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This article focuses on the characterization of slug-flow hydrodynamics in two sizes of
( )tubular membrane diameters 6 and 15 mm to quantify the main mechanical phenom-

ena in®ol®ed in the limitation of particle fouling during cross-flow filtration of suspen-
sions. By using a conductance probe technique, the flow structure was accurately identi-
fied for two geometries, and noticeable differences were obser®ed in terms of ®oid frac-
tions, ®elocities and lengths of Taylor bubbles, and liquid slugs. This characterization

(allowed some data to be theoretically estimated wall shear stress, ‘‘ falling’’ film ®eloc-
)ity, film thickness thanks to the application of a phenomenological model initially

de®eloped for oil pipes. The results obtained in a 15-mm tube showed that the ultrafil-
tration flux impro®ement, experimentally achie®ed with bentonite and yeast suspensions,
was partly due to the increase in the wall shear stress, induced by continuous gas sparg-
ing inside the tubular filtration module. Other hydrodynamic phenomena linked to the
quasi-periodic succession of Taylor bubbles and liquid slugs were also in®ol®ed in the
control of the particle entrainment: intermittency frequency, re®ersal of the wall shear
stress, instantaneous pressure ®ariations in the long bubble wake with a higher le®el of
turbulence, and an enhanced local mixing.

Introduction

Cross-flow filtration is a very useful downstream process in
the food and biochemical industries for concentration, purifi-
cation, and separation of macromolecules, colloids, and sus-
pended particles from solutions. Membrane separation is also
considered to be one of the most promising single operations
that can be coupled with continuous fermentation to main-

Žtain high bioconversion yields Ferras et al., 1986; Bibal et
.al., 1991 . However, as the fluid to be filtered contains many

suspended solids and soluble compounds, the decrease in flux
that is attributed to membrane fouling limits its industrial de-
velopment compared to other traditional separation meth-
ods. In most cases, the main cause of the flux decline is due
to the formation of an external fouling layer on the mem-

Ž .brane surface particle deposit, for instance . For that reason,

Correspondence concerning this article should be addressed to M. Mercier-Bonin.

specific hydrodynamic conditions have been proposed for im-
proving filtration performance by ensuring a continuous mix-

Žing of the fluid: turbulence promoters Finnigan and Howell,
. Ž .1990 , rotating membranes Kroner et al., 1987 , Dean vor-
Ž .tices Moulin et al., 1996 , and unsteady flows, such as pulsat-

Ž . Žing flows Gupta et al., 1992 or intermittent jets Arroyo and
.Fonade, 1993; Maranges and Fonade, 1997 . Even though

these methods often required either specific membranes or
network modifications, the efficiency was generally improved
compared to conventional steady cross-flow filtration.

The present article deals with another kind of flow modifi-
cation, which consists of a continuous gas injection inside the
filtration module in order to create a two-phase gasrliquid
flow with unsteady characteristics, called slug flow. This prin-
ciple has been successfully applied to several applications,

Žsuch as biological treatment Lee et al., 1993; Leonard et al.,´
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.1998; Mercier et al., 1998 , drinking-water production
Ž .Cabassud et al., 1997 , and separation of macromolecules
Ž .Cui and Wright, 1994, 1996 , in different kinds of filtration
modules and experimental conditions. Gas sparging has thus
proved to be an effective, simple, and low-cost technique for
enhancing filtration performance. Several mechanisms in-
volved in this flux enhancement have been identified and
qualitatively described for each membrane geometry. For
tubular membranes, it was postulated that the two-phase flow
generated complex hydrodynamic conditions inside the filtra-
tion module that limited the accumulation of particles or
molecules by creating local velocity and pressure fluctuations

Ž .related to intermittency Mercier et al., 1997 . Other workers
Ž .Cui and Wright, 1996 pointed out that the bubble-induced
secondary flows played a major role by promoting local mix-
ing in the bubble wake. For hollow-fiber membrane systems,
physical displacement of the mass-transfer boundary layer
Ž . ŽBellara et al., 1996 and high shear stresses Cabassud et al.,

.1997 were thought to be the main reasons for the observed
flux improvement.

In order to optimize the process efficiency, it was very im-
portant to understand and quantify the details of slug-flow
dynamics and to identify their effect on ultrafiltration and
microfiltration performance. It is the intent of the work re-
ported here to characterize more accurately the hydrody-
namic behavior of slug flow in a vertical tube with no suction.
Since the filtration rates are relatively low compared to the

Ž y5 y4 y1 y1.main flow velocity 10 ]10 m ? s against 1]10 m ? s ,
we can indeed consider that the suction due to filtration
doesn’t have a significant influence on the flow structure
Ž .Maranges, 1995 . This hydrodynamic study was focused on
the two pipe diameters used during previous ultrafiltration

Ž . Ž .experiments 6 and 15 mm Mercier et al., 1997, 1998 . First,
the pressure variations, recorded for a constant mean trans-
membrane pressure, were analyzed and discussed. The influ-
ence of the flow frequency was also evaluated. Second, the
hydrodynamic characteristics of slug flow, including void frac-
tions, lengths, and velocities of Taylor bubbles and liquid
slugs, were determined by electrical conductance measure-
ments. This experimental procedure was then completed by a
phenomenological approach to calculate further information

Žthat was not easily accessible by direct experiments wall shear
.stress, film velocity, and thickness . All these data were then

helpful in correlating the flux improvements due to the two-
phase flow structure with the modification of the local hydro-
dynamics inside the filtration module. In the same way, the
influence of the membrane diameter on the slug-flow struc-
ture was also investigated in order to identify for each tubu-
lar geometry the dominant mechanisms involved in the pro-
cess efficiency.

