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Abstract

Single optical or impedance phase detection probes are able to measure gas velocities provided that their
sensitive len-th L is accurately known. In this paper, it is shown that L can be controlled during the

0 0
manufacture of optical probes. Beside, for a probe geornetry in the form of a cone a cylinder+ a cone,
the corresponding rise time velocity correlation becomes weakly sensitive to uncontrollable parameter such

as the angle of impact on the interface. A real time signal processing performing phase detection as well as

velocity measurements is described. Since its sensitivity to the operator inputs is less than the
reproducibility of measurements, it is a fairly objective tool. Qualifications achieved in air/water flows with

various optical probes demonstrate that the void fraction is detected with a relative error less than I %. For

bubbly flows, the gas flux is accurate within ±10%, but this uncertainty increases when large bubbles are

present in the flow.

Introduction

Phase detection probes are widely used in gas-liquid two-phase flows. Basically, they provide the

local gas phase indicator function XG, but they can also perform gas velocity measurements. The usual

technique for that consists in measuring the transit-times of interfaces between two sensors some distance
apart. An alternate technique requires but a single sensor: provided that the latency length L, defined as the

effective sensitive lenath of a probe (Cartellier 1990), is known, the interface velocity is deduced from the

duration T of signal transitions between the liquid and the gas phases.

From XG and the gas velocity one can determine the local phase fraction F_ the local gas flux jG,
and, under some hypothesis, the size distribution P(R ad the interfacial area density (see Cartellier &
Achard 1991 for a review), as well as additional information concerning, for example flow regime

recognition (Leung et al. 1995, Ueno et al. 1995). Yet, there is still room for improvements of this

technique as proved by the on going efforts spend on sensors (Vince et al. 1982, Gouirand 1990,

Cubizolles 1996) and on signal processing (Liu Bankoff 1993, Zun et al. 1995). Let us briefly review

the main problems encountered with phase detection probes.

i) To establish a reliable signal processing for XG measurements, the raw signal must be related
with the position of the probe with respect to the interface. Both the hydrodynamics of probe-interface

interactions, and the corresponding probe response are sensitive, among others parameters, to the geometry

of the sensor.'Thus, any decisive progress requires a certain amountof reproducibility in the manufacture

of probe tips.
ii) The above knowledge must be translated into an efficient and reliable automatic processing,

sequence. It must be emphasis that most processing presented in the literature remain quite sensitive to the

criteria set by the operator (see Cartellier & Achard 199 1). This is notably so for fixed thresholding which

0is still a widely used technique (Schmitt et al. 1995). Beside, these criteria are most often optimised for

given probe and application, and their extrapolation to different conditions could lead to incorrect
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measurements. Reducin- the sensitivity of the sianal processing sequence is another objective of hucrC, 0 ge
importance. Clearly, this aim is closely connected to the control of probe tips evoked in (1).

iii) Even with a complete control of probe response and signal processing, the intrusive nature of

these sensors induce imperfect detections. This could occur because bubbles avoid the probe, roll over its

tip, or due to others mechanisms (see for example Pinguet 1994 for impedance probes in liquid/liquid

suspensions, and Serizawa et al. 1983, Farrar Brunn 1989 for hot film or wire technique). It is thus

important to quantify the uncertainty induced by the above mechanisms. This is a difficult task owing to the

number of parameters which can be varied, parameters which are related to the sensor (probe tip, probe
orientation, probe support, signal processing ... , to the flow (bubble size, phasic velocities, flow structure
etc ... ), or even to the reference technique.

The above questions become more acute when velocity measurements are considered in parallel with

phase detection. Let us recall that the duration T, of the signal transition from the denser phase to the lighter

one is strongly correlated to the interface velocity: such correlations have been observed for various optical

probes (Abuaf et al. 1978, Sene 1984, Cartellier 1990) as well as for impedance probes (Werther &

Molerus 1973, Pinguet 1994). This behaviour has been exploited to determine the gas velocity using
stretched monofibers optical probes (Cartellier 1992 see also Pinguet 1994 for impedance probes).

However, due to the poor reproducibility of probe tips, a lengthy calibration is required for every probe
considered. It would be more advantageous to control L during the manufacture of probes. Beside, with an
a priori control of L, the probe can be adapted to the flow conditions, namely to the size of bubbles and to
the ranae of velocities.

