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Abstract

This study proposes a three-dimensional (3D) particle image velocimetry (PIV) method using W-
shaped light sheet and color PIV with a digital SLR camera. The uncertainty of the velocity mea-
surement was also studied and it was acceptable. The spatial resolution of the z-direction has
much room for improvement by increasing the number of cameras. When applied to the velocity
distribution measurement of a thermal vertical buoyant plume, the proposed 3D PIV method is
found to be very effective for studying thermal structures and well suited for measuring the air-
flow velocity field.
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1. Introduction

To understand the transport phenomena of heat and fluid flow in various fields of engineering, it is essential to
develop experimental methods for measuring the temperature and velocity field of the fluid flow. For example,
by spraying a mist of propylene glycol into the airflow, two-color laser-induced fluorescence (LIF) can be used
to measure the temperature of the airflow [1].

The instantaneous measurement of three-dimensional three-component (3D-3C) velocity fields is essential for
studying various fluid flows. For this purpose, a tomographic particle image velocimetry (P1V) method was devel-
oped, which was successfully applied to an actual flow field [2]. However, this method uses volumetric illumina-
tion and requires extremely high power for the velocimetry of airflow. Moreover, several high-resolution cameras
are required for obtaining original images of the tomographic P1V, and this method becomes cost prohibitive.

In conventional PIV, the laser light sheet used for visualization is flat and can only be used to visualize a sin-
gle two-dimensional (2D) plane. The visualized area can be extended to a three-dimensional (3D) field by ap-
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plying a pair of scanning light sheets [3]. However, the scanning velocity is limited by the frame rate of the
camera. To solve these problems, we propose a new method for instantaneously visualizing the entire 3D field
by deforming the light sheet to a W-shape. In this technique, the light sheet is traversed, and the trajectory gene-
rates cyclic ramp waves. Using a W-shaped light sheet, we were able to simultaneously visualize different parts
of the field in the x-, y-, and z-direction. The velocity distributions could, therefore, be obtained where the
W-shaped light sheet intersected the flow field, and the 3D velocity distribution could be evaluated by interpo-
lating the velocity distributions on each W-plane.

However, the proposed PIV method reduces the number of velocity vectors in the x-y plane and significantly
deforms the shape of the correlation area. We must increase the number of pixels of the camera to maintain the
good spatial resolution found in traditional PIV velocity distributions. Recently, the number of pixels of digital
single-lens reflex (SLR) cameras has increased, and their emerging large-scale commercial production has been
accompanied by reduced cost. The number of pixels in a commercially available digital SLR camera is presently
over 24,000,000, and the sensitivity exceeds the requirements of 1SO 25,600. If necessary, however, the number
of pixels can be easily increased by lining up multiple cameras. A two-color PIV system using an ND:YAG la-
ser [4] or Ar-ion laser [5] has been previously proposed, but the wavelength of the lasers was not optimal for the
wavelength range of red-green-blue (RGB) filters in color charge-coupled device (CCD) cameras. Recently,
various diode lasers have been developed with wavelengths that cover the visible light range and have power in
excess of thousands of milliwatts. These diode lasers can be used to create a color PIV system for measuring the
velocity field of airflow by illuminating different colors of diode lasers at defined time intervals.

The steps for reliably applying the proposed 3D PIV are given as follows:

1) Develop a method for generating a W-shaped light sheet of scanning laser beams using a rotating mirror.

2) Establish the color PIV method for the digital SLR camera.

3) Evaluate the uncertainty of this color PIV technique.

In this study, we demonstrate these steps and apply the 3D-2C PIV technique to a vertical buoyant plume.

2. Measurement Methods
2.1. Color PIV Method Using Digital SLR Camera

In this 3D PIV technique, it is necessary to generate a deformed light sheet and illuminate the visualized area
twice within a given time interval. To satisfy these requirements, we developed a color PIV method using two
rotating mirrors, a dichroic mirror, and two diode lasers. The experimental setup and visualized image are shown
in Figure 1. A dichroic mirror was used to combine two lasers to form a single red and blue laser. The optical
axes of each laser were subtly shifted to create a time delay while scanning. A color image was taken with subtle
displacement of each color image. The red and blue pixels were arrayed using a Bayer matrix pattern, and the
color image was generated by interpolating each combination of pixels. Each color component is divided, and
direct cross-correlation method and sub-pixel analysis [3] were applied between each image.
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Figure 1. Experimental apparatus and visualized image for PIV using W-shaped scanning light sheet (unit in
mm). (a) Experimental setup; (b) Visualized images.
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2.2. Experimental Setup of 3D PIV Technique Using W-Shaped Light Sheet