Experimental Investigation
Experimental conditions

The experimental setup has been described elsewhere
Ž .Mercier et al., 1997 . The tubular filters used in the previous
experiments were this time replaced by PVC tubes of the same

Ž . Žinner diameter 6 and 15 mm and length 120 cm and 75 cm,
.respectively . The experiments were carried out in a vertical

upward cocurrent airrwater system where the gas and liquid
phases were supplied separately. Except for the conductance

Figure 1. Slug Flow.

measurements, the mean transmembrane pressure was main-
tained at 1.1 bar by adjusting the outflow of the retentate by
means of a valve located just downstream of the membrane.
The ratio between the gas and liquid flow rates determined a

Ž .slug-flow pattern inside the tube Figure 1 .
For the 15-mm-ID tube, the ranges of flow rates used were

Q s0.14]0.55 m3?hy1 for the liquid and Q s0.10]0.60L G
m3?hy1 for the gas at the mean pressure of the fluid. The
values of the gas flow rate were corrected according to the
system pressure because of the gas compressibility. The cor-
responding superficial velocities, calculated as if each phase
was circulating separately, were, respectively, j s0.22]0.87L
m ? sy1 and j s0.16]0.94 m ? sy1. For the 6-mm-ID tube, theG
experiments were carried out over a wide range of liquid flow

3 y1 Ž y1.rates 0.07]0.29 m ?h j s0.69]2.85 m ? s and gas flowL
3 y1 Ž y1.rates 0.02]0.47 m ?h j s0.20]4.62 m ? s . All theseG

Žflow conditions transmembrane pressure, liquid and gas flow
.rates were chosen on the basis of previous filtration experi-
Ž .ments Mercier et al., 1997, 1998 .

Characterization of slug-flow hydrodynamics

Measuring Principle. The first requirement when using an
electrical probe in two-phase flow is that the phases have sig-
nificantly different electrical conductivities, which is the case
in an airrwater system. Consequently, variations in conduc-
tance allow the measurement of the area average void frac-
tion and the arrival frequency of the bubbles at a given point
in a continuous, conducting fluid. Statistical information can
thus be obtained to characterize the flow pattern.

In this study, the area average void fractions in the Taylor
bubbles and in the liquid slugs were measured by processing
the signal from conductivity probes made of two stainless-steel

Žring electrodes mounted at a distance of 3D Ds inner di-
.ameter of the pipe to provide adequate spatial resolution for
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Figure 2. Conductance probe.

Ž .the flow conditions under examination Figure 2 . The mean
conductivity led directly to the average void fractions using a

Ž .calibration curve details are given later . The resolution
bandwidth of these probes was high enough to account for
the variations of unsteady hydrodynamics. The distance be-
tween the injection nozzle and the first probe was sufficient
to ensure steady-state conditions within the measuring sec-
tion. Owing to the stochastic nature of gasrliquid slug flow, a
series of 20 measurements was taken for each given pair of
gas and liquid flow rates. The conductivity probes were sup-
plied with a 10-kHz electrical current, the frequency of which
was significantly different from that of the physical phe-
nomenon to be observed. Impedance changes due to the
modification of phase distribution between the two elec-
trodes produced a variation in the output signal that was
sampled continuously by a personal computer. In the present
investigation, the chosen sampling frequency was 200 Hz. For
each single sample, 3500 points were recorded, giving a total
duration of 17 s. All the information digitized by the com-
puter was recorded for further processing.

Calibration of the Conducti®ity Probes. In order to simplify
the experimental procedure, the calibration of the conductiv-
ity probes was first realized in a static mode, in a horizontal
stratified flow pattern. Increasing proportions of liquid phase

Ž .were injected so that the global average void fraction RG
varied from 0% to 100%. The probe was then closed and
connected to measure the corresponding voltage. According

Ž .to several workers Gadoin, 1993 , the calibration of the con-
ductivity probes needs separate measurements of the conduc-

Ž . Ž .tivity of the gas U and the liquid phase U . The ex-min max
Ž .perimental voltage U was then converted by introducing a

nondimensional variable u defined as follows:

UyUmin
us .

U yUmax min

The result of a regression analysis between R and u ap-G
proximated well to a first-order polynomial law: R s0.95yG
0.955u in the case of a 15-mm-ID tube. A large number of
runs was done to check the reliability and the accuracy of the

Figure 3. Variation of the void fraction with time for Ds
15 mm: j s0.5 m ?sI1; j s0.7 m ?sI1.L G

calibration curve. To complete this analysis, another experi-
ment was carried out in a vertical flow pattern with different
PVC logs to simulate the gas-phase presence in the core of
the tube. The experimental results agreed well with the em-
pirical law previously established. In the case of the 6-mm-ID
tube, the calibration results remained the same.

Statistical Analysis. The raw signals obtained for the slug-
flow pattern were processed to extract meaningful statistical
information. With time the variation of the average void frac-
tion revealed the typical intermittent structure of this flow
for both geometries. An example is presented on Figure 3. It
was thus possible to distinguish between the large Taylor
bubbles, where the void fraction nearly attained a value of
unity, and the body of liquid slugs, where the void fraction
fluctuated around a much smaller mean value. Such a his-
togram was used to construct the probability density, which

Ž .was characterized by a bimodal distribution Figure 4 . The

Figure 4. Probability density of void fraction for Ds6
mm: j s1.2 m ?sI1; j s1.2 m ?sI1.L G
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Figure 5. Measurement of bubble velocity for Ds6 mm:
j s2.7 m ?sI1; j s0.7 m ?sI1.L G
Ž . Ž .a Principle of measurement; b cross-correlation function

Ž . Ž .X t y X Y t y Y
Ž . Ž .T t s Z t s ,

< Ž . < < Ž . <X t y X Y t y Y

where X and Y are the two probe signals and the overbar
represents the mean value of the corresponding data.

two peaks that allowed the precise determination of the mean
Ž .values of void fraction in the liquid slugs R and in theGD

Ž .long bubbles R were separated by a deep ‘‘ valley’’ regionGS
with a low number of occurrences.

The bubble velocity V was determined from the signals of
two probes located in series at a distance d of 17 or 74 cm,
depending on the flow velocity. A bubble that contacted the
first probe would in general subsequently make contact with
the second probe. The time delay between these two contact
signals was an accurate measure of the velocity of the bubble
Ž .Figure 5a . A correlation technique was required to deter-
mine the most probable time delay between the two stochas-
tic signals. The cross-correlation function of the two probe
signals X and Y is shown in Figure 5b. The maximum of the
correlation function yielded the most probable time delay t 0
from which the bubble velocity was determined as follows:
V s drt . The time between two consecutive Taylor bubbles0
Ž . Ž .t , multiplied by the appropriate translational velocity V ,1

Ž .gave the length of the liquid slugs Figure 5a . The same pro-
cedure was applied to estimate the length of the Taylor bub-
bles.