A systematic study of the above questions has been undertaken at LEGI with the practical objective

of developing reliable monofiber optical sensors able to provide the phase indicator functions as well as the

dispersed phase velocity. This research has been done in collaboration with the Groupe

Thermohydraulique Locale Diphasique of the DER-EdF, and it has benefited from the expertise of the

Groupe d'Instrumentation et de Contr6le tlectronique des Proc6d6s (INP Grenoble) in the field of real time

signal processing,. The main results are surnmarised in this paper, which is organised as follows in

Section 1, probes optirr�ised for gas velocity measurements are presented. The real time signal processing,

with emphasis put on criteria, architecture and performances is described in Section 2 Then, experimental

qualifications of various monofiber probes connected to the above processing are discussed in the last

paragraph. Bi-probes have been also considered during this research for sake of brevity, only some
qualifications performed on void fraction and on gas velocity, which are worth comparing to the monofiber

technique, will be presented.

1. Optimised sensor geometry for gas detection and gas velocity measurement

To define sensors optirnised for velocity measurements, the influence of the probe geometry on the
shape and the duration of the signal transients corresponding to liquid to gas transitions has been analysed

for some idealised geometries. As shown in Fig.2, the following shapes have been considered a cleaved

fiber, a perfect cone (IC probe), a truncated cone, a cone plus a cleaved cylinder (2C probe), and a cone

plus a cylinder plus a cone (3C probe). They correspond either to existing sensors, or to new shapes we

have been able to manufacture (Fig.3). Their analysis has been based on an optical simulation of their

response during transients, and on actual signals collected during the piercing of well controlled interfaces.

These aspects being detailed elsewhere (Barrau & Cartellier 1995, Cartellier & Barrau 1995), only the main

conclusions of our investigations are presented hereafter.

1 I Behaviour of some typical probe eometries
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A first difficulty is connected with the so-called proximity detection. Indeed, any time the sensor

ends by a cleaved portion, some signal is collected prior to the contact between the interface and the
extremity of the probe. Such a detection is efficient as far as about ten times the diameter of the cleaved

portion of the fiber. It leads to pre-signals either monotonously increasing till the contact between the probe

and the interface occurs as shown by Fia.4-c, or exhibiting a local maxima at shown in Fia.4-b the former

case corresponds to cleaved cylinders, while the later is due to the-focalisation of the ight by convergent

tips such as cones. In both cases, these pre-signals, those amplitude can exceed the gas level, lead to

erroneous phase detections. Some authors have proposed a correction for these effects (Schmitt et a].
1995), but such procedures should be adapted to every new flow conditions. Therefore, it is highly
recommended to avoid the proximity detection, and IC and 3C geometries should be preferred.

For 1 C or 3C probes with a perfect conical extremity, the proximity detection is indeed absent.

However, in practice, imperfections such as broken or rounded tips are present at the extren-Lity of the cone.
Even distortions as small as few micrometers strongly modify the signal dynamic, and could induce a

significant proximity detection. To illustrate this problem, two transients delivered by conical probes are
shown in Fig.4 a and b for the first, the pre-signal is absent, while for the second a well defined peak

occurs before the main transition. From the mere observation of the probe geometry, it is presently quite

difficult to decide whether a pre-signal will occur or not. Hence, a test is required for every conical probe

manufactured. This problem is far less serious for 3C geometries since, if a defect occurs, its importance is
scaled by the size of the fiber at the base of the cone. As shown by Fig.4-d obtained with a C probe

whose cylinder is about 50gm in diameter, pre-signals are indeed absent or a least too weak for being

detected.
The reproducibility of probes in terms of their latency length has been also investigated. For various

conical probes, L is plotted versus the interface velocity in Fig.5. The dispersion is satisfactory although
for the probe 2 L increases slightly with the velocity instead of remaining constant. For 3C probes, a

typical transition is shown in Fig 4-d. It is composed of a first surge due to the impact of the interface on

the cone located at the tip of the fiber. Then, while the interface travels along the cylindrical portion, the
signal remains constant. The last surge corresponds to an interface interacting with the rear cone. The

duration of the transition is thus equal to the duration of the plateau, which is proportional to the length Ic of
the cylinder, plus a contribution from the two cones. The latency length, evaluated between the thresholds

located at 10% and 90% of the full dynamic, has the magnitude of the total sensor length LT as shown in

Fig.6. Therefore, L can be controlled during the probe manufacture. Note that above some critical velocity,

L is an increasing function of the velocity wile it was fairly constant for stretched probes and IC probes.

