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Abstract—A new optical probe has been designed, tested, calibrated and used in a bubbly
two-phase flow. The probe is based on the principle of light scattering at an angle of ninety degrees
from an incident laser beam. The errors inherent in such a technique are reviewed and evaluated.
The calibration curve shows that the output voltage is proportional to the square of the bubble
diameter. A first test is presented in a real bubbly flow produced by the action of wave-breaking
in an air-sea interaction simulating facility.

1. INTRODUCTION

Measurement of two-phase flow characteristics is of a great importance in many fields of
fundamental and engineering sciences.

For example, the production of marine aerosols by bubble bursting at the sea surface
is of special interest for oceanographers and environment specialists. Such studies have
been carried out for the last twenty years by, for example, Blanchard & Woodcock (1957,
1980), Blanchard (1963) and Mclntyre (1972). Unfortunately, the bubble size distribution
due to wave-breaking in seawater is still unknown with sufficient precision (Resch 1982).
The main reason for lack of data is due to the fact that there are no measurement
techniques available adapted to this particular application. It is, indeed, necessary to be
able to detect bubble size in a range of approx. 50 um-5mm, see Resch & Avellan
(1978).

Several techniques are used to measure the bubble size distribution of an air-water
two-phase flow, see Jones & Delhaye (1976). For example, fiberglass optical probes have
been developed by Danel & Delhaye (1971). Conical hot-film probes have been used by
Resch et al. (1974) to determine the two-phase flow characteristics within the bubbly
turbulent part of the hydraulic jump. Unfortunately, the extreme range of values of bubble
sizes mentioned above does not allow the use of such material probes. In order to choose
an appropriate method, a careful review of the different techniques such as acoustical,
chemical, mechanical, electrical and optical, was made. These techniques are listed in table
1 with their characteristics, their advantages and disadvantages. Among others, Medwin
(1977), Keller (1972) are to be cited for their attempt at using acoustical and optical
methods respectively, in the above-mentioned range of bubbles. In the present study a local
optical probe has been selected and a prototype has been designed and made. It has been
tested and calibrated under specific conditions. The errors inherent in its principle have
been carefully analyzed and evaluated. Finally, the probe has been used to detect the air
bubbles entrained in water by the action of wave-breaking. Experiments have been carried
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out in the large air-sea interaction simulating facility at the Institut de Mécanique
Statistique de la Turbulence (I.M.S.T.), Aix-Marseille II University.

2. SCATTERING LIGHT PROBE

2.1 Choice of the techniques and principle of operation

The scattering light method was chosen because it essentially makes possible the local
measurement of the particle size which is convenient in external flow. Another reason for
the choice of light scattering was the fact that many instruments using the same technique
were developed for aerosol sizing in the atmosphere. The basic principle of this kind of
instrument is that the light flux scattered by a spherically-shaped particle present in a
volume of detection is a direct function of its diameter, see van der Hulst (1957), and for
the applications of the method Ederhof (1976), Holve & Self (1979). The operating
principle is schematically represented in figure 1, where the ninety degrees collection case
is illustrated. The illuminating system includes a laser beam associated with a diaphragm
and optical lenses. The detection system is composed of a lens, a diaphragm and a
photomultiplier. The sensing volume can be determined by the intersection of a cylinder,
the axis of which is the same as the axis of the collecting lens, with the incident beam
defined by the light intensity distribution—usually Gaussian with an HeNe laser—as an
elliptic cylinder.

On the one hand, if the size distribution of an aerosol with different particles involving
different relative refractive indexes had to be calculated, it would be necessary to overcome
the sensitivity of the instrument to the variation in the indexes. Hence, it is necessary to
choose a light-collected direction close to the forward scattering direction (Holve & Self
1979). However, in this case the sensing volume should have slot ends and a non-uniform
light distribution along a transverse section of the sensing volume. Consequently, we would
be obliged to take this into account by inversion techniques as did Holve and Self. On the
other hand, if a particular scatter is of interest, such as bubbles in seawater, one should
have selective response of the instrument leading to a collecting lens direction of 90°.
Furthermore, in this case, the light intensity is uniformly distributed in a cross-section of
the straight cylindrical sensing volume if its diameter is smaller than the laser beam width.

In the range of bubble diameters considered, i.e. 50 um-5 mm, optics allows several
levels of approximations to predict the light intensity scattered in one direction. Davis’
calculations (1955) are based on refraction and reflection laws and show that, for angles
near to the 90° direction (82.8°-100°), only the first reflected rays have to be accounted
for. Kingsbury & Marston (1981) using both physical optics approximations and

Sensing volume

Laser source

Figure 1. Principle of operation of the scattering light probe.
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Mie-scattering algorithms found near the critical angle ( ~ 82.8°) coarse and fine structures
due to interference effects.