Pressure measurements
To examine the variations with time of pressure inside the

Žtube, the experimental conditions diameter of the tube, liq-
uid and gas flow rates, sampling frequency, duration of mea-

.surements were the same as those for the conductance mea-
surements. For a mean transmembrane pressure of 1.1 bar,
the pressure changes were recorded with Validyne pressure

Žtransducers DP 15 range of 0]3 bar, dynamic response of
y4 .2=10 sec at four different points along the tube in order

to detect any spatial perturbation. Probe signals were then
processed by the fast Fourier transform using the commercial

Ž .Easylx software Keithley in order to obtain the power spec-
tral density function.

Results and Discussion
Pressure ©ariations in 6- and 15-mm inner diameters

Analysis of Pressure Signals. In 15- and 6-mm-ID tubes,
for a given mean transmembrane pressure, the pressure vari-
ation with time showed at any point in the flow a nearly peri-
odic signal with instantaneous pressure decreases whose am-
plitude could reach 0.3 and 0.65 bar for 15-mm- and 6-mm-ID

Ž .tubes, respectively Figures 6a and 6b . The amplitude was
shown to vary with the mixture velocity j, which is defined as
the sum of the superficial velocities of the gas and liquid

Figure 6. Variation of the transmembrane pressure with
time.
Ž . Ž y1 y1. Ž .a D s15 mm j s 0.5 m ? s and j s 0.6 m ? s ; b DL G

Ž y1 y1.s 6 mm j s1.2 m ? s and j s 2 m ? s .L G
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Ž .phases js j q j . These peaks of low pressure were gen-L G
erated in the wake of rising bubbles, and the phenomenon
could easily be explained by the structure of this region, lo-
cated just behind the Taylor bubbles. These bubbles are in
fact followed by liquid slugs containing amounts of small gas
bubbles similar in size and motion to those observed in bub-
bly flow. The small bubbles are distributed almost uniformly
over the length of the liquid slug, except for a small region
just behind the tail of the preceding Taylor bubble, where the
void fraction is considerably higher than that in the bulk of
the liquid slug. This locally higher gas fraction is the result of
the entrainment of gas from the back of the Taylor bubble by
the ‘‘falling’’ liquid film, thereby creating a strong mixing ef-
fect and enhancing turbulent activity and mass transfer.

From these observations, we concluded that the local pres-
sure fluctuations of amplitude that varied with respect to ex-

Ž .perimental conditions diameter, gas, and liquid flow rates
could easily act on the degree of compaction of the particle
deposit and induce a sequential destabilization due to the
intermittency of the flow. This phenomenon was surely in-
volved in the overall flux enhancement, as reported by

Ž .Doubrovine 1992 in the case of an oscillatory flow. In the
Ž .same way, Maranges and Fonade 1997 using an intermittent

jet have shown that hydrodynamic mechanisms linked to
pressure variations inside the membrane could explain the
flux improvement during ultrafiltration of bentonite suspen-
sions.

Introduction of Intermittency Frequency. The periodic vari-
ation in pressure allowed the raw signal to be processed in
order to obtain further information about slug-flow hydrody-
namics. The spectral analysis of each pressure signal revealed
the predominance of a low intermittency frequency whose
value depended upon the pipe diameter and the gas and liq-
uid flow rates. An example of this kind of analysis for Ds6
mm is presented in Figure 7. The existence of a relatively
well-defined peak, particularly in the 6-mm-ID tube, charac-
terized a homogeneous population of Taylor bubbles and liq-
uid slugs. The values of this intermittency frequency, ob-
tained for different Q rQ ratios, were then plotted vs. theG L

Figure 7. Spectral analysis of a pressure signal for Ds
( I1 I 1)6 mm j s1.2 m ?s and j s2 m ?s .L G

Figure 8. Variation of the flow frequency with the mix-
ture velocity for the two pipe diameters.

corresponding mixture velocity. The frequency was shown to
Ž .vary linearly with it in the range 0.2]4 Hz Figure 8 . As re-

Ž .ported by Fabre and Line 1992 , the mechanism of aeration´
at the bubble tail should correspond to swarms of bubbles
formed in the mixing region and cyclically detached from the
mixing vortex, the frequency of these pulses increasing with
the velocity of the flow. This phenomenon could thus explain
the variation of the frequency with the mixture velocity. The
relations obtained depended upon the membrane diameter,
and the intermittency was all the more pronounced for the
larger diameter. For example, for a mixture velocity equal to
1 m ? sy1, the frequency reached 2.4 Hz for Ds15 mm,
whereas it was only 0.6 Hz for Ds6 mm. This possibility of
modifying the intermittency characteristics can be very valu-
able in terms of improving filtration performances. In fact,
knowing the nature of the fouling layer, it will be possible to
adapt the pressure fluctuation kinetics to the fouling-layer
formation kinetics by a suitable choice of experimental condi-
tions, especially the membrane diameter andror the injected
flow rates. This opportunity to limit the particle deposit by
time-scale considerations and selection of the most appropri-
ate frequencies has been previously studied by Jaffrin et al.
Ž .1995 in bovine blood filtration. The use of this kind of un-
steadiness involves, however, the reduction of physicochemi-
cal interactions between the membrane and the suspension
in order to deal only with an exclusively mechanical problem.