This behaviour is probably induced by the presence of a liquid film, and the dynamic of the contact angle
(Billingham & King 1995). For 3C probe, a new difficulty arises since the tips must be designed tips such

that the intermediate plateau level could be unambiguously detected by an automatic signal analysis.

Locating the plateau roughly at mid amplitude between the liquid and gas levels seemed a good choice, and

the optical simulation has been exploited to define optimum geometries. Various 3 C probes with Ic ranging

from 16 mm down to 300�Lm have been manufactured and tested. The plateau has the expected amplitude,

although its precise level evolves slightly with the interface velocity (probably because of the presence of a

liquid film).

1.2 Sensitivity to uncontrolled parameters
The results presented here above concer a probe perpendicular to the interface, and a bubble

velocity oriented aong the probe axis P=-y--O', see Fig.7). When immersed in a two-phase flow, the probe
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interacts randomly with bubbles, and both and y vary. In a previous publication (Cartellier 1992), it has

been shown that, for a stretched monofiber, the rise time is multiplied by about 3 times when changes
from O' to 45'. Therefore, any exploitation of the T,,(V) relationship requires a discrimination on the impact

angle P. Since it is not possible to measure with a sin-le probe, we indirectly discriminated on by
analysing, the shape of the bubbles signatures. Indeed, the signatures from spherical or ellipsoidal bubbles
which possess a well defined plateau at the gas level correspond to P less than IO' to 15'. Thanks to this
criteria, the resulting error on velocity became acceptable (Cartellier 1992).

To improve further the accuracy, a reduction of the sensitivity of the Tu(V) correlation to P is

desirable. This objective is reached with 3C probes as shown in Fig.8, their Tu(V) correlation is valid
within the interval 0% + 10% up to P about 40'. Also, it has been shown that the velocity which intervenes
in the T,(V) correlation is the projection along the probe axis of the mass centre velocity of the bubble.

Hence, the influence of y is accounted for by the nature of the velocity detected by monofiber probes

(Cartellier & Barrau 1995).

1.3. Additional considerations
All probes are sensitive to the actual position of interfaces, which, due to hydrodynamics

interactions, may differ from the undisturbed interface location. It is difficult to provide a precise evaluation
of such distortions. In a first step toward a better quantification of the surge effect occurring during, liquid

to gas transitions, a simulation based on potential flow theory has been undertaken at LEGI (Machane &
Canot 1995). The deformationAx has been evaluated for a liquid/air interface and for various geometries.
Letting R be the fiber radius, for a conical tip with x= 1 50 one gets Ax/R = .05 WeO.25 FrO.6, where We=

pR V ,/ a and Fr = V2/(gR) (Machane 1996). Hence, for R=25grn, the deformation Ax is about 1 1 �Lrn
at I m/s in an air/water system (p= 103 kg/m3, cr =70 10-3 N/rn). This uncertainty is quite acceptable for

many flow conditions. Its contribution to the error could become siolnificant as the size of bubbles

diminishes and as their number density increases.

On the opposite, the surge effect during gas to liquid transitions is negli gible due to the weak inertia

of the gas phase. This explains (partly) that gas to liquid transients are usually much steeper than liquid to

gas transients. It has been shown that, as soon as the probe touches the gas to liquid interface, the signal

drops form the gas plateau level down to an amplitude about to 40% of the full signal dynamic (Cartellier

1990). This behaviour is valid for well pierced bubbles, i.e. for chords large enough compare to L, and

which correspond to signatures with a well defined plateau at the gas level. However, in a two-phase flow,

one can observe signatures of weak amplitude which correspond to chords less than the latency length. The

start of such si-nals obeys to the previous rules, but their ends are not so clearly defined because of the

smoothness of the gas to liquid transitions. Althou-h add itional. tests are required on this aspect, we will
assume that the bubble ends somewhere alon- the descending ramp, and rather close to the signal

maximum. This later criteria is similar to that used by van der Geld (cited in Zun et al. 1995).

2. Signal processing
From the observations made on the response of optical probes, a signal processing has been

elaborated for probes free of proximity detection. In a previous version, the raw signals were digitalised,

stored, and processed (Cartellier 1992). Such a procedure was time consurning (few hours of CPU for a

record of minute), and it was decided to develop a real time signal processing. However, some operators

such as filtering, splining and differentiation had to be eliminated because they require too many elementary

operations. A new procedure has been elaborated which retain all the knowledge available about optical
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probes while being adapted to real time analysis. Starting from the raw signal such as those illustrated inC� Z�
Fig.9, the basic idea is to isolate every bubble signature. Then, for each event, the following information
have to be determined (Fig. IO) 

- the dates TA and TB of the start and the end of the event,

- the selection of liquid to gas transients adapted to velocity measurements,
- and for these events, the rise time computed from the characteristics times TC and TD.

