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Abstract

We report a technique for the measurement of the 2-D distribution of the line
average void fraction in a two-phase flow with transparent gas and liquid components
based on the Mie scattering induced by the gas bubbles on a collimated laser beam.
The 2-D distribution of the line average of the interfacial area density is measured
directly; the void fraction is deduced from it through an image processing algorithm.
The technique is demonstrated with experiments in a pool of water injected with air
and illuminated with a CW argon ion laser.

1 Introduction

The void fraction is one of the fundamental variables necessary to describe the dynam-
ics and the thermodynamics of any two-phase flow. Measurements of void fraction
always involve some sort of averaging operation: over time, if the measurements are
performed at a single point in space and the void fraction quantifies the time history
of the local presence of gas; or over space, if the sensing is performed over a inite

region of space and the void fraction measures the fraction of space instantaneously
occupied by the gaseous phase.

Various measuring techniques have been proposed for the determination of local
and global void fraction in a two-phase flow medium. Examples of these techniques
are: an optical fiber probe, a laser fight scattering and a differential pressure drop
methods by Guidez et al. 3 an impedance-based method by Klug and Mayinger 4;
a four sensor resistivity probe by Ishii and Revanaka 2 a hot wire anemometer by
Thomas et al. [8]; an x-ray technique by Han and Wesser [1] a gamma-densitometry
tomography method by ShoUenberger et al. 6 a neutron radiography by Takenaka,
et al. 7 ad a direct visual image analysis technique by RezkaUah and Clarke [5).
Similar techniques which are not mentioned above are found in the literature.

In the present paper, we propose a measurement technique based on the atten-
uation of laser light by gas bubbles ispersed in a liquid. Te 2-1) distribution of
the line-average of the interfacial area density within the field of view of the imaging
device is deduced directly from the sensor's output while the void fraction distribu-
tion is calculated with an image processing algorithm. The averaging is along the
direction of propagation of the laser beam, over the width of the test chamber. To
our knowledge, these are the first 2-D measurements of this kind.
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2 Formulation of the Experimental Technique

The intensity of a collimated laser beam traversing any medium is attenuated by
absorption and scattering mechanisms. In the present experiments, both the liquid
and the gas bubbles are essentially transparent so absorption can be neglected while
scattering is due to the gas bubbles.

For a plane, monochromatic wave of wavelength A incident on a single, homoge-
neous sphere of diameter D of arbitrary material, the scattering cross section, here
indicated by a, is a known function of the radius of the sphere, its index of refraction
and the fight wavelength.

When the parameter q = rD is large (q >> 1), as in the present case whereA
the scatterers are air bubbles, from a fraction of a mlimeter to a few millimeters in
diameter, and the light wavelength is 514 m (green emission of an argon ion laser)
the scattering is well described 'by the laws of geometrical optics.

The attenuation of a laser beam traversing a dispersion of scatterers of constant
diameter D (monodisperse particles) is described by the transmittance, r, (defined as
the ratio of the transmitted to incident light intensity) following Lambert's law:

= I = ezp(-o,.nI) (1)
Io

where a, is the extinction cross section of one scatterer (equal to the scattering cross
section, a., since absorption is negligible), n is the number density of the scatterers per
unit volume, and I is the length of the beam's optical path through the volume. The
extinction cross section (from now on a, a) can be related to an extinction
coefficient Q through

a 2

Q-D (2)
4

For a polydisperse bubble distribution, the average extinction cross section, V�,
accounts for the fact that the beam encounters scatterers of different diameters (and
therefore different cross section) along its path. The average extinction cross section
can be calculated from

ND

Eniai
'5 =i=1 (3)

n

]VD

n = Eni (4)
i=1

where n is the total number density of the scatterers; ND i the total number of
diameter ranges; n is the number density of bubbles of diameter between Di and
Di ADi and ai is the cross section of the particles in the ith group.

The ratio of the incident to the transmitted light intensity in this case can be
written in terms of ? as

7 exp(-5nI) (5)
10

and using Eq-(3)
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1n -r E njQj'r D'1, (6)
S=1 4

where Qi is the extinction coefficient corresponding to the ori cross section.

To prevent the near-forward scattered light from reaching the sensor of the imag-

ing device (lest its contribution alters the results towards lower values of the void

fraction) a pinhole is placed at the focal point of the lens used to focus the collimated

laser beam after it exits the test section as described in figure 2 Inevitably though,

some of the scattered light does reach the lens; for this reason Eq.(6) needs to be

modified by introducing a correction coefficient Ri, Rayleigh factor, which accounts

for the scattered light reaching the CCD sensor. Ri depends on the diameter of the

pinhole and the focal length of the focusing lens. The corrected expression for the

transmittance is then

ND

In -r niRQi 'D?1. (7)
4

By defining an average corrected extinction coefficient as

ND

niXQiD?