Void-fraction measurements: Application to slug-flow
characteristics

The purpose of the present investigation was to character-
ize the slug-flow behavior in the two tubular geometries by
estimating the average void fractions, the lengths, and the
velocities of the Taylor bubbles and liquid slugs. Tools for
quantitative identification of such an unsteady flow have al-
ready been presented. The results of these measurements
were then used as a data bank in order to check the extrapo-
lation of the phenomenological model developed by Fabre

Ž .and Line 1996 , initially for large pipelines and to calculate´
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Figure 9. Variation of the void fraction within the liquid
slug for the two pipe diameters.

some further data that could not be easily measured by direct
Žexperiments ‘‘falling’’ liquid-film velocity, wall shear stress,

.etc. .
Variation in Void Fractions and Lengths. The measured

values of the average void fraction in the liquid slugs are
shown in Figure 9. Two major effects of diameter could be
observed from these measurements. First, there was a lower
threshold velocity below which practically no bubbles were
present in the slug and this was shown to be dependent on
pipe diameter. The limiting velocity was 0.5 m ? sy1 for Ds15
mm, whereas it reached 2 m ? sy1 for Ds6 mm. Second, for
the same mixture velocity, liquid slugs in a 6-mm-diameter
pipe were always less aerated than in a 15-mm-diameter pipe.
This faster increase in void fraction with the mixture velocity
for larger diameter pipes was previously observed by An-

Ž .dreussi and Bendiksen 1989 in horizontal gasrliquid flows
for different pipe diameters and inclinations. These two ef-
fects showed the strong influence of pipe diameter on slug-
flow hydrodynamics, especially on the secondary flows gener-
ated in the wake of the long bubbles. In the experimental
range tested, the mean void fraction within the liquid slug

Ž .tended to level off at a value of 25% Figure 9 , while the
void fraction in the Taylor bubble was, as expected, close to
90% whatever the tube diameter, provided that the bubble
was long enough.

In the whole range of mixture velocities considered in this
study, the mean slug length for a 15-mm-diameter tube ap-
peared to be practically independent of gas and liquid flow
rates and reached a constant value of 13D, which was in

Ž .agreement with the conclusions of Fabre and Line 1992 .´
The slug length stayed constant as it traveled along the tube
because liquid was shed from the back of the slug at the same
rate as liquid was picked up at the front. On the other hand,
the length of long bubbles L was a linear function of theB

ŽQ rQ ratio, and in the experimental range tested 40%-G L
.Q rQ -200% , the aspect ratio L rD was between 3 andG L B

15.
For a 6-mm-diameter tube and a wider range of mixture

velocities with Q rQ values high enough, the length of slugsG L

was not constant and varied in the range 75D ]150D in
agreement with visual observations. As for Ds15 mm, the
length of long bubbles was also a linear function of the Q rQG L
ratio, and in the same experimental range, the aspect ratio
varied from 40 to 140. For high Q rQ ratios, it should beG L
noticed that the bubble length was slightly underestimated
compared to direct observations. These high values of bubble
length could be explained by assuming that the bubble vol-
ume was determined by conditions independent of the tube
and that they were rather directly related to the geometry of

Žthe pipe located just upstream the 6-mm-ID tube larger di-
.ameter . The condition of isovolume for bubbles with the

Žsame Q rQ ratio in a first approximation, assumption ofG L
.low exchanges between the bubbles and the slugs caused an

increase in the corresponding length when entering a section
of lower diameter. In fact, more precisely, the product L D2

B
was constant, which means that the length of the bubbles
should be 6.25 larger in the 6-mm tube than in the 15-mm
one. This led to an aspect ratio theoretically 15.6 higher in
the smaller tube, and this value was of the same order of
magnitude as the difference experimentally observed. This
result pointed up the great influence not only of the up-
stream hydraulic characteristics but also of the injection mode
Ž .relative position of gas and liquid supplies on the two-phase
flow structure, especially in narrow tubes.

Bubble Velocity. Following the correlation of Nicklin et al.
Ž .1962 , it was possible to represent in a 15-mm-diameter pipe
the velocity of long bubbles as the sum of two terms: V sC j0
qV , where j is the mixture velocity, V is the bubble veloc-` `

ity in a fluid at rest at infinity, and C is a dimensionless0
coefficient that may remain constant over a certain range of

Ž .mixture velocities and fluid properties Figure 10 . From the
preceding equation, the bubble velocity could be interpreted
as the result of the combination of transport by the mean
flow and the driving force. In our study, the Reynolds num-
ber, which is related to the liquid phase and is defined as

Ž . Ž ŽRe s r jDrm m is the viscosity of the liquid phase Pa ?L L L L
. Ž y3..s and r is the density of the liquid phase kg ?m , was inL

Žthe range 8,000]22,500. In these conditions turbulent flow,

Figure 10. Variation of Taylor bubbles velocity with the
mixture velocity for the two pipe diameters.
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. Ž .upward motion Frechou 1986 found a C value close to´ 0
Ž'1.1]1.2 and a V value of 0.35 gD g is the gravitational`

Ž y2 ..acceleration m ? s in a 50-mm-ID tube. These values were
experimentally verified in the present investigation for Ds15

Žmm. However, the coefficient C was slightly lower C s0 0
.1.02 due to a smaller diameter or a lack of accuracy at-

tributable to too short a distance between the probes, espe-
cially for high mixture velocities. The case of the 6-mm-ID
tube was quite different. Below a critical value of 0.82 m ? sy1

for the mixture velocity, the bubbles were motionless, and up
to 2 m ? sy1 their velocity was lower than the mixture velocity
Ž .Figure 10 . This phenomenon occurred because, under these
experimental conditions, the gravity and inertia forces be-
came quite negligible compared to the surface-tension force.
Above this threshold, the experimental values fitted the cor-

Ž .relation of Nicklin et al. 1962 , although at a slightly higher
Ž .C value C s1.5 . In this range, it should be noticed that0 0

the variation in the R void fraction had the same evolu-GD
Ž .tion as the one observed for Ds15 mm Figure 9 . For nearly

the same bubble velocity in 15- and 6-mm-ID tubes, and be-
cause the slug-flow frequency was also defined as the ratio

Žbetween the bubble velocity and the cell length sum of the
.bubble and slug lengths , the higher frequencies observed for

Ds15 mm could be explained by lower slug and bubble
lengths, as described in the previous section.