These steps are briefly described hereafter.

According to all the controlled piercing experiments performed, any time the signal levels off from

its base level means that some gas is present on the tip (or on some part of it). This remains valid in a real
two-phase flow provided that the base level of the signal noted V, which corresponds to a fully wetted

probe, remains stable. Such a stability has been observed for many fluids including water and R12

(Fauquet 1995) among others. Fluctuations of VL could occur due to electronic drift, and such troubles

must be eliminated. More problematic are the influence of fouling, or the preferential adhesion of the

dispersed phase on the probe the later situation has been reported for liquid/liquid suspensions (Pinguet
1994) and we observed similar difficulties in mist flows. For our procedure, a stable liquid level is

required, and it must be known. Beside, since any discrimination between phases is impossible while the

sional remains within the noise amplitude, the latter amplitude, quantified by its peak to peak value noted

VN, is the second essential parameter.
Once V and VN have been determined, the occurrence of a bubble corresponds to any signal

amplitude which exceeds V + CS I VN. CS I is a security coefficient it ranges from 0.5 to about I to

account for the shape of the probability density function of the noise. Once an event is detected, the entry

point A corresponds to the first occurrence of an amplitude equal to V + VN/2 prior to the above detection.

Hence, the position of A is directly controlled by V and VN its dependence on CS I is only conditional

upon the detection of a bubble since all signatures whose maximum amplitude is less than VL + CS VN are

i anored. Note that this criteria is not equivalent to a standard thresholding for which a level must be

adjusted (see the review in Zun et al. 1995). Therefore, in order to ensure a good accuracy in TA, one has

to carefully measure VL and VN. To detect almost all gas events, CS I must be as small as possible, but not
less than 0.5 otherwise some noise could be misinterpreted as some gas present on the probe.

The end of a bubble is defined by a signal amplitude equal to VG - CS3 (VC,-VL) where CS3 is a

parameterranging from few up to 30% (preferably to 1 0%). Note that VG is the average amplitude of
the gas plateau it is not given a priori, but it is evaluated automatically for every signature. The above

criteria is also applied to low amplitude signals (i.e. signals without any plateau): in that case VG equals the
maximum signal amplitude. As noted in Section 13, the precise location of the end of such events is an

open question and improvements of the criteria for low signals will be welcome.
The shape analysis required on the bubble signatures is done thanks to a sub-sampling which allows

to decrease the number of computations to be performed for each acquisition. However, it should retain

enough details about the raw waveform such as the presence of a plateau. Whenever a plateau is detected,

an average gas level VG is computed. If no plateau exists, the signature corresponds to an incomplete
drying and the maximum gas amplitude is determined instead. This procedure is controlled by a single

parameter WA which evolves between 0 I and 02 (Cartellier & Barrau 1993).

The second task of the processing is to select meaningful transients for velocity measurements. As
shown by experiments, eligible signatures are those with a plateau duration long enough compared to the

C, C, 17

rise time. In practice, the ratio of the plateau duration to Tu must be larger than a parameters whose
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minimum value is close to unity. A second criteria has been introduced to account for variations of the
plateau amplitude which have been observed notably in viscous liquids. It is imposed that VG should be

higher than a reference amplitude VR- VR has presently no definite value because our understanding of the
probe response in viscous fluids is incomplete. For common fluids such as water, VR is unimportant, and

this criteria is not used.

Provided that the above constraints are fulfilled, the rise time is computed from the raw signal, and

for given lower C and upper D thresholds. These thresholds must be the same as those used to establish

the T(V) correlation. Usual values are 10 and 90% of the full dynamic VG-VL) for C and D respectively,
but others values could be more adapted according to the shape of the transients.

Hence, starting from a raw signal, the above procedure provides the times TA, TB for all the events

detected, the times TC and TD for the signatures eligible for velocity measurements, and also additional
information such as the existence or not of a plateau.