By using a large aperture to filter fine structures and by collecting the light in a region
where no coarse oscillations appear, i.e. for angles greater than the critical angle, these
interference effects can be overcome and the Davis approximation remains valid.

In our work the receiving optics of the probe was set up with an angular aperture of
14° leading to collection angles between 83 and 97° which correspond to the conditions
mentioned above.

In these circumstances most of the light collected is obtained from that first reflected
on the bubble surface. The collected flux ¢ can thus be determined, see Avellan (1980),
by integrating the intensity 7 of the light reflected over the solid angle Q bounded by the
angular aperture U of the receiving optical system, figure 2

¢=szn [1]
Q

If I, is the intensity of the incident beam supposed to be collimated and uniform, we can
write, according to Davis

2

1=(1—'1)%f710 2]

where d is the bubble diameter, f the focal length of the receiving optical system and
the part of the light intensity lost by refraction. The coefficient 5 is given by Fresnel’s
formulas and it depends only on the relative refractive index of air in water and the incident
light angle.

In this way, the flux collected is given by

I, nd?
¢=an(1—'1)dﬂ'7- (3]

hot spot I

collection direction

side view front view

Figure 2. Reflection of the laser beam on the bubble surface.
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This shows that the flux is directly proportional to the cross-section of the bubble because
the integral in [3] is independent of the bubble size. Furthermore, only that part of the
bubble surface subtended by the solid angle Q participates in the light flux effectively
collected by the receiving optical system. By using reflection laws and setting the condition
that the light reflected should fall in the receiving lens, we can determine this part as the
“hot spot” of figure 2.

The characteristic dimension & - d of such a spot which is close to the circular form
in the case of small apertures can be determined, Avellan (1980), leading to the following
expression for k:

ke (l —cos U/2>”2.
2
For an angle of 14° the value of k is 6.1 x 1072,

Although a uniform light intensity is assumed in [2], the laser distribution is in fact
Gaussian. To be consistent with [2], the spot diameter kd should then be limited in such
a way that the light intensity varies by a few per cent within the hot spot. For instance,
if a maximum variation of 19 only is allowed, this yields a maximum spot diameter kd,,
of

kd, =0.280, ie.d,~S5c

where o is the laser beam width.

However, provided that the range of the bubble diameters is below the upper limit d,,,
[3] shows a simple relation between the bubble diameter and the flux collected, allowing
the use, after calibration, of such a probe in various bubbly two-phase flow configurations.

2.2 Description of the probe

Starting with the schematic diagram of figure 1, a prototype of the probe was designed
and built by a French company (A.1.D., Grenoble, France), see figure 3.

The light source is made from a 2mW He-Ne laser tube (A =0.6328 um). As the
transverse distribution of the light intensity is Gaussian, only the central part of the beam
is utilized in order to obtain a uniform distribution within the sensing area. This is achieved
by means of a cylindrical lens associated with a 300 yum wide slit. A transmitting objective
is made of two lenses. The scattered light is reflected by a mirror towards the photo-
multiplier through a diaphragm with a diameter of 500 um. Thus the sensing volume is
approximately well represented by a cylinder with a 500 um dia. and a height of 300 um
as shown in figure 4. An interferential filter has been added ahead of the photomultiplier
to shield the probe from the influence of ambient light.

The photomultiplier (P.M.) is selected to detect very small light fluxes. It is directly
coupled with a current voltage converter. All these components are assembled in a
waterproof stainless steel case, see figure 3.

Interferential filter

High Voltage
Supply

Sensing volume

Tr itting objecti

Figure 3. Cross-section of the optical probe prototype.
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50mm

100mm

300mm

Sensing volume D: 0.§mm

p %

Figure 4. The optical probe and its sensing volume.

incident beam

3. ANALYSIS OF THE OUTPUT SIGNAL

In order to obtain a correct statistical estimate of the granulometry it is necessary to
investigate carefully the possible sources of error affecting the signal and the data
processing. Two kinds of errors should be considered, one related to the physical processes
involved, the other to the statistical methods used.

3.1 Errors due to physics

These kinds of difficulties are mainly caused by the finite dimensions of the sensing
volume which can be considered, in a first approximation, as a cylinder of diameter D and
volume v (as will be seen in the following paragraph). They arise when two bubbles are
present at the same time in the detection volume or when a bubble partially crosses this
same volume.