In conclusion, by using a relatively simple technique, a sub-
stantial amount of information regarding the hydrodynamics
of slug flow was obtained. Comparison of quantitative hydro-
dynamic parameters, like the void fraction within the liquid
slug and the Taylor bubble velocity, showed for the same
mixture velocities large differences according to the pipe di-
ameter, due to different major mechanisms. These measured
values represented a useful database for the phenomenologi-

Ž .cal model developed by Fabre and Line 1996 in order to´
understand how slug-flow hydrodynamics acted on filtration
flux enhancement.

Modeling of two-phase slug flow: Application to cross-flow
filtration

Principle of Modeling. In this part, we briefly present the
Ž .main results of the model of Fabre and Line 1996 in order´

to understand how, allowing for certain modifications due to
different pipe geometries and different flow structures, it
could be applied in the present investigation.

The complexity of slug flow arose from its particular struc-
ture, which was periodic in neither space nor in time. Model-
ing thus required a detailed analysis, taking into account the
intermittent behavior. By reducing intermittency to periodic-
ity, the actual complex flow structure was simplified to an
equivalent cell consisting of a long bubble, which was approx-
imated to a cylindrical capsule, and a liquid slug, which was
considered as a homogeneous bubbly flow. In the ‘‘unit cell

Ž .model’’ developed by Fernandes et al. 1983 for vertical slug
flow, the main assumption was to describe the flow as a se-
quence of cells periodic in both space and time.

Recently a formalism has been developed for the hydrody-
namic phenomena to be statistically averaged over each flow
pattern that constituted the slug flow, namely, the separated
and the dispersed flow regions. The method led to the pre-
diction of the dependent variables within each flow pattern

and of the characteristics of the intermittency from a ‘‘statis-
tical cellular model’’ based on conditioned averaging of con-
servation equations. The model developed by Fabre and Liné
Ž .1996 for vertical oil pipes was based on the introduction of

Ž .a characteristic function of intermittency x x, t , which was
Ž .equal to 1 if certain flow conditions were satisfied at x, t ,

and 0 otherwise. It was arbitrarily assigned to 1 for separated
flow. By weighting a cross-section of averaged balance equa-
tions of each phase by the intermittency function, one ob-
tained the instantaneous balance equations. These were then
written in a statistical average form to get averaged expres-

Ž . Žsions, for each phase gasrliquid in each flow pattern dis-
.persed flow Drseparated flow S .

In the frame moving at the velocity V of the cells, the un-
steady behavior of slug flow was transformed into a steady
one. This property constituted the first assumption of the
model. The second one was the assumption that the flow was
fully developed in each part of the cell. As a consequence,
the cross-sectional mean fraction and velocity of each phase
did not depend on the longitudinal coordinate inside the
Taylor bubbles and liquid slugs. Under these two assump-
tions, the equations of mass and momentum took a simplified
form whose resolution led to void fractions and velocities of
each phase over each flow pattern.

Before presenting the simplified equations, we recall here
that the model has already been developed in an earlier anal-
ysis. For a complete overview of its different parts, and espe-
cially the initial form of the balance equations, see the article

Ž .by Fabre and Line 1996 .´
Balance Equations in the Frame Mo®ing at Velocity V. If wk

Ž .represented the volumetric flux of phase-k ks L, G enter-
ing the long bubble region and shed from the liquid slug, one
could introduce the definitions of the mean velocities U , U ,k kS
U of phase k through the following equations:k D

w sR VyU sR VyU sR VyU sR V y j ,Ž . Ž . Ž .k kS kS k D k D k k k k

where R , R , R represented the space-average of phasek kS k D
fractions over the cell, V the velocity of Taylor bubbles, and
j the superficial velocity of phase k. The resolution of thek
cross-sectional average of the momentum equation for phase
k in the moving frame led over each part of the cell to:

dPs
R sT qT y r R g sin ukS kWS k IS k kSdx

Ž .here sin u s1 since u s908, u : inclination

dPD
R sT qT y r R g .k D kWD k ID k k Ddx

In these equations, P is the mean pressure over the cross-
sectional area of phase k and r the density of the phase k.k
The wall and interfacial frictions T and T over each partkW k I

Ž .of the cell are related to the wetted perimeter S and SkW k I
and the x-component of the stress exerted upon the phase k
by the wall or the interface by

t SkWŽ I . kW Ž I .
T s ,kWŽ I . A

where A is the cross section of the tube.
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The network of equations available to solve the problem
was the following:

Ž .In the first part of the cell separated flow
Mass balance:

w s R V yU 1Ž .Ž .G GS GS

w s R V yU . 2Ž .Ž .L LS LS

Momentum balance:

dPS
y R syT q r R g 3Ž .GS GIS G GSdx

the gas phase is not in contact with the wallŽ .
dPS

y R sT yT q r R g 4Ž .LS GIS LWS L LSdx

with the jump condition: T s0 .Ý k ISŽD .ž /
k s L , G

Algebraic relation: R q R s1. 5Ž .GS LS

Ž .In the second part of the cell dispersed flow
Mass balance:

w s R V yU 6Ž .Ž .G GD GD

w s R V yU . 7Ž .Ž .L LD LD

Momentum balance:

dPD
y R syT q r R g 8Ž .GD GID G GDdx

dPD
y R sT yT q r R g . 9Ž .LD GID LWD L LDdx

Algebraic relation: R q R s1. 10Ž .GD LD

By adding the two momentum equations, one obtains:

dPD Xy syT q g r R q r R . 8Ž .Ž .LWD G GD L LDdx

To restore the subsequent missing information, our choice
was to use the drift flux model for the bubbly region:

U sC jqV 1yC R 1y R , 9XŽ .Ž .Ž .GD 1 B m G D G D

in which C accounts for the velocity and gas fraction distri-1
Ž . Žbution C f1 ; C is the entrained mass coefficient C f1 m m

.0.5 ; and V is the rise velocity of bubble in still liquidB
Ž .Gadoin, 1993 .