2.2 Architecture of the real time system:
The raw signal from the detector, which evolves within and Volts, is low-pass filtered and

digitalised (IO bits) at a maximum sampling frequency of MHz (the optodetectors have a response time

about Igs). The data are transferred to a Digital Signal Processor (DSP 56001 from Motorola fixed

mantissa) whose clock frequency is set to 20MRz, leading to a computation power of Mips. The DSP
ensures, for every event, the identification of the characteristic times TA, TB, TC and TD as well as other
parameters such as VG. An external clock provides an absolute dating of the events up to a duration of 35

minutes. AU these results are stocked in an external memory (SRAM 128Kwords of 24bits). During the

acquisition, these data are transferred through a EFO memory to the personal computer for a real time plot

of the distributions either of the gas dwell times or of gas dwell and rise times To check the convergence,

the void fraction as well as the mean and the standard deviation of the above distributions are plotted in real

time i- 1 I).

2.3 Performances
The performances of the real time signal processing are difficult to define in simple terms because

they vary according to the sampling frequency, the SNR, the bubble arrival frequency, the bubble size

distribution among others parameters.
To estimate the accuracy on the determination of the gas dwell time T& and the rise time Tu, various

signatures collected in real flows to which artificially generated noise was added have been processed. The

SNR was varied from 20 down to 5, and the deviations on TG and on Tu are less than 2 (in relative

value).
To estimate the maximum bubble arrival frequency that the system can handle, series of identical

si canals have been used. All events are detected up to a bubble arrival frequency of I kHz and up to a void

fraction of 20% for a sampling frequency of 5OkHz. At IMHz, with a similar void faction, the maximum

bubble arrival frequency drops to I kHz. Let us also mention some tests performed at the DER-EdF in
boilina RI 2 When velocity measurements are disconnected, the system has been able to handle a bubble

arrival frequency of kHz, with an average gas dwell time about 10 to 20�Ls at a sampling frequency of

5OOkHz (Fauquet et al. 1994).

2.4 Sensitivity to criteria

For all the parameters CS 1, CS2, CS3, WA, recommended values have been provided based on
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what is known about the physics of the detection, or on the performance of the signal processing, (except

for the reference level VR which has been introduced to account for new effects expected in future

applications). Hence, for cor=on fluids, there is no adjustable parameters left, and the validity of the
treatment rehes on the accuracy of the inputs VL and VN-

Nevertheless, it is interestin- to ealuate the sensitivity to these parameters. For that, we have used

the signal delivered by a conical probe immersed in a bubbly flow with a void fraction of 6 %. Repeated

measurements have been performed for various set of parameters. The duration is 300 sec. for each run.

The results, given in Table 1, show that the sensitivity (expressed in relative value) is less than ±1.5 in
most cases (note that the parameters considered ex ove outside the recornmended intervals).

Parameter Rance of variation Maximum relative Maximum relative
variation of the void variation of the mean

fraction gas dwell time
CS1 0.6 - 7 ±1.3 ±1.7 
CS3 0. - 0.5 ±1.4 ±1.2 
WA 0. - 025 ±1.4 ±0.8 

Table I SensiEivitv to processing parameters.

In the same experimental conditions. and for fixed parameters, the measurements have been repeated 

times, over a duration of 600 seconds for each run the void fraction is stable within ±2.4% in relative

value (i.e. less than 0002 absolute void fraction) and te mean gas dwell time is stable within ±1.4%.
Hence, the sensitivities of Table are smaller than the reproducibility.

Beside, we have tested the influence of an incorrect measurement of the base level V (for VN the

sensitivityis the same as thatdue to a change in CS 1). In practicethevalues VLO and VNO declaredto the

software, are held fixed, and the actual sgnal voltaae VL is modified. The void fraction evolves within

±0.3% (relative value) provided that the actual level VL remains below VLO+VNO/2. For VL between
VLO+VNO/2 and VLO+ CS VN(�2, the noise is interpreted as bubbles and the void fraction increases up to

I 0%. For V above VLO+ CS I VN(/2, no data are collected. Hence, the determination of the level VL s

required with an uncertainty of the order of the peak to peak noise, a condition which is quite easy to fulfil
in practice (even usin a scope). From the above considerations, it can be concluded that the proposed

signal processing is fairly objective.

Note that the influence of C 2 has a di rent status than the others parameters. It is meaningless to
use a parameter CS2 much below unity since that corresponds to an incomplete drying for which the Tm

correlation is not applicable. Beside, CS2 can be varied during post-processing: increasing CS2 eliminates

smaller chords, and the velocity is biased since small bubbles are progressively discarded. To provide an

order of magnitude, let us say that in a bubbly flow with Taylor bubbles, the average velocity increases by
1.3% when CS2 chances from 2 to 10.