ND (8)
niD?

Eq.(7) can be rewritten as

N
1n T R Q 1 -xniD? (9)

4

where ND rniD? is the total interfacial area of gas bubbles per unit volume, herei=1 I
indicated byr. From Eq.(9),

-4 ln rr = � - (10)V I I

I' can therefore be measured by measuring and by calculating the product W;U.

In general, Qi and R, depend on the bubble size distribution (ni). For diameters

between few hundred icrons and few millimeters (as in the present case) Qi - 2 and
Ri - I for a diameters.

In the spatial average sense, the void fraction a of the ispersed phase (air bubbles

in our case) is given by

ND

a ni D
6

or

ND Di
a Eri-. (12)

6

561



More details on how to deduce the value of the local void fraction from the mea-
surement of will be given in the image processing section.

3 Experimental Facility

The test section (shown in figure 1) has Lexan front and back walls, phenolic resin
side walls and bottom and it is open at the top. The cross section is rectangular, 205
x 25 mm'. Bubbles are generated by flowing air into an 11.5 mm ID tube placed
at the bottom of the test section; the tube surface contains twenty holes of iameter
0.355 mTn to provide a uniform distribution of air bubbles in the medium.

The light source used in the experiments is a Spectra-Physics Stabilite 2017, CW
argon ion laser tuned in the green (A = 514 nm) with maximum power of 2 W. Figure
2 is a schematic of the optical setup: The beam exits the laser with a 21 mm total
diameter 1.4 mm 1/e 2_diameter); it is expanded and recolfimated to 10 mm to make
use of the central portion of the Gaussian intensity distribution; it is then turned by
two 90' angle mirrors. A plano-concave lens (f = mm) expands the beam diameter
to 115 mm. A plano-convex lens with f = 00 mm and clear aperture 115 mrn
collimates the beam which traverses the test section perpendicular to the front and
back Lexan walls and is then refocused by a second, identical lens. A I Tom pinhole
is located at the focal point of the second lens. A Computar f# 16 mm, 12.5-75 mm
zoom lens (set at 16 mm) images the beam onto the 256 x 256 pixel array of a
Dalsa CA-D1 CCD camera. The circulax beam is imaged so as to fit entirely on the
sensor array, thus each pixel images a square of 445 m since the pixels in the comers
of the sensor are not exposed.

The camera is controlled by a Data Design AC101 camera controller that digitizes
its output at 200 fps, with an 8-bit resolution. The camera controller (see figure 3)
is installed in a Data Design Model 2000 CAMAC crate connected to a 386 PC class
microcomputer through a National Instruments GPIB card. During acquisition, the
digitized images are temporarily stored on the memory of the camera controller which
is 2 MB: this Emits to 31 the maximum number of images that can be stored in a
run.

4 Experimental Procedure

The test section is filled with water to a height h, and iuminated with the laser in
the absence of air injection. Several of these images are recorded to be used at a later
stage for background normalization. Air bubbles in the 3 to mm diameter range
are then generated inside the water by flowing air into the perforated tube. The air
flow is measured with a rotarneter. As long as the air flow is steady, the water in
the chamber reaches a new height, h2 which remains essentially constant in time.
Once the desired steady state flow has been attained, several images of the flow are
recorded and stored for later processing.

Void fraction measurements based on the water level swell are recorded to be
used for comparison with the measurements from the light extinction technique. The
volume-average value of the void fraction a is determined from the initial and final
depths of water in the test section as
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Figure 1: Front view of test section.

Q volume of air h - h, (13)

total volume h2

5 Image processing

As shown in section 2 the line average of the interfacial area density, F, can be

deduced directly from the measurements of the transmittance r, in turn determined

from the relationship between the intensity of the light imaged by one of the pixels

on the sensor array of the CCD camera and the pixel's output. The procedure must
also account for the dark current of the CCD (the array output when no light reaches

it) and for the spatial istribution of the light intensity over the cross section of the

laser beam (the background).

The dark current was measured to be essentially constant in time and essentially

uniform over the sensor with an average pixel value Pd = 11. To measure the spatial

distribution of the intensity of the background, a series of images of the laser beam

through the test section with water but no air bubbles are recorded before each

experiment. Some of the spatial nonuniformities visible in these images are actually

due in part to the poor optical quality of the test section windows. From here on, the

pixel value distribution corresponding to a background image will be indicated with

P. (X, ) 
The response of the CCD to light intensity was quantified by analyzing the images

of a set of neutral density filters. From the pixel value distribution of each image,

p(x, y), the ratio
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Figure 2 Top view of optical setup.
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Figure 3 Schematic diagram shows the connections of the CCD camera with the data
acquisition system.

