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ABSTRACT

In view of the importance of obtaining unsteady local void fraction and
interface velocities in liquid—vapor'two—phase flbwé, an optical probe with
a. controlled tip geométry was developed and is described. : In order to’
minimizé the disturbancgs caused to the flow field by the presence of the
probe, its dimensions have been miniaturized. The electronic and hydrodynéﬁié
réspdnse of the prdbé were inveétigatéd experimentally; The proBe was found
to be'sensitive.to both the interfdce velocities and the phase presenﬁ at
the probe tip. A possible explanation for thé behavior of the probe is
presented. Within the velocity range checked and with ﬁroper calibrétion,'the
optical probe developed can be used to determine both local yoid fractions and

interface velocities.



I. INTRODUCTION'
Iwo-phase f1ows consisting of the simultaneous flow of liquid=-vapor or
'liquid!gas are encounteredAduite frequently in power generation systems,
heaé transfer equipment; chemical reactors and other industrial hardware.
Such flows are also familiar“phenomena'in the cooling systems of boiling or
»prgssurized water reactors.
In liquid-vapor flows, sevgral flow regimes are encountered where the
vépof phése may occur in various patterns from small bubbles to large slugs
or in continuous columns with or without liquid,films or dropléts. The
bubble sizes and their distributions in these regimes vary with the liquid
_,velocities3'gas flow rates, flow geometries and local conditions. To obtain
a detailed knowledge of the flow.regimes and the local thermal and flow
‘characteristics is very important in aeveloping predictive tools for'calculating
local heat transfer rates and temperatures, crucial, for instance, .in some
reactor studies. In addition, some theoretical modeling of two-pﬁase flow
studies under equilibrium and non-equiliBrium conditions (flashing flows) are
based on very specific local thermal and hydraulic conditions. An experimental
verification of such analytical descriptions thus require a very fine and
detailed determination of the relevant local parameters, i.e., local void
fractions, phase velocities, and thermodynamic properties, among others.
Two-phase fl;w instrumentation for void fraction measurement techniques
are classifiéd as.glpbal or local. Global methods provide measurements givipg
line, area or volume averages, and local instantaneous methods provide measurements
at specific locations. The latter type requires the insertion at the point
of interest of a probe which,détects changes in physical properties inherent
in the two phases, i.e., electrical resistivity, thermo physical properties,

or index of refraction. The local probes may be on-off devices yielding time
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average phase residence times. In steady flows, the time-averaged void fraction

information they provide is defined as:[1]
(1)

where T is tﬁe‘éqgal meaéuremént time and Tq is the time fraction of'T during
which thé vapor or gas phase waé present at the specific_location. Toide;ermine
interface velocities, two consecutive probes are situated at a known distance
from each other in the flow direction. By using a time-of-flight technique or
cross-correlation of the two signals, for ipgtance, the necessary time pgriods
for the interface to travel from one probe to the other are détermingd.‘ With
tbis information, the interface velocity can be calculatgd which in turn, with
the knowledge of the evaporative mass flux provides the velocities of thé
two phases.
Considering the response of ;he.lOCal probes to the paésagé'of the
interfaces,Athree ﬁajor areas can be defined as:important: |
1. The electronic response of the system sthId be compatible
with the bubble éizes, the interface velocities and the‘
physical dimensions of the probe tip.
2. The hydrodynamic characteristics at the probe tip during-
the péssage of the interfécevshould»bg understood in order
to analyze the éignals obtained. 4 ‘ o '
3. The,influence,of,the presence of Fhe pfobe on: the flow,andg 
the bubble dynamics should be clarifiea in order to minimize a'lj'
the disturbance caused on the 1qga1.fiow properxties.
In this paper; a lbcal'optical'probe,with a controlled tip geometry .

is described and its response to the passage of interfaces is investigated.



II. OPTICAL PROBES

| The operation principle of the optical probe has been described by
Miller and Mitchie [2, 3], and Danel and Delhaye [6] among othersvand
summarized by Delhaye and Jones [12], is quite simple based on Snell's law
(Fig. 1)

nsini = n sin i , . , N )
- 0 o : :