3. Post-processing
For N events detected during the measuring time T, the data transferred to the PC consist of series

(TAi, TBi, TCi, TDd for i=1 to N. TAi and TBi are known for all events, and one can deduce the

distribution of the gas residence times TGi = TBi -TAi, and the averaae void fraction . The values of Ti
and TDi are known only for a sub-set E of indexes due to the rejection criteria for velocity

measurements. From the rise times Tui = TDi -TCi, the velocity V is deduced by inverting the correlation
Tu(V) corresponding to the probe and the couple of fluids considered. A first average velocity, noted V is

0 O 9'
estimated as the arithmetic mean of velocities over the ensemble of events E:
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V = Y, V, / cardinal(E)
j E E

However, in eq.(1) many events are missing. To correct for this bias, a velocity is associated to all
the events of index i not pertaining to E using a time interpolation of the velocity between the closest
indexes j E E occurring just before and after the event i. This procedure is well justified when the indexes i
are uniformly distributed over the time interval T this condition is fulfilled in bubbly flows (the typical
success rate of T detection is 70 to 80%). It is less valid for slug flows due to the velocity variations
between large gas pockets and small bubbles. These interpolated velocities, noted Vi*, lead to another
arithmetic average velocity V*, defined as 

N

Vg V / N (2)

Both V and V are useful to provide orders of magnitude, but they have no clear link with the9 9 C,
quantities introduced in modelling. Indeed, in the framework of the standard two-fluid model, the mean gas
velocity, noted ' is connected to the local gas flux jj. To obtain VG, each velocity Vi* must be weighted
by the corresponding gas dwell time TGi, so that:

N N

VG TGi VI TGi (3)

The equation 3) implicitly assumes that the velocity in the gas phase and on all positions along the chord
pierced by the probe, equals that detected on the interface. The local gas flux is get from VG, accordin a to:

N N

jG=F-VG= TGi V* / T C / T (4)

where C is the chord detected by the probe on the bubble number i. Note also that, by introducing, the
velocities Vi*, the joint distribution of chords and velocities ecomes available: such plots are useful to
identify the various populations present in the flow.

The above information could also be exploited in the framework of a statistical description of two-
phase flows (Achard & Cartellier 1993). The quantities of interest are now the number density n #/m3) i.e.
the number of centres of bubbles present in a volume element, and the number density flux p i.e. the
number of centres per cross-section area and per unit time #/m2 s). Various hypothesis are required to
derive these quantities (see Cartellier & Achard 199 1) and we will just mention some important results.
First, the detected size distribution Pd(R) is reconstructed from the chord distribution. Then, the true size
distribution P(R) is deduced from PR) by correcting for the probe volume dependence on the bubble size.
For spherical bubbles, one gets

P(�R)_ Pd(R) Pd(R) (5)
R2 R2

and for homogeneous flows, the followin- relations hold:
2 4jG = c p R ; F = c n R' (6)

from which n and p can be determined. Note that the moments of R in eq.(6) are obtained with the true pdf
P. Extensions of the above relations to inhomo-eneous flows are currently investigated at LEGI.

4. Qualifications of the sensors
The procedure adopted to qualify the measuring system is standard. Profiles of local void fractions

and gas flux are integrated and compared to global quantities, i.e. respectively to the volumic gas fraction
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RG3 and to the volunlic gas flow rate QG-

4.1 Experimental facility

Upward co-current air/water flows are produced in a vertical cylindrical duct of internal diameter D

of 50mm, and at ambient pressure and temperature.To vary the bubble size, many types of injectors have
been used they consist either of porous plates or of an assembly of calibrated needles whose internal
diameter could be 90 or 200 micrometers. The water and air flow rates are measured usinc, rotameters with

a relative uncertainty of I %. The conditions investigated correspond to liquid superficial velocities from 

to Im./s. For bubbly flows, the bubble sizes are in the range 3 to 7 mm rocking distorted bubbles).
Bubbly flows with Taylor bubbles and some slug flows have been also considered.

In order to measure the volumic gas fraction RG3, quick closing valves (closure time 0 I sec.) are

installed 2 and 45 meters above the injector. The measuring, section is located 3.4m downstream the
injector. Only steady conditions are considered, and it is assumed that surface and volumic gas fractions are

equal. This holds only if the two-phase flows can be considered as "fully developed". This aspect has not

been tested, but the dimensionless distances (first valve at D=4 1, test section at z/D-68, second valve at

z/D--90) are expected to be enough large at least for bubbly regimes.