The experimental apparatus used for the 3D PIV is shown in Figure 1(a). The volume of the test section was
400 x 250 x 280 mm?. The test section was visualized using two diode lasers. The two illumination colors,
namely red and blue, were generated by diode lasers with wavelengths of 671 and 473 nm, respectively. The vi-
sualization images were obtained by a digital SLR camera with color (red, green, and blue) pixel image grids.
The illumination power of the red laser was set to 500 mW and that of blue laser was adjusted to equalize the
intensity of color in the visualization images. The laser light sheet was generated by scanning a laser beam using
rotating mirrors. A digital SLR camera (Nikon D7100, 14 bit, 6000 x 4000 pixels, ISO 25,600) and a long focal
length macro lens (Nikon Micro-Nikkor, f = 200 mm) were used to record the visualized image. The measure-
ment volume size was 36 x 20 x 42 mm?, and four slices of the W-shaped light sheet were recorded in a single
image. The measurement volume and the number of slices can be extended using multiple cameras. The optical
axis of the camera was set to the positive y-direction. The F-number of the camera was set to 32 to minimize the
defocusing due to the deformation of the light sheet. The time chart of the x- and z-positions of each laser beam
controlled by rotating mirrors is shown in Figure 2. The shutter of the camera was kept open during laser illu-
mination using the release of digital SLR camera. Therefore, the accuracy of the shutter timing control is not in-
fluenced by the uncertainty of the velocity measurement. The trajectory of each color beam shows that each
beam passes through the same position in a given time interval; each visualized image is taken, and the time in-
terval is constant over the whole flow field. The PIV technique was applied between each visualized image, and
the velocity distributions are interpolated to generate a 3D velocity field. Calibration of the actual position of
each visualized plane and the pixel positions on the visualized image was evaluated by moving a calibration
plate (x-z plane) in the y-direction [6]. The flow chart in Figure 4 shows the reconstruction procedure for the
velocity distribution in a 3D field [7]. The actual positions of the visualized field are previously known from the
rotation angle of each rotating mirror (Figure 3(a)). The visualized image is taken on the flat image plane
(Figure 3(b)). Therefore, PIV analysis can be applied to the visualized image (Figure 3(c)). Each velocity vec-
tor is allocated on the actual position (Figure 3(d)). In this study, the xz-component (u, w) velocity distribution,
which is deformed in a W-shape, is generated. The three components of the velocity distribution can be eva-
luated using two cameras and by applying stereoscopic PI1V, as shown in Figure 3(c).
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Figure 2. Time chart of the z- and y-positions of each laser beam.
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Figure 3. Flow chart of the 3D reconstruction of velocity field. (a) Visualized sections; (b) Visualized images; (c) Velocity

distribution; (d) Reconstructed velocity field (u, w).
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3. Results
3.1. 3D PIV Method Using W-Shaped Light Sheet and Color PIV Method

Figure 4 shows the 3D velocity distribution of the z-component (w) velocity distribution in the vertical jet. The
temperature of the atmosphere was T, = 25°C, and a buoyant plume was generated from a circular pipe, which
has an inside diameter of D = 14 mm, and was located at the bottom surface of the test section. The temperature
of hot air in the nozzle was T,, = 35°C at y = =10 mm, and the average velocity was Vo = 10 mm/s. Therefore,
the Froude number of the vertical buoyant plume was Fr, = 4.23, and the Reynolds number was Re = 1670. The
instantaneous structure of the vertical plume generated by the nozzle and its interaction with the stagnant sur-
rounding air as well as the velocity distribution were steady which was the same as previous study [8]. Therefore,
these conditions were sufficient for evaluating the 3D PIV measurement method.

3.2. Uncertainty Analysis of the Color PIV Method

As part of our assessment of the proposed velocity measurement technique, we investigated the velocity mea-
surement uncertainty. The uncertainty originates from error sources such as the camera calibration, image
processing, pulse delay, and response of the tracer [9]. The differences between regular PIV and the beam-
scanning color PIV are the pulse time and sensitivity coefficient. The uncertainty of the pulse time is larger than
that of regular PIV because the pulse timing is decided by the timing of the passing laser beam and its uncer-
tainty influences the diameter and scanning speed of the laser beam. On the contrary, the sensitivity coefficient
becomes lower because the number of image pixels is larger using digital SLR camera.

As a result, the total uncertainty interval of velocity was 0.58 mm/s. In this study, the influence of image dis-
tortion became sensitive because the camera had high resolution. Therefore, a long focal length macro lens was
used to reduce the influence of image distortion. In this study, four slices of the visualized plane were used, and
the interval of slices was 14 mm. The spatial resolution of z-direction can be improved by increasing the number
of slices. To do this, it is necessary to increase the magnification of the camera lens and to increase the number
of cameras.

4. Conclusion

A 3D-2C PIV method, which utilized color PIV with a digital SLR camera and dual-beam scanning, was pro-
posed and its uncertainty was studied. The results show that the total uncertainty is acceptable, but the spatial
resolution of the z-direction needs to be improved by increasing the number of cameras. This method could be
applied to investigate the heat transfer and fluid flow characteristics of a vertical buoyant plume. The number of
cameras can be easily increased because the accuracy of camera timing control of this PIV technique is allowed
to be lower, and we can apply stereoscopic PIV techniques using multiple cameras.
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Figure 4. 3D velocity distribution in the vertical jet.
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