For a glass probe tip with an index of re%raction of'ri0 = 1.62, total probe
tip angle of 90° and coherent light ‘rays parallel to the~axis, io’= 450,
the iight'fays will-be reflected back if » < 1,15, and will be refracted if
n > 1.15, where n is the index of refraction‘of the mé&ié surrounding the~
probe tip. A probe operating on this ﬁrinciple will enable the detgétion of
the gas and vapor or liquid phases present at the probe tip if‘nv'< 1.15 < n .
This range includes the detection of freon and freon vapor, water and steam,
and of water and éi? combinations. ' - :
| Three optical probe configurations and geometries have been feporfed and
used in the literature: | |
1. The glass rod probe of Miller and Mitchie [2, 3], where the tip was
terminated as a cone with a 90° apex angle. This probe was used in the
study of a submerged impinging gas jet '[4],"
2. The fiber bundle probe of Hinata [5] terminated as a glass rod and
used in mercury-air two-phase flow in a wvertical pipe. |
3. The U-shaped fiber probe of Danél and Delhaye [6] which was success-
fully used in various two~phasé flow studies [1, 7, 8, 9].
The signal analysis and the methods for obtaining the required local
information on wvoid fraction and interface velocities include triggering
 techniques ‘and pulse height analysis and are clearly described in the above

mentioned references [1, 2, 5].
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n;n'q‘ <15
REFRACTION TOTAL REFLECTION
SNELL's, LAW: n'vsin i =ng-sin i..o

IF ng= 162 (GLASS), ig=45° LIGHT WILL BE REFRACTED

WHEN n>1.15
FREON- FREON VAPOR { n = 125

i ny= 1.02

WATER-WATER VAPOR s 133

‘WATER - AIR ny* 1.00

Figure 1. Operation pfincfpie of opticél probes.



Two observations common to a;l tﬁe probes mentioned above were;

1. Instéad of obtaining a clear on-off sigﬁal during the passage
of an interface, the static levels'of the signals and the fluctuations caused
by_the passage of the bubbles varied with the void fraction, Thus a double
triggering system was pfoﬁosea where the threshold levels were deterﬁined
from a calibration test against a y-ray ahsorption technique [1].

2, The penetration time of the probe into a bubble or gas phase was
longer than the time 1t took for the probe to be éompletely immersed in the
iiquid. This effect was observed to vary with bubble size and flow velocity.

These observations were attributed'tq.electrqnic or hydrodynamic response
prdbiems, but no basic investigation of the phenomena was undertaken, With
these considerations a simpler geometry for the‘optiéél probe was proposed [10]
and development of the production techniquesmand‘study of the electronic and
hydrodynamic response of the probe was undertaken, It is the purpose of this
paper to describe the results of this effort. In parficular, it wili be shown
that there is a clear and repéatablé sensitivity to interféce velocity here~
tofore unrepérted and that this sensitivity is consistant from probe-to-probe

of like geometries.



ITII. EXPERIMENTAL SET-UP AND RESULTS
A schematic of the probe as developed

light source and amplifier circuit diagram.

is depicted in Fig. 2, with the

The construction procedure is

documented in Fig. 3.

stainless steel tube.

of a minitorch, forming a spherical bead.

then pulled into the tube and epoxied in place.

Two 125 um fibers were inserted into a 50Q um OD
The two fibers were fused together at one end by means
This fused end of the fibers was

The fibers were separated

at the opposite end and encased into two pieces of stainless steel tubing

(250 ym 0.D.).

PROBE TIP

The ends of the fibers and the bifurcation were then epoxied
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Figure 2. Schematic representation of the optical probe.
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S— STEP 1: INSERT AND WELD OPTICAL WAVEGUIDES

S,
S~ S[EP 2: SEPARATE ENDS - EPOXY TIP AND
BIFURCATION

Figure 3. Production techniques.




for strength. The tip of the probe containing the fused end of the fibers

was ground and polished at 45° angle to the axes of the fibers, thus forming
an included angle of 90° at the finished probe tip. After grinding and
polishing the free ends of the two fibers flat, one of them was placed in
front of an incandescent light source (3v), and the other in front of a
Hewlett Packard PIN photodiode (5082-4024). An amplifier with a design rise
time of 20 u sec [11] was used to enhance the output before going into the
readout device (Fig. 2). The electronic response of the system was checked by
means of a light emitting diode (LED) placed in front of the probe tip. The
LED output was modulated by using a signal generator. Light pulses of
different frequencies and durations were emitted, simulating the passage of
bubbles. The rise time of the output was thus verified to be 20 usec as
specified and no reduction in signal amplitude was recorded. The hydrodynamic
response of the probe to the passage of an interface or bubble was investigated
by means of an experimental set-up presented in Fig. 4, It consisted of a
glass tube (0.64 cm I,D. and 83 cm long, attached at one end to a reservoir
open to the atmosphere and at the other end, through a ball valve to a
pressurized reservoir. Air bubbles could be injected at the base of the glass
tube by mcans of a needle valve. Each air bubble, filling an entire tube
cross section, travels along the tube, hitting the optical probe head on.