In practice, three to five measurements of RG3 are performed before and after each profile, and the

reference gas fraction is the arithmetic mean of all these data. In a previous publication (Cartellier et al.-

1996), the reproducibility on RG3 was estimated to be 0.5% for RG3 above 6, while below RG3 =6%,

variations up to 25% were observed these defects were due to a change in the position of the main liquid

valve. After correction, the confidence in RG3 is now 02% of void for the whole range of gas fractions.

The above mentioned magnitude holds in the dispersed regime. For conditions corresponding to transitions

or to slug flows (RG3>20%), the reproducibility on RG3 is, at worst, 2% of void: this random effect is due
to the localisation of large gas pockets which can be trapped or not by the valves.

To determine the local profiles, up to 30 probe positions have been considered, and for each

position the acquisition duration was set to minutes. Since some profiles are unsymmetrical, the surface

gas fraction RG2 is estimated by integrating each half profile over an angle of 7C. To quantify this

dissyrturietry, the maximum and minimum values of RG2 are obtained by the integration of each half profile
over a 27c angle. These extreme define the uncertainty bars in the figures of Sections 4.2 an d 43 giving the

relative error on the void fraction. The same procedure is used for the -as flux.
The following probes, manufactured from 100/140 optical fibers, have been used during the

qualification campaign:
- a stretched probe from Photonetics company, whose tip is about Rrn in diameter (Fi g 12). Its

latency length is about 50gm.
- a conical probe with an half cone an-le at the tip - 15'.

- a 3C probe with a cylinder of diameter 28gm and length 330gm, an half cone angle at the tip
13', and an half cone angle at the base = 150. Its latency length is about 45OAm.

The stretched probe and the 3C probe are positioned parallel to the main flow direction, while the I C probe

is perpendicular to it. They are a inserted in stainless steel tubes (outer diameter 3 nun).

4.2 Uncertainty on void fraction

The relative errors observed for the different probes are given in Fig.l. 3. Whatever the conditions

considered, the void fraction is always underestimated, indicating that the signal processing operates

properly. Notably, the noise is not validated as as events, a drawback which could occur with usual
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thresholding, techniques. Hence, the error identified during these experiments is mainly due to the intrusiveC 0
nature of the probes.

The underestimation evolves between - 6 and close to %. These mag itudes are valid for all
probes, for al liquid superficial velocities and for all re gimes even at void fractions as small as 2. One

can notice however a net increase of the error for J=Om/s this is due to the three dimensional and
unsteady flow structure ocurring in stagnant conditions.

The bubble size has no definite effect on the error. Additional data are nevertheless required for

sizes about I mm and below, a ranae for which one can expect an increase of the error.
Let us also mention that preliminary tests have shown that the error drastically increases with the

liquid viscosity. This is because more bubbles avoid the probe, and also because the incomplete drying

induce distortions of the bubbles signatures.
It is worth comparing the above founding with the signal processing based on a training procedure

proposed recently by Zun et al. 1995). The sensor they used was a resistivity probe with a I gm tip and

an Inim outer diameter for the support. The qualifications were achieved in air/waterflows with bubbles
larger than 5mm. Care was taken to select ffly developed" conditions with an axisymetrical distribution of

the void: J was set to 0.45m/s and three gas fractions were considered namely RG = 76, 11 and 16.5%.

The fal error on void fraction ranges from 26 to 48% for a probe facing the flow, and between 26 and

9.6% for a probe normal to the main flow direction. The void fraction is always underestimated (Zun
1997). Zun et al. have also shown that their procedure is superior to usual thresholding techniques

(whatever the number of thresholds involved, or the introduction of slope criteria).

If one consider the performances of our system in the same range of RG3, the error evolves between

-I% to -5.8% for a probe parallel to the flow (with a data at .9% for a slug flow which cannot be

considered as "fully developed") and between 2 and 6% for a probe normal to the flow. Hence, the

results of Zun et al. and ours exhibit similar magnitudes. In both cases, the low level of the error is a
consequence of the attention paid to avoid incorrect detections due to noise. However, the two procedures

are not fully equivalent. Indeed, in the training procedure, the signal analysis relies on the skill of an expert,
and the resulting, error can evolve between 39 to 10.5% depending, on his experience. On the opposite, the

processing described in Section 2 has the ability to analyse the signatures automatically, and thus it can be

adapted to various probes without having recourse to human appreciation.

