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Abstract
The objective of the present contribution is to establish a novel measurement technique for velocity and
diameter of transparent spherical gas bubbles in order to obtain such important information as mass transfer
rate at the interface of gas-liquid phases, or drag coefficient of the rising bubbles in liquid. This technique gives
spatial distribution of velocity and diameter of bubbles simultaneously by capturing the sequential images of
fringes by using a pulsed Nd:YAG laser source and a high resolution CCD camera. Figure 1 is a snapshot
of the circular interferometric pattern generated by external reflection(p 0) and direct refraction(p 1) lights from
the transparent spherical bubble from a nozzle of 60m in diameter. This figure shows the difference of the
diameter by counting the number of fringes or fringe spacing. Additionally, continuous acquisition of the image
sequence enables us to know the velocity of individual bubbles by tracking their movement. Figure 2 illustrates
the simplified experimental setup for the rising bubbles, including the flow field and optical equipment. The
results of the gas dissolution measurement of spherical
2 bubbles into a stationary fluid show a range of
measured bubble diameters of approximately 100m to 1000m with rising velocities up to 30mm/s.
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Figure 1: Comparison of the fringe images of bubbles of different diameter.

Figure 2: Experimental Setup for observing the dissolution of the
rising
2 bubbles into water.
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1 Introduction
Experimental investigations of gas-liquid two phase flow including droplets or gas bubbles are necessary to understand the behavior of droplets or bubbles in turbulence, and to evaluate the heat and mass
transportation at the interface of the gas-liquid phases. For flow fields with large bubbles, whose diameters are
more than 1mm, the shape of bubble becomes obviously elliptical as the Reynolds number and Eötvös number
increase. There are many studies concerning bubbly flow which analyze the dynamic interaction between the
three-dimensional deformation of bubbles and the surrounding flow in turbulence and shear flow[Brücker 1998;
Ford et al., 2000].
However, flow fields with small bubbles less than 1mm in diameter, whose shapes are almost spherical,
are important for industrial applications including the reduction of greenhouse gas into seawater[Hirai et al.,
1997]. The measurement techniques that provide the information about the individual properties of droplets or
bubbles are especially necessary in order to know the detailed behavior of them and to evaluate the heat and
mass exchange at the interface of the phases; e.g. measurement techniques for the diameter of droplets[Durst et
al., 1975], temperature[Schaller et al., 1994], refractive index[Lin et al., 2000] and Shadow Doppler Velocimeter which is a diagnostic instrument for non-spherical and non-transparent particles[Morikita et al., 1994].
The point measurement techniques, however, have a difficulty in resolving the spatial distribution of physical
properties in a flow field such as; velocity, temperature and diameter.
The Interferometric Laser Imaging for Droplet Sizing(ILIDS) has been developed to measure the size
of transparent spherical droplets[Roth et al., 1993; Glover et al., 1995; Girasole et al., 1998; Hess, 1998; Pajot
et al., 1998]. The aforementioned researchers demonstrated the possibility of recording the size information
of individual droplets into the instantaneous image of circular fringes, while Phase Doppler Anemometry can
measure the diameter by noting the phase differences between the Doppler signals. The fundamental principle
of the proposed technique was based on Mie Scattering theory and developed by an approach similar to ILIDS
by considering the difference of a beam couple passing through the bubble. Since the focused image shows a
couple of small spots that are reflective and refractive lights, the diameter of larger particle is determined from
the distance of the two spots[Van de Hulst et al., 1991]. However, it becomes difficult with smaller bubbles to
obtain the entire information of the flow field due to the limitation of the magnification of the optical system
and the pixel resolution of a CCD camera. In the case of capturing in the defocused plane, the size of the
two spots are expanded and overlap with each other because the shape of the point-spread function of the spot
illuminant through a lens is circular. Finally, the parallel fringe will appear in the overlapped area as shown
in Figure 1 and we can observe the characteristic interfering pattern with a far-field arrangement of receiving
optics. Moreover, an improvement was performed which provided the velocity of individual bubbles by using
a cross correlation method in the double exposed images by pulsed laser illuminations.
The principle of the interferometric imaging technique and its application to the spherical bubble measurement are described in Section 2.1. The image processing method to extract the individual diameter and
velocity from the circular fringe images is in Section 2.2, which is followed by the experimental results in
Section 3 and conclusions in Section 4.
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2 Principle
2.1 Interferometric Laser Imaging
ILIDS is a method that observes the interference of a couple of scattering lights from a single droplet.
The approach of the proposed technique was similar to droplet measurement by considering the difference of a
beam couple passing through the spherical bubble. Figure 3 illustrates the route of the beams at scattering angle,
. The interferometric image as shown in Figure 1 is generated by the scattered lights of external reflection,
p0 , and direct refraction, p 1 , of droplets illuminated by a coherent laser source. The diameter is obtained by
counting the number of fringes or fringe spacing. When the illumination is perfectly homogeneous, the intensity
of these two scattered rays are much stronger than that of p 2 refraction and the others. The intensity of p 0 and p1
Æ and the amplitude of interference is maximum, while the
rays are almost equal at the scattering angle 
Æ
optimum angle for droplets is equal to 
. Figure 4 shows the calculation result given by Mie Scattering
theory which represents the spatial distribution of the scattered light intensity from a single spherical bubble
with 100m diameter illuminated by a polarized broad laser source.
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Firstly, we should illustrate that the relation between the number of fringes or fringe spacing and the
0
diameter of bubble. Using Snell’s law we can relate  0 and 1 the incident angles of the external reflection and
direct refraction rays, respectively.

