long Range PIV system by varying shade rates and the
t

Fig. 8.1 Distortion in aberration of
the image field in distance of 20m.

Fig. 8.2 Distortion in aberration of
the image field in distance of 50m.

Fig. 8 Examination of distortion in aberration of the image field in long
distance using Makstov-Cassegrain optical telescope of ORION OMI-140
6. Experiments
6.1 Indoor Photographing of Tracer Particles from a Laser Light Source
The Nd YAG laser light source emitting laser sheet was coupled by a coaxial wire cable with the camera.
Water mist pulverized by an injector was taken as a tracer. At a point 20 meters away from the laser sheet, the
telescope-mounted CCD camera was installed and tracer particles were photographed by this camera. The
results are shown in Fig. 9. The tracer particles were captured with sufficient brightness. Three pairs of
images were prepared from four images taken at the rate of 1/15 seconds and this speed field was obtained by
the PIV method. The average time of the three pairs in the speed field was 1/5 seconds. The largest vector
values for the pairs were 14.35, 19.63 and 16.95 pixels, respectively. The average was 16.97 pixels. This is
equivalent to the speed of 16.97 x 15 = 254.6 pixels/second = 38.95 mm/second.

6.2 Indoor Tests of Power-Transmission Tower
Power transmission steel towers must be
sufficiently solid so that they will not be blown
down in a gale. With an actually used steel
tower on display in the museum, tests were
carried out to see if airflow around a structure
can be measured. Laser sheets were applied
from the bottom of the Power-Transmission
tower and the tower was photographed at a
distance of 20 meters from the side. Tests were
outlined in Fig. 10.1.
Using an output-controllable fan, an air flow of
0.4 m/s was created, and water mist and dust
were taken as tracers, and then this air flow was
measured.
The measured air flow at the
transmission line suspension is shown in Fig.
Fig.9 Water mist lighted by
10.2. The system used in the tests is capable of
in distance by 20m
measuring an air flow around transmission lines
at a height of 50-60 meters above the ground,
and of measuring the distribution of wind velocities around high-rise buildings.

Laser

6.3 Measurement of Flow Field at a Great Distance
A water vapor stream from the top of a chimney stack at a thermal power plant installed 7,800 meters away was
photographed by the CCD camera every 1/30 seconds as shown in Fig. 11.1. Lighting is provided by daylight.
After the images taken every 1/30 seconds were filtered through a low-pass filter, they were filtered through a
high-pass filter. The results are shown in Fig. 11.2. These images were correlatively treated and the speed
field was calculated as shown in Fig. 11.3. For comparison, numerical simulation was carried out under the
same conditions as the exhaust steam data measured at the plant. The results of this simulation are shown in
Fig. 11.4. The configuration of the rising exhaust steam and speed field vector calculated from the
Super-Long-Range PIV System agreed well with those obtained the numerical analysis code STAR-CD. At
such a great distance as 7,800 meters away from the site, a speed field can be measured by the developed
Super-Long-Range PIV System.

7. Summary
PIV measurement systems capable of measuring a speed field at a distance with a telescope-mounted CCD
camera were developed. One is the Long-Range PIV System capable of measuring a wide flow field around a
structure using laser sheet expanded by laser beam. Optical simulation has found that a large aperture
telescope, such as the Maksutov-Cassegrain telescope with central shielding, is suitable for this system. The
other developed system is the Super-Long-Range PIV System which can flows of smoke and dust or clouds at
distances of several kilo-meters to several tens of kilo-meters using natural light. For this system, a large
aperture telescope that has no central shield (or that is as small as possible) is suitable.
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Fig.10.1 Flow-velocity field measurement
around a power-Transmission tower.

Fig.11.1 Original image of measured
velocity field.

Fig.10.2 Flow-velocity field measured
around a power-Transmission tower.

Fig.11.2 High-pass filtered image
data of measured velocity field.

Fig.11.3 Velocity vector contours of the measured
velocity field.

Fig.11.4 Analysis result of the measured velocity field with the
same conditions in the measurement.