4.3 Uncertainty on gas flow rate
The velocity measurement using the monofiber technique has been tested for the stretched probe and

for the 3C probe. Their calibrations curves have been obtained on isolated sug in a separate experiment

described elsewhere (Cartellier 1992) : they are given in a In-In plot in Fig 14. The error on the gas flow

rate is presented in Fig. 5 where Qm is deduced from the probes and G is the gas reference flow rate.

Note that the errors on the void fraction and those on the gas velocity are mixed in these tests.

The error ranaes between - 5% to % for the stretched probe. Considering the error on the void

fraction in Fig. 13, it appears that the gas velocity is measured within ± I %. However, the number of tests

is limited, no data have been collected at low void fraction, and only one test is available for JL I M/s-
For the 3C probe, various flow conditions have been considered. For finely dispersed bubbly

flows, obtained for J=OnVs and for J=0.2m/s, the error is better than -IO% when the void fraction

exceeds 4%. But, the error increases (up to 35%) at lower gas content. Moreover, it becomes positive, that

means that the aas flow rate is overestimated. One possible explanation for this trend could be that, at very

low gas content, bubbles are more free to avoid the probe due to the larger distance between inclusions.
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For bubbly flows with large Taylor bubbles, obtained for JL I m/s, the -as flow rate is strongly
underestimated (-25 to 37%) : these poor performances are most probably related with an incorrect
discrimination on the impact angle P. Indeed, the criteria used has been established for small bubbles (say
less than to 7 mm). It becomes incorrect for Taylor bubbles since, with these bubbles, a long plateau

could be recorded even at large eccentricities (i.e. at large P). To correct for this effect, one can imagine to

increase the latency length, and to adapt it to the size of the bubbles. In presence of distorted slugs such as
that presented in Fig 16, similar defects are expected to occur. However, the only data collected in these
conditions corresponds to a positive and weak (about I %) error (this data has been confirmed by a second

experiment). The origin of such an abrupt change in the behaviour of the error is unclear.

In order to compare the monofiber technique to the classical double probe technique, the error on the
aas flux measured with a bi-probe formed by two conical tips I mm apart has been quantified. Note that al

bubbles considered are larger than the inter-probes spacing. For bi-probes a criteria is required to associate
the events detected on the two channels it can lead to variations about 10 to 20% on the measured

variables. For these tests, events are validated whenever their gas dwell times are identical within IO%. The

resulting error is plotted in Fig. 17. For almost all flow conditions, the gas flow rate is overestimated.

Strong deviations appear at low gas content (up to 40%) this behaviour is similar to that observed with the

monofiber technique. For intermediate gas fractions, both techniques lead to comparable results, with an

advantage for the monofiber system. Indeed, in this later case, the errors on void fraction and on gas flow

rate have similar si ans, indicatin a rather good detection of the gas velocity. At void fractions above 15-

18%, the error for bi-probes increases steadily with RG3. This is probably because the association criteria
becomes less efficient as the trajectory of bubbles depart more and more from an unidirectional motion.

Conclusion
New optical probes optimised for phase detection and gas velocity measurements have been

designed, manufactured (with a good reproducibility) and tested. A real time signal processing adapted to

such measurements has been developed. This processing is free of adjustable parameters, and it is a fairly

objective tool. Moreover, it can be used with various types of phase detection probes.
Qualifications performed on air/water flows have demonstrated that the monofiber technique gives

indeed access to the gas velocity with a quite reasonable accuracy. Errors are globally comparable for the
monofiber and the bi-probe techniques, but these techniques are not equally sensitive to the flow regime.

For finely dispersed flows, mono-fiber optical probes are better suited while double probes seem better
adapted whenever large gas inclusions are present. However, it would be interesting to analyse the

evolution of the error according to the ratio of the latency length to he mean bubble size.

Additional applications of gas velocity measurements using a sin-le probe could be envisaged,

notably in connection with the multiple probe technique proposed by Kataoka et al. ( 986) and developed

by Ravankar and Ishii 1993).
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Fig I : Sketch of probe-interface interaction.
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Fig.3 Exemples of probe tips produced by etching from 100/140�Lm optical fibers
(the unaltered fiber, at the r.h.s. of the pictures, has a 140gm outer diameter).
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Fig.4 Actual signal transients during water to air transitions for various probes
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Fig. 12 Stretched probe used in the qualification experiments
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