7 = (P(X, Y - Pd) (14)

(P�,(X, Y - Pd)

is evaluated, where pjx, y) is the average of several background images recorded just

prior to recording the image of the step tablets. The number of background samples

to be used in constructing pjx, y) was chosen to be after experimenting with larger

values and determining that this did not affect the results of image normalization.

Subtracting the pixel value p1 from each pixel value in the image essentially resets

the value to account for the dark current (non-zero response of the CCD to total

darkness). Calculating the atio between the CCD response to the light attenuated

by the neutral density filters and the response to the uattenuated light, using the

corresponding pixel value istributions, accounts for the spatial nonuniformity of the

background light. An average value of TM is calculated using the pixel values within

each of the areas of the image corresponding to a neutral density filter of a ifferent

value. A plot of the nominal values, -rN vs. the corresponding measured values, rM

shown in figure 4 shows that the CCD responds liDearly to light intensity. Repeated

tests have also shown that the constant of proportionality between the intensity of

the light incident on the sensor and its output is highly reproducible in time.

From now on the subscript M will be dropped and the transmittance wil be

evaluated as
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Figure 4 Nominal vs. measured transmittance.

-r(x, ) (P(--, Y) Pd) . (15)
(P. X, Y) Pd)'

Because of the temporal fluctuations of the background, and since the attenuation
due to water with no bubbles is essentially zero, sometimes it happens that for some
pixels p(x, y > 5,,(x, y); in these cases the value of r is reset to .

The line-average of th� interfacial area distribution is calculated from r as

r(x, y = 4 In x, y) (16)
-K i7i

Similaxly, the line-average void fraction is evaluated from the value of rx, y as

Cr(X, Y = r(x, y)D.q (17)
6

The equivalent diameter, Dq, is an estimate of the diameter of the bubble to
which the area imaged onto the pixel at (x, y) belongs. Operationally, it is evaluated
as follows:

i) contours of the 2-D r-field are generated;
ii) the area A, of the 2-D region enclosed by the r = ro contour is calculated by
counting the number of pixel-equivalent areas inside the contour; (A, = area imaged
onto one pixel x number of pixels)
iii) D = 477rA,.

The algorithm is implemented using the PV-WAVE data processing programming
environment and makes use of the contour plotting capability of the software package.
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The algorithm only requires the input of the background d 2-phase flow images;
no further interactive input or manual operation is necessary. The dependence of
the measured value of the void fraction upon the value of the interfacial area density
along the contour chosen w be iscussed in the results section.

From the 2-D distribution of the Une-average void fraction, the volume-average
void fraction over the whole field of view can be calculated as

G

Eak Mk

k=1 M (18)

where mk is the number of pixels of group k which have void fraction values between
Qk and ak + AEk, G is the total number of a groups, and M is the total number of

pixels within the field of view.

6 Measurement Uncertainties

The uncertainties in the measurements of the interfacial area density (bl) and the

void fraction (bct) can be related to the noise in the CCD output, from now on referred

to as pixel noise, bp. In order to find bp, the pixel value of the CCD dark current noise

was measured by recording two images with no illumination, subtracting one from

the other d studying the distribution of the pixel values in the difference between
the images. Tis procedure was repeated for a series of image pairs to verify the
repeatability of the noise amplitude. The results are summarized in figure 5, showing
a Gaussian fit to al.1 the measured values. Thus, bp can be estimated from figure to
be about 4.

An expression for br can be derived directly from Eqs. (10) and (15) as:

Ill 1bP = 4 1 1 1 16PI.
(19)

dp RQ1 P-Pd

The largest possible magnitude of the uncertainty in the measurement of the

interfacial area occurs at the lowest pixel value above the dark current value, p = 12,

yielding ffim = 016 mm-'. However, at a pixel value of 12+bp = 16 the uncertainty

in the measurement of the interfacial area aready decreases to 0.4 mm-1.