cos 1 = m cos 1
0

(1)

Assuming that only two rays come from the bubble, their phase difference is derived from geometric analysis.
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Figure 3: Schematic of the optical pass of external reflection and refraction through the
transparent spherical bubble in liquid.

Figure 4: The angular intensity profile scattered by the
single bubble by laser light source at circular polarization .

3

Recalling that the angular inter-fringe spacing is equal to
N   as;

=



d=

2N 
m
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p
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2, Equation 3 can be rewritten by substituting
1

sin(=2)
2m cos(=2) + 1

(4)

where N is the number of fringes, and  is collecting and off-axis angle, respectively, of the receiving optics,
m is the relative refractive index and  is the wavelength of the light source. The geometry of this optical
arrangement is shown in Figure 5. Equation 4 states the relation between the diameter of a single bubble and
the number of fringes. The formulation for a spherical bubble, which is quite similar to that of droplets, shows
that the diameter, d, is in direct proportion to the number of fringes, N . Equation 4 also states that the number
of fringes, N , is independent of the light intensity of illumination.
Figure 6 shows the relation between the diameter of bubble and the number of fringes and its dependency on the collecting angle. It indicates the possibility of controlling the dynamic range and resolution of
the measured diameter by adjusting the collecting angle, since a definite number of fringes can be counted on
the receiving devices. i.e. a smaller collecting angle is suitable for a wide range of diameters, and a larger
collecting angle is suitable for a narrow range with high accuracy. Figure 7 shows the relation between the
off-axis angle and the number of fringes and indicates the angular limitation for the receiving optics.
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Figure 5: Optical arrangement to observe focused and defocused plane.
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Figure 7: Angular intensity profile from a single
bubble by laser light source with circular polarization .

Figure 6: Relation between the number of fringes and
the bubble diameter.

2.2 Image processing method
a) Bubble sizing
Initially, the center positions of each bubble are extracted in order to distinguish each bubble before
processing the frequency information. The template matching method with circular pattern can easily find the
center of the circular fringe pattern from the array of bubbles, since there is no overlapping of the circular
fringes in the captured picture when the number density of bubbles is low.
One of the great advantages of this interferometric technique is that the diameters of bubbles are obtained as frequency information, which indicates that the accuracy of measured diameters will be high compared with the intensity information. Figure 8 shows a brief example of a one-dimensional profile of the
captured image by different bubbles which are the horizontal intensity distribution across the center of a circular fringe. The upper limitation of the measurable diameter range is determined by the maximum sampling
frequency which is a function of the collecting angle and the magnification. The total number of sampling
points, X, which is equal to 128 pixels in Figure 8, must be set appropriately in order to avoid both aliasing
errors by discrete sampling and overlapping into the neighboring fringe by another bubble.
Many kinds of signal processing methods are available to analyze such frequency information as provided by Laser Doppler Velocimeter or Phase Doppler Anemometer, e.g. FFT method[Lading,1987; Lehman
et al.,1988]. We adopted a spectral method based on the Gaussian fitting for peak determination with subpixel
accuracy in the frequency domain[Maeda et al., 1988; Kobashi et al., 1990, 1992]. The discrete power spectrum essentially provides a broad distribution and it is difficult to find the peak, especially at the position of the
middle point between the channels of fundamental frequency. If the real peak were the middle point of channels, the peak would be divided into two channels of almost the same height. This interpolation technique was
carried out in order to improve the accuracy of the peak frequency of the signals and to enhance the resolution
of the measured diameter.
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Figure 8: An example of one-dimensional profile of captured fringe image by two different bubbles.
High frequency(red line) is by larger bubble, low frequency(blue line) is by smaller one.
Letting i and I represents the intensity signal of the fringe in real and frequency domain, respectively,
P 2 is the power spectral density function written as;

I (!) = Ire + Iim =

Z

i(x) ej!x dx

P (!) = I (!) I  (!)
p

(5)
(6)

Denoting k , the integer index of the peak frequency in the power spectrum, the modified frequency, f  , using
a Gaussian curve fitting is written as follows;

1
f = k +



log Pk

2 log Pk

1

log Pk+1 
2 log Pk + log Pk+1
1

(7)

The adjustment of Equation 7 remarkably reduces the bias error of the calculated frequency by less than 1% for
the fundamental frequency. The bias error for absolute diameter is less than 0.02% while the error without the
adjustment is 2%. This technique enables us to enhance the resolution of diameter from 10m to approximately
0.1m in our experimental configuration for a 500m bubble.