Further information over the entire cell was then given:
v The mean phase fraction could be expressed vs. the phase

fractions in each part of the cell through

R s bR q 1y b R idem for the liquid . 11Ž . Ž . Ž .G GS GD

v The mean pressure gradient over the cell resulted from
the mean pressure gradient over each part of the cell weighted
by their rate of occurrence:

dP dP dPS D
s b q 1y b . 12Ž . Ž .

dx dx dx

v The other relations were:

w s R V y j 13Ž .G G G

w s R V y j 14Ž .L L L

R q R s1. 15Ž .G L

The unknowns were as follows:

dP
R , R , , w , w ,G L G Ldx

dPs
R , R , , U , U ,LS GS GS LSdx

dPD
R , R , , U , U , V , V , b ,LD GD GD LD Bdx
t , t , t , S , S , S .GIS LWS LWD GIS LWS LWD

which total 24.
Ž .The equation network 15 independent equations was thus

not sufficient to provide a closed-form solution and nine fur-
Ž . Ž .ther equations, noted from a to i in the following subsec-

tion, had to be added.
Closure Laws. In our case, the first empirical closure law

was the velocity of the Taylor bubbles:

V aŽ .

Ž .The rise velocity of small bubbles in still liquid V was, inB
a first approximation, considered to be independent of bub-

Žble size, depending only on the fluid properties Fernandes
.et al., 1983 . It was thus expressed as follows:

s gD rL
V s1.53 , bŽ .B 2ž /rL

Žwith D r s r y r and s : surface tension of the liquid kg ?L G L
y2 . Ž .s Harmathy, 1960 .

The wetted perimeters were determined thanks to geomet-
rical relations taking into account the pipe characteristics:

S sp D cŽ .LWS

S sp D dŽ .LWD

D
S sp Dy2 e with es 1y R . e'Ž . Ž .Ž .GIS GS2

Ž .The shear stress at both wall t , t and interfaceLWS LWD
Ž .t were expressed by single-phase relationships:GIS

U 2
LS

< <t s f r fŽ .LWS LWS L 2
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U 2
L D

< <t s f r gŽ .LWD LWD L 2
2U yUŽ .GS LS

< <t s f r , hŽ .GIS GIS G 2

in which the friction factors f , f , f were calcu-LWS LWD GIS
lated by single-phase correlations: for laminar flow, Poiseuille
relation, and for turbulent flow and both smooth and rough

Ž .pipes, Colebrook law Gadoin, 1993 . For example, for f :LWS

16
f sLWS ReLS

1 2k 9,35W
s1,74y2 log q ,ž /Dh2 f Re f' 'LSLWS LS LWS

where k , Dh , Re are, respectively, the wall roughness,W LS LS
the hydraulic diameter, and the Reynolds number

Dh U r 4 ALS LS L
Re s with Dh s .LS LSž /m SL LWS

Instead of choosing b as a datum of the closure problem, we
decided to consider the evolution of the average void fraction
in liquid slugs R , since this parameter could easily be ac-GD
cessible by conductance measurements. Its variation vs. the
mixture velocity has basically the same trend in horizontal

Ž .and vertical pipes Fabre and Line, 1996 . Therefore it has´
been suggested that the same physical processes took place
Ž .especially mechanism of entrainment at the bubble tail and
the same modeling could be used whatever the pipe slope.
We thus adapted the model proposed by Andreussi and

Ž .Bendiksen 1989 and we postulated that the void fraction
could be estimated as follows:

jy j f
R s . iŽ .GD ajq j0

In this equation, whose form is slightly different from the
original one, the critical mixture velocity j is experimentallyf

Ždetermined velocity below which no bubbles are present in
.the slug , whereas the velocity scale j and the coefficient a0

are chosen for each pipe geometry for the best fit with exper-
imental data. The resulting values for j , a and j are, re-f 0
spectively, 0.5 m ? sy1, 3.1, and y0.3 m ? sy1 for Ds15 mm,
and 2 m ? sy1, 2.9, and y2.3 m ? sy1 for Ds6 mm. Thanks to
all these closure laws, the problem could be easily solved.

Results of Modeling: Comparison of Modeling with Experi-
ment. In order to validate the extrapolation of the model of

Ž .Fabre and Line 1996 in 6- and 15-mm-diameter tubes, the´
experimental and theoretical values for R and b were com-G
pared. b was experimentally estimated as the ratio between
the length of the Taylor bubble and the length of the cell
unit. The theoretical value of b was defined as follows:

R y RG GD
b s .

R y RGS GD

Figure 11. Comparison of theoretical and measured
values for the two pipe diameters.
Ž . Ž .a Global void fraction R ; b rate of intermittency b .G

For the R estimation, the same relation was applied withG
alternatively experimental and theoretical values of b , R ,GS
and R . For Ds6 mm, the reported values correspondedGD
to a bubble velocity higher than the mixture velocity.

In all cases, for 15-mm and 6-mm inner diameters, the
agreement was quite satisfactory concerning the R calcula-G
tions. Average relative error in predicting R was less thanG

Ž .20% Figures 11a and 11b . Nevertheless, although a good
prediction for R was obtained, the agreement for the rateG
of intermittency in both pipes was found to be less satisfac-
tory, especially for small values that corresponded to Q rQG L

Ž .ratios lower than 50% Figure 11b . The discrepancy was ex-
plained by an overestimation of the void fraction R , andGS
several hypothesis could be formulated, the poor prediction
of the hydrodynamics in the liquid film being one of them.