Such a constricted configuration eliminates the possibility of the bubbles
avoiding the probe at low approach velocities as was observed in the case of
small bubbles and large pipe diameters [13, 14]. 1In order to obtain bubble
velocities higher than the normal rise velocity in the tube, the water in the
upstream reservoir was pressurized by means of bottled air. Opening the ball
valve released the pressurized water, thus accelerating the liquid and the

air bubble at the same time.
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Figure 4. Schematic of experimental set-up for
probe calibration.
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The velocity of the bubble along the glass tube was measured before
it reached the probe tip by means of two diametrically opposed light sources
and detectors. The latter through light attenuation sensed the passage of
the first interface, thus starting and stopping a counter (HP 5325 B), Given
the distance between the detectors, an average bubble velocity was thus calculated
with 1 percent accuracy., Bubble velocities ranging from 0,7 cm/sec to
280 cm/sec were obtained with this experimental set-up. The outpult of each
detector also gave information about the length of the bubble once the average
velocity was calculated.

After passing through the second detection station, the bubble hit the
optical probe. Typical oscillograms of the probe output during the passage
of the bubble are presented in Fig. 5. Here the probe output in mv is shown
as a function of time for two cases where the bubble velocities were 19 cm/sec
and 74 cm/sec, respectively. One observation was that the probe output when
the tip was immersed in water was always zero without any artificial bias. As
the bubble hit the probe the output was seen to increase, and after an over-
shoot leveled off to a certain steady value., At the end of the passage of the
bubble, the signal dropped to its original water level of zero. The bubble
penetration time was clearly observed to be larger than the time it takes the
probe tip to be immersed in water. The most important observation here was that
the signal amplitude decreased with the increasing bubble velocity, although
both bubbles had almost the same length, (void fraction). Figure 6 presents
the variation of the bubble penetration time as a function of the average bubble
velocity. The bubble penetration time is defined as the time period between
the arrival of the bubble at the tip (first increase in the signal) and the
moment when the steady signal value is reached for the first time. At bubble

velocities U, > 40 cm/sec, the penetration times follow a const/UB variation

w P v
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depicting dominant inertia effects. The penetration times that are predicted
from a characteristic physical length of the probe tip are 35 percent shorter

than theose observed experimentally. At low bubble wvelocities, U, < 40 cm/sec,

B
Lhe penetration timeé are longer than the const./UB predictions suggesting
additional surface tension effects become important.“,

Figure 7 depicfs the variation of the ratio of the probe signal amplitude
at various bubble velocitiés to the signal amplitude in stagnant air, the latter
one, IO, being determined uqder steady conditions with the tip of the probe
dry. Results obtained with two different probes are presented in Fig. ? as a
function of bubble velocity., Although the two probes had a steady air signal
amplitude of 125 mv and 600 mv respectively,_the ratio I/Ié seems to follow‘
the same consistent pattern.,

A similar obsgrvatiop was\noted bpt not pursued by Miller and Mitchie [3],
"With smaller bubbles ané higher velocitiés;.,.,Thg probe signal generated
undér these conditions.....never reached maximum amplitude." )

An important conclusion that cén be drawn from Fig. 7, is that the developed
optical probe is able to measure the local interface velocity, as well as the
local void fraction, after proper calibration within the'velocity range observed.
From Figf 7, one observes that when the probe tip is completely dry in air,
tﬁevmaximum signal output is attained., It was thought that these results were
due to a variable, velocity sensitive liquid film on the probe tip although
the results ;eemed opposed to normal expectations considering shear-driven
stable films. If a liquid film exists on the probe tip similar to that shown
in Fig. 8, there is some thickness § beyond which the probe will appear to be
totally immersed in liquid (ideally complete refraction of the light). Using

Snell's Law, one obtains for coherent light rays, an angle B = 54.5°,

Assuming a linear variation of the film thickness along the probe tip, a

- 13 -
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Figure 8. Sketch of 45° probe tip with water film.
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water film thickness of 29,2 ym and above, at the tip of a 125 um fiber,
would cause the probe to behave as if it were still in water. Since thé light .
supplied to the pfobe was not coherent but, insﬁead,'fi%iéd the ac;eptance
angle for £he optical waveguide, é water film left at the probe tip during the
passage of the bubble and incteésing'in thickness with the bubble veiqcity,
wpuld Fause>increasingly larger amounts of light to be ;efracted out of the
fprobe. Such behavior would provide an explanation for the variation observed

in Fig. 7.

IV. CONCLUSIONS
1. An optiéél_probe technique capable of me;suring local intérface'
velocit&, as well as.void.fraction was develbped.
2, The ﬁew design, since it is encased in a stainless steel tube,
is sufficieqtly strong to stand moré difficult.ﬁonditions..
3. A potentiai physicalAexplanatidg for the probe behavior has

been identified.
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