Coincidence effects. Coincidence effects arise from the fact that there is a non-zero
probability of having more than one bubble at the same time in the sensing volume. If
» 1s the mean concentration of particles per unit volume, then the average number n of
particles present in the sensing volume v is:

n=a=n"v,

If the particles are supposed to be randomly distributed in the flow, then the probability
of observing N particles at the same time in the volume v is given by Poisson’s law

n N e n
Therefore the geometrical dimensions of the sensing volume should be chosen in such a
way that #n is less than 1. If this condition is fulfilled, the error due to the coincidence effects
is less than:

P(2) n

P() 2

Side effects. The output signal may be biased by the relative positions of the bubble
crossing the sensing volume as shown in figure 4.
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Figure 5. Typical output signal when a bubble crosses the sensing volume, (a) the bubble is
completely detected; (b) the bubble is only partially detected.

The shape of the output signal is determined by the three periods of the crossing (figure
5).—the bubble penetrates the volume—the bubble is entirely present in the volume—the
bubble is leaving the volume. The maximum amplitude of the signal is then proportional
to the square of the diameter 4. If the same bubble is only partially crossing the sensing
volume the shape of the signal will be the same, but the maximum amplitude will be
reduced as in figure 5. The bubble will therefore be detected as a smaller bubble leading
to the so-called “side-effect error”.

To take this effect into account, [3] should be modified as follows:

V=K Iy, p)%(dk)z [4]

where V = K¢, K is the total sensitivity of the system in Volt/Candela and V the output
voltage. ¢ is a function of the bubble diameter 4 and the distance p between the axis of
the sensing volume and the bubble centre, as schematically represented in figure 6.

The function  will have the following values:

¥ =1 if the bubble is fully detected (figure 4a)
¥ < 1 if the bubble is partially detected (figure 4b)
¥ = 0 if the bubble is not detected.
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Figure 6. Schematic of the relative position of a bubble of apparent diameter &d and the sensing
volume of diameter D.

If we assume that the image of the bubble is circular with an apparent diameter kd the
above values are obtained as follows, see figure 5:

D —kd

v, p)=1 when 0<p<

D—ki D
O<y(dp)<l  when <p< “;kd

D + kd

V(d p)=0 when p > 3

In our case, I, is independent of p as explained in the paragraph following {3], thus [2] may
be written in a more concise form:

V =ay(d, p)d® (5]

where V is now a function of d and p. Hence, the system (V, d, p) is considered as a system
of three random variables governed by [5]. Using statistical tools we show that the
following relation can be obtained (see Avellan 1980).

+2 16dX" X (kd, d*/y?)
yAD +ky)y

(D + kdy
D —kdy

Sd) = {2adg(ad2)+'[ f(V)dJ’}- (6]

where g is the probability density of the signal reduced to its maximum amplitude and f
is the size distribution.

The function X (kd, t) is the reciprocal function of the function .

Therefore:

—k
X(kd,t)=D 7 d when t=1
D_kd<X(kd,t)<D_+2_kd when O<i<l
D +kd

when t=0.

Xkd, t)=
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X'(kd, t) is the derivative of X (kd, t) with respect to ¢. The relation (6) is a Volterra integral
equation which can be solved for the function f, if the function X (and X’) can be
determined. The integral equation takes into account the “side effect”. If k tends to zero
it is reduced to a relation between f and g with the side effect neglected:

fo(d) = 20dg (ad?) (7]

From [6] it is possible to have an estimate of the “‘side effect error” A./f, giving an upper
value as follows:

A 4 th _kd
fo _(1—6)2 Wi E—D

(8]

We can check that this error is small for small bubble diameters (at the limit
fo(0) =£(0)) and increases with the apparent diameter kd as shown in figure 7, leading to
a value of 110% corresponding to the maximum diameter d,, for which [4] remains valid.

3.2 Errors due to statistics

Let us consider the estimate g(v) of the probability density of the signal. The mean
square error (Ag/g)* for a window Av smaller than 20% of the standard deviation, see
Bendat and Piersol (1971), is:

Ag\ 1
<_g_>  NAvg(v) Bl

where N is the number of particles detected; N is an increasing function of the volume v
and of the total duration of the measurement.

This error will be small if N is large, i.e. if the sensing volume is large and/or the
duration of the experiment is long and/or the concentration is large.

It may be seen that the sensing volume should be optimized by increasing its diameter

at/t

—_ " ¢

] 2 4 8 8 10 12 14 18 18 20 %

Figure 7. Estimate of the maximum error due to the side effect.
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to reduce side effects and statistical errors and by reducing its diameter to overcome
coincidence possibility. The balance between coincidence and side effect errors depends on
the concentration. However, statistical errors can be decreased by increasing the mea-
surement time.