The uncertainty in the measurement of the local void fraction can also be esti-

mated using

b = �('C')' (bp)2 + 19a (bD)2. (20)
09P (49D)

Combining Eqs. 16) ad 17) to obtain an expression for a = (p, D), Eq. (20)

yields

2 1 V( D P - Pd 2
ba = �_ - ) (bp)2 + (In (bD)2 (21)

3R Q1 P - Pd PO - Pd)

Although the spatial resolution of the imaging system was determined to be better

than one pixel width (by analyzing images of a standard USAF resolution target),

the uncertainty in the bubble diameter is conservatively taken to correspond to two
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Figure 5: Response of the CCD sensor to the dark current noise.

pixel widths, yielding bD = mm. A study of 5a(x, y) as described by Eq. 21) in a
typical data set shows a maximum local value bam = 0035. The uncertainty in the
integrated average void fraction over the wole field of view is smaller since it can be
related to the local uncertainty by

am (22)
nT

where n. and nT are the number of pixels actually used to calculate non-zero values
of local void fraction and the total number of pixels, respectively. Typical values of
bZim are of the order of 00035.

7 Results

Experiments were performed at air flow rates between 40 and 80 cm 3Is. At each air
flow rate two sets of five images were recorded, one of the background and one of the
flow.

Figure 6 shows examples of the 2-D distributions of pixel value, pX, y), recorded
at an air flow rate of 39.3 cm 3/S and of the distributions of transmittance, r(x, y)
(evaluated following Eq.(15)), interfacial area density, rx, y, (evaluated following
Eq.(16), with R = Q = 2 and = 254 cm) and void fraction, a(x, y), (evaluated
following Eq.(17) and steps i), ii), iii) thereafter). The color bar at the top of each
image in figure 6 is used to show the range of the measured or calculated parameter
in that image. For example, in figure 6-b the transmittance r can take on any value
between and 1, where (black) indicates that the fight is completely blocked by the
bubbles, and I white) indicates that the light is ully transmitted.
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The equivalent bubble diameter necessary to calculate a(X 10 from Fx, y), was
deduced from the -contours presented in figure 7 using a value I'D = 03 cm-'. From
the outermost to the innermost of the contours shown, ' takes on the values 0.1 06,
1.2 16, 1.8, respectively.

The void fraction distribution can also be described in istogram form as in figure
8 for the data displayed in the image of figure 6-d. Figure 9 shows the void fraction
at ifferent air flow rates obtained using the same processing steps described in figure
6. Each void fraction image in figure 9 results from the processing of a selected image
out of five flow images recorded for a given flow rate. The images are representative
samples of the void distribution at the various flow rates: no particular selection
criterion dictated the choice of the six cases presented in figure 9.

The final step in this analysis is to find the volume-averaged value of the void
fraction of air in the two-phase medium which is obtained from Fq. (18) A compar-
ison between the average void faction calculated using the light extinction technique
and that obtained from the water level swell was made. Results of this comparison
are shown in figure 10: five values of the average void fraction were obtained from the
light extinction technique at any given low rate, one from each of five -flow images
recorded at different times. The scatter in the value of the average void fraction at the
same air flow rate value is due to the Fluctuations in the distribution of the bubbles
within the field of view with time, and is larger than the uncertainty related to the
imaging system as discussed in section 6 The difference between the void fraction
values measured by the light extinction technique and those measured by the level
swell ranges from as large as 36% to as small as 12%. The main cause of this ds-
crepancy is possibly the fact that, despite the pinhole, some of the multiply-scattered
light reaches the sensor array, yielding a value of the transmittance slightly higher
than the actual one.

As mentioned in section 5, the estimated value of the void fraction depends on
the value of the interfacial area density ralong the 2-Dr-field contours chosen to
estimate the local bubble diameter. Figure 11 shows this dependence, parametrized
by different values of injected air flow rates which correspond to different nominal
values of the void fraction. Two important features are observed from figure 11:
the dependence of the measured void fraction upon the value of r along the chosen
contour ro) is much stronger for the larger injection rates; at all values of the air
injection flow rate, the measured value of the void fraction becomes independent of
ro for ro 04 cm-'. Thus the value of ro used to obtain the results for the void
fraction shown in figure 10 was taken to be 03. We have found this to be the most
accurate approach to account for the bubble density along the optical path length in
the test section.

8 Summary and Conclusion

The performance of a new technique for the measurement of the 2-D dtributions of
interfacial area density and void fraction in transparent gas-liquid flows was demon-
strated and estimates for the uncertainties in the measurements caused by the imaging
system were quantified. With the light extinction technique it was possible to mea-
sure bubble sizes of up to mm and void fraction values between 05 and 10 at
steady ar flow rates. The technique compared favorably with measurements based
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Figure 6: Image processing steps at air bubbles flow rate of 39.5 cm 3/S.
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Figure 8: Histogram plot of void fraction distribution.

on level swell A possible dependence of the measurements on one of the parameters
to be chosen during the processing of the images was shown to have no effect beyond
a threshold level for the parameter.
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