b) Velocity determination
The rising velocity of the bubble is one of the most important parameters for characterizing the flow
pattern of bubbly flow. The velocity of the single bubble can be obtained using the same concepts of the PIV
or PTV techniques, i.e., to capture a couple of images with time interval Æt as shown in Figure 9.
Here,

Æs

= (Æx; Æy) represents the displacement of the fringe images in the time interval, Æt.
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The

velocity u is determined as follows;
u

= ÆÆts

(8)

Æs was obtained by finding a similar pattern of two windows(sample0, sample1) within an interrogation window, i.e. the problem is the determination of the maximum value of the spatial cross correlation function.
When the time scale of the dissolution rate was much longer than that of rising movement, each pair of
the fringe patterns in two instances should be the same and it allows us to obtain the displacement of a single
2
bubble by the cross correlation method. In our experiment, the size of the reference windows were
,
which was enough to enclose one bubble. The width and height of the interrogation area were approximately

,

, respectively. Since the observed bubles were always rising within the
stationary fluid, no bubbles went downward in our experimental conditions.
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Figure 9: Displacement estimation of a single bubble from a couple of double exposed images.
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3 Experiments and Results
A simplified depiction of the experimental apparatus was shown in Figure 2 in the Abstract. It consists
of the degassed water tank with optical flat window on the laser pass, thin stainless injection nozzle of 100mm
in length and m internal diameter. The test section was located at the middle of the tank above the nozzle
in order to observe the bubbles.

60

The optical equipment consisted of high power laser light and receiving optics. The laser source was
a pulsed Nd:YAG laser at 532nm in wavelength, maximum power was 100mJ/pulse, repetition frequency was
30Hz in maximum, and the thickness of the laser sheet was
m at the exhaust of the nozzle. The receiving
devices were high resolution digital CCD cameras with 1k  1k pixel resolution, each pixel has 10bit grayscale
2 at most, and
and the size of each pixel was m 2 . The maximum size of the measuring area was
magnification in this geometry was 1:5. The distance of the objective lens and the bubbles in tank was set at
Æ . The out-of-focus distance was 2.0mm from the focus
180mm so that the collecting angle would be
plane.

1500
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At the beginning of our experiments, we performed a comparison of the proposed technique and the
direct observing method by means of microscopic shadow imaging, and examined the results. The shadow
images of air bubbles are captured by background illumination with an incoherent flash lamp. Captured images
were processed into binary images in order to get the area of individual bubble. p
Since the shape of bubbles was
a=. From the result of our
completely spherical, the diameter, d, was calculated from the area a as d
comparison study, the average diameter of bubbles by shadow imaging was
m, and the bias error of the
measured diameter by fringe method was less than 1% on average.

= 4
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The gas dissolution experiment was done with pure gaseous
2 , which is a dissolutive gas in water.
3
through
the
nozzle
was
:
:
=
,
the
bubbles left the nozzle one by one
The volume flux of
2
in every 100 to 300ms. The takeoff of the bubble was not synchronized with the measurement system. Figure
10 is an instantaneous photograph of the fringe array of rising bubbles. We can easily find at least 8 circular
fringe patterns in the picture, however, the real size of the bubbles was on the order of a hundred microns.
Figure 11 shows the diameter transition of three bubbles by differing initial conditions. The maximum rate of
the
2 dissolution was : mm3=s in volume for a m bubble. Figure 12 shows the correlation between
the diameter of bubble and its velocity. This map clearly shows that the rising velocities of larger bubbles
are faster than those of smaller bubbles. The rising velocity in this diameter range is mainly determined by
the buoyancy(/ d 3 ) and drag force(/ d 2 ), which is related to the surface condition including the presence
of contamination by solid particles or dust or other, surfactants on the surface. In the present experimental
arrangement, the measured range of velocity was 5  30mm/s within the diameter range of 200  400 m .
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Figure 10: The snapshot of the rising
2 bubble array, the range of diameter is
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Figure 11: Decrease of the diameter of three different bubbles as a function of time.
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4 Conclusions
1. An imaging technique for transparent spherical bubbles was developed based on the Mie Scattering
Theory and ILIDS method. Considering the Geometrical optics we derived the relation between the
bubble diameter and the number of fringes.
2. In order to process a large amount of data without any artificial bias, image processing logic for circular
fringe images are constructed. [1] Find the location of bubbles with template matching method. [2]
Count the number of individual fringes with an adjusted FFT method which gives the subpixel frequency
information. [3] Calculate the inter-frame displacement of the circular fringe patterns by conventional
cross-correlation method.

CO

3. The experimental results of the
2 gas dissolution measurement by operating the high power pulsed
laser source and high resolution digital CCD camera demonstrated that the proposed technique can provide time- and spatial-resolved information about the diameter and velocity for the individual spherical
bubbles. The bias error of the measured diameter was less than 1% on average. The range of the measured
velocity was 5  30mm/s within the diameter range of 200  400 m for our experimental configuration.
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