4. EXPERIMENTAL STUDIES

4.1 Data acquisition

In order to obtain good statistical stability it is necessary to increase the data
acquisition time. Furthermore, the sampling rate should be high enough to have a signal
resolution which permits the detection of the maximum peak of each signal burst
associated with a bubble. The two constraints lead to conditional sampling techniques to
overcome the problem of storing a tremendous amount of data. A hardware technique is
used, see sketch in figure 8, based on a logic gate triggered by each bubble passage to the
sensing volume.

4.2 Calibration of the probe

As previously indicated, the probe has to be calibrated to be used in real flows. Bubbles
of known diameters are produced by means of glass capillary tubes. This generation
technique has been described in detail by Blanchard (1963). Paying special attention to
cleanliness, it is possible to produce bubbles with a given diameter for a sufficient period
of time.

A calibration unit was specially built, see the schematic diagram in figure 9. The

Digltal acquisition system
{ Puises counter ) T -

Magnetic tape unit

)
)
1
]
i = &
(o | = z
Command T A.D.C. —
{
|
1
L}

\ 10KHz

PNt A el j

Threshoid
Clock —_:];J
40KHz

Figure 8. Flow chart of the data acquisition system.

Probe

Signai
processing

Microvalve

Figure 9. Calibration system of the probe.
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capillary tube is oriented in such a way that all the bubbles produced move up through
the sensing volume of the probe and are completely detected. They are then collected in
a calibrated tube. An electronic counter gives the number of bubbles sensed: this allows
us to determine the bubble diameter with a rather good and reproducible precision
(applying corrections for air compressibility). For each bubble diameter, around 5000
bubbles were detected giving one calibration point (voltage vs diameter). Using various
capillary tubes we obtain the calibration curve giving the sensitivity coefficient « of the
probe. In figure 10 are reported voltage histograms of selected points (figures 10a and 10b)
and in figure 11 the calibration curve. The histograms such as those shown in figures 10(a)
and 10(b) may be subject to discussion as they should have been narrower. It is possible
that some changes in the bubble diameter occurred during the calibration recording. In
all cases the maximum value has been selected as shown by the small arrow. As expected
the voltage output is proportional to the square of the bubble diameter.

4.3 Use of the probe in a bubbly flow produced by breaking waves
Breaking waves were generated in the large air-sea interactions simulating facility of
I.LM.S.T. (see Coantic et al. 1969 for a description) with a wind blowing at 14 m/s and with

60— T T T T T T T

50 |- -

ol (a) _

30r—- -

20 —

280 T T | E— T

240 -
200
160
120 -
80 I~

40 I~

| ] 1 A o
95 0,7 0,9
Voits

g

Figure 10. Typical voltage histograms obtained during probe calibrations.
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Figure 11. Probe calibration curve.

the additional use of the mechanical wave-maker. The breaking action produces a large
number of bubbles of various shapes in the water. The position of the probe is shown in
figure 12. The time recording was about 3 hr leading to a total number of 517 bubbles
detected. The normalized voltage histogram is shown in figure 13. Normalization scales
are the number of bubbles (517) and the window width (AV = 126 mV). A certain number
(29) of bubbles larger than 2 mm were found (corresponding to 8 V), but were not
evaluated, as the gain of the photomultiplier was purposely limited. An estimate of the
bubble size distribution is shown in figure 14 using [7], i.e. neglecting the side effect error.
The confidence intervals were evaluated using [9] and display a wide scatter in the data
due to the rather small number of bubbles detected.

5. CONCLUSION

An optical probe based on light scattering at an angle of ninety degrees from the
incident light beam was selected, designed, tested and calibrated for measurement of

Wind

<

Figure 12. Experimental set-up for breaking wave experiments.
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Figure 14. Bubble spectra under breaking waves.

bubble diameters in the range 200 um-2 mm. This range could easily be extended to
50 pm-5 mm by increasing the sensing volume and the photomultiplier sensitivity.

The various possible errors which may affect such a probe are carefully reviewed. An
estimate of the maximum error is given when feasible.

The prototype of the probe is described as well as the data acquisition and processing
system used. The probe is calibrated with a specially designed unit. The calibration curve
is, as expected, a straight line, if output voltage is plotted vs the square of the bubble
diameter.

Finally the result of a first test is displayed showing the size distribution of a population
of bubbles produced by breaking waves. Although the first result is widely scattered it
shows clearly that such a probe can be used with success in such conditions. We should
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mention that the lack of data in that particular area is now crucial; geochemists, specialists
in air-sea particle exchanges and aerosol production need to know such size spectra. For
the first time a local optical probe using light scattering at ninety degrees for in situ
bubble-size measurement has been developed and used successfully. Geometrical arrange-
ments have to be made to adapt the various parameters governing the physical processes,
i.e. different concentrations and sizes with depth in water.
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