Quantification of Slug-Flow Hydrodynamics. To character-
ize the slug-flow hydrodynamics in 6- and 15-mm-diameter

Žtubes, the wall shear stresses in liquid slugs t instead ofWD
. Žt and in the liquid film around the Taylor bubbles tLWD WS

.instead of t were calculated for different air and liquidLWS
velocities. Examples of this kind of calculation are shown in

Ž . Ž .Tables 1 Ds15 mm and 2 Ds6 mm . The velocities of
Ž .the liquid film U were also listed to verify the ‘‘fallingLS

film’’ assumption.
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Table 1. Modeling for Ds15 mm for Different Gas
and Liquid Superficial Velocities

j j j t t UL G W D W S LS
y1 y1 y1 y1Ž . Ž . Ž . Ž . Ž . Ž .m ? s m ? s m ? s Pa Pa m ? s

0.24 0.09 0.33 y0.53 4.27 y0.73
0.22 0.16 0.38 y0.68 4.17 y0.71
0.22 0.21 0.43 y0.82 4.08 y0.70
0.23 0.29 0.52 y1.13 3.92 y0.67
0.23 0.35 0.58 y1.32 3.87 y0.66
0.45 0.21 0.66 y1.57 3.78 y0.65
0.45 0.37 0.82 y2.18 3.55 y0.60
0.44 0.46 0.90 y2.55 3.45 y0.58
0.45 0.58 1.03 y3.15 3.30 y0.54
0.45 0.73 1.18 y3.90 3.15 y0.50

Note: Wall shear stress in the liquid slug t and in the liquid filmWD
around the Taylor bubble t , film velocity U .WS LS

From these calculations, we concluded that a gasrliquid
slug flow consisted of a succession of positive raised shear
stresses and negative shear stresses with high absolute values
linked to the mixture velocity. This reversal, related to the
operating parameters through the flow frequency, was in-
volved in the control of the cake characteristics. We could
also verify that, for each experimental condition, the annular
liquid film around the Taylor bubble flowed downward, in
the opposite direction to the main flow. The absolute value
of the film velocity was higher in a 15-mm-ID pipe even for
lower mixture velocities. This could explain the formation of
more aerated slugs for the same velocity, since the bubble
production rate at the long bubble tail is proportional to the
film flow rate, provided that the flow rate exceeds a certain

Ž .lower limit Andreussi and Bendiksen, 1989 . However, the
part of the gas that returned to the Taylor bubble by the
vortex motion remained to be quantified for each pipe geom-
etry.

Correlation Between the Flux Enhancement and the Slug-Flow
Hydrodynamics. In this subsection, we try to correlate the

Ž .external conditions gas and liquid flow rates to the local
hydrodynamic parameters, such as the intermittency rate or
the wall shear stress, in a 15-mm-diameter tube by introduc-
ing a variable linked only to the gas-phase influence. To this
end, the theoretical intermittency rate was connected to the

Ž .gas and liquid flow rates Figure 12 . We should note that,
for some flow conditions with a poor model prediction, the
experimental values were preferred. The resulting linear re-
lation clearly indicated that the rate of intermittency was di-
rectly dependent upon the operating conditions, that is, the
gas and liquid flow rates. The slope of the curve accounted
for the structure and the unsteady characteristics of slug flow.

Table 2. Modeling for Ds6 mm for Different Gas and
Liquid Superficial Velocities

j j j t t UL G W D W S LS
y1 y1 y1 y1Ž . Ž . Ž . Ž . Ž . Ž .m ? s m ? s m ? s Pa Pa m ? s

2.75 0.49 3.24 y33.5 1.29 y0.09
2.70 0.74 3.44 y36.5 1.44 y0.12
2.59 1.26 3.85 y43.0 1.65 y0.15
2.64 1.95 4.59 y57.0 1.86 y0.20

Note: Wall shear stress in the liquid t and in the liquid film aroundWD
the Taylor bubble t , film velocity U .WS LS

Figure 12. Relation between the rate of intermittency
and the gas and liquid flow rates for Ds15
mm.

The wall shear stress variation vs. the theoretical intermit-
tency rate was then plotted in Figure 13. The shear stress
values in the Taylor bubble remained almost the same, due
to a nearly constant velocity of the ‘‘falling’’ liquid film. On
the other hand, the increase in the absolute value of shear
stress in the liquid slug could be explained by higher mixture
velocities. By extrapolating the relations to b s0 for each
liquid flow rate, the resulting flow pattern should correspond
to a bubbly flow. However, in our case, since the gas flow
rates were low enough compared to liquid ones, we could
treat it as a single-phase flow at j velocity. This explainedL
that for b s0, each wall shear stress corresponded to the
value calculated according to single-phase correlations as-

Figure 13. Variation of the wall shear stress vs. the rate
of intermittency for Ds15 mm in the liquid
slug and in the film around the Taylor bub-
ble.
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Ž .suming a smooth pipe see below for the calculations . It could
be concluded from these observations that in the liquid slug
the theoretical wall shear was made up to of two contribu-
tions: the influence of the gas phase and that of the associ-
ated liquid flow.

Taking into account the unsteady slug-flow characteristics,
the total wall shear stress, t was then introduced and de-W T

< < Ž . < <fined as follows: t s b t q 1y b t . The choice ofW T WS WD
absolute values for t and t could be explained by anWS WD
erosion of particle deposit caused mainly by the shear-stress
value and not by its sign. As previously mentioned, the peri-
odic reversal was rather important in the destabilization of
the formed fouling layer. Another variable t U , which wasW
chosen as a specific parameter, was defined to take into ac-
count only the influence of the gas phase. It was therefore

U < <calculated as follows: t st y t , which agrees withW W T WSP
the previous observations related to the shear-stress variation
in the liquid slug. t corresponded to the single-phase flowWSP

< <at j velocity and was calculated as follows: t sL WSP
Ž . 2 y3 Žr f r2 j with a friction factor f of 6.25 ?10 smoothL SP L SP
.pipe . The t values were y0.2, y0.6, and y2.0 Pa forWSP

J values close to 0.25, 0.45, and 0.80 m ? sy1 respectively. WeL
should recall here that the choice of t for processing ourWSP
data could also be explained by the experimental procedure

Ž . Žused during steady no air addition and unsteady air addi-
.tion filtration assays, which consisted of testing the influence

Žof gas sparging with the same liquid velocity Mercier et al.,
.1997 .

The next step consisted of correlating the shear stress t U
W

with the intermittency rate on the following assumption: for
b s0, the t U value was equal to zero. The resulting rela-W
tions were linear and enabled t U to be calculated from theW

Žknowledge of the operating conditions liquid and gas flow
.rates through the estimation of the rate of intermittency.

Thanks to these correlations, it was then possible to repre-
sent the variation of the parameter K vs. the t U shear stressj W

Ž .for the same experimental conditions Figure 14 . It must be
seen that these additional shear stresses, though fairly small

Figure 14. Correlation between the flux enhancement
( ) UK and the wall shear stress t for Ds15j W
mm.

Ž .in their absolute values 1]3 Pa , were significant compared
to the corresponding single-phase shear stresses. The re-
ported values of K corresponded to ultrafiltration assaysj
Ž .S.C.T. mineral tubular membranes of suspensions of ben-

Ž .tonite and biological yeasts Mercier et al., 1997 . We should
recall here that K was defined as the ratio between the fluxj
as obtained after 180 min of filtration in unsteady and steady
conditions. The close relation between K and t U satisfacto-j W
rily showed that the flux improvement, experimentally ob-
tained under these filtration conditions, was partly achieved
thanks to the enhancement of the wall shear stress, induced
by air injection inside the membrane unit. For yeasts at low

Ž y1.concentrations 1 g ?L , the external fouling due to the
particle deposit did not predominate compared to other lim-

Žiting phenomena internal fouling like molecular adsorption
.or pore plugging . As a consequence, the efficiency of the

two-phase flow technique was not maximal, since the main
objective of unsteady flow techniques was to reduce the
thickness of the fouling layer formed at the membrane sur-
face. This could explain the increasing discrepancy observed
for yeasts at 1 g ?Ly1. For the 6-mm-ID membrane, the same
procedure could not be applied because of the lack of signifi-
cant experiments with suitable operating conditions. How-
ever, the variation of the wall shear stress in the Taylor bub-
ble and in the liquid slug vs. the rate of intermittency, ob-
served for Ds15 mm, was confirmed here.

Discussion
By using a conductance probe technique that allowed pre-

cise and reproductible measurements of void fractions, it was
possible to characterize the slug-flow hydrodynamics and to
predict its variation with respect to the modification of the

Žexternal operating conditions pipe diameters, liquid and gas
.flow rates . This study focused in particular on the structural

Ždifferences in both geometries investigated Ds6 and 15
.mm , due to surface-tension forces that could no longer be

neglected compared to convection forces. In some flow rate
ranges and fluid properties, the hydrodynamic behavior was
thus strictly distinct in terms of void fraction within the liquid
slugs or velocity of long bubbles. In our system, other charac-
teristics such as cell length or rate of intermittency were also
different. As a consequence, the phenomenological approach

Ž .used in the model of Fabre and Line 1996 in large diame-´
ters was not directly extrapolable, as it stood, for narrow tubes
in this range of flow conditions. Another point to deal with
arose from the comparison of the theoretical film thickness
Ž .e and the experimental one, as deduced from high-speed
photographic observations or the interpretation of conduc-

w Ž .Ž .xtance signals es Dr2 1y R . We should note that' GS
both experiments gave the same results. Then the compari-
son with a 15-mm-ID tube showed that the model underesti-
mated the film thickness, since the mean theoretical and ex-
perimental values over the whole range of experimental con-
ditions were 0.5 and 0.9 mm, respectively. As previously men-
tioned, the discrepancy was attributable to an overestimation
of the calculated void fraction in the Taylor bubble. This
modeling weakness, particularly important for bubbles a few
diameters long, was explained by the fully developed flow as-
sumption being no longer satisfied. In the case of the forma-
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tion of smaller bubbles, it is therefore required that the model
basis be modified in order to take their hydrodynamics into
account, especially in the front curvature region. For narrow
tubes, it will be also necessary to adapt the existing relations
in order to take the influence of surface tension on slug flow
hydrodynamics into account. In terms of closure laws, the
empirical correlations established for the bubble velocity and
the void fraction in the slug in our geometries will have to be
validated by more theoretical considerations. The influence
of the increasing pressure variations in the bubble wake will
also have to be understood and modeled. From another point
of view, direct experiments based, for example, on the mea-
surement of the wall shear stress will be useful to confirm the
model predictions. To this end, several methods may be in-
vestigated, for example, electrochemical techniques.

By studying more accurately the influence of pipe diameter
on slug-flow structure, the empirical introduction of a new
reference scale defined as the product of the mixture velocity

Ž 1.5.and the diameter to the power of 1.5 jD enabled all the
experimental points concerning the intermittency frequency
or the void fraction R to be collected on the same curveGD

Ž .for the two geometries results not shown . This parameter,
which was common to both series of independent experi-
ments, could surely account for the role of diameter on slug-
flow hydrodynamics. However, the theoretical explanation for
such a parameter remains to be found, since it was not re-
lated to nondimensional numbers usually considered in two-

Ž .phase flow analysis Froude, Eotvos, or Reynolds number .¨
In spite of the actual modeling weakness on some hydrody-

namic information, the main results of the present analysis
could be applied without doubt to the understanding of foul-
ing limitation by slug-flow hydrodynamics. The common effi-
ciency experimentally observed for ultrafiltration assays in the

Ž . Ž .two kinds of membranes K s3 Mercier et al., 1997, 1998j
revealed that hydrodynamic phenomena linked to the fouling
limitation were of the same kind, although the initial hydro-
dynamic characteristics are different. It was difficult to disso-
ciate them since they were all involved to different degrees in
the process efficiency, according to the membrane geometry.
The present investigation allowed a more accurate character-
ization not only of their nature but also their mechanical ac-
tion. The increase in wall shear stress compared to single-
phase flow acted on the erosion of the particle deposit by
inducing a periodic sweeping effect. This mechanism of ero-
sion could not explain the overall flux enhancement by itself,
since the ultrafiltration flux with gas sparging always re-
mained higher than that with no gas injection, the corre-
sponding liquid flow rate being adjusted to impose the same
total wall shear stress inside the membrane. For example,
from the interpretation of some filtration results obtained

Ž .with the bentonite suspension Mercier et al., 1997 , the flux
enhancement with the same total wall shear stress was about

Ž .55% K s1.55 . Therefore, other phenomena associated withj
the intermittent succession of Taylor bubbles and liquid slugs
were at play in the deposit destabilization and subsequent
improvement in mixing and mass transfer: reversal of the wall
shear stress, pressure fluctuations, and turbulence enhance-
ment in the long bubble wake. The actual correlation be-
tween the flux improvement and the raised shear stress will
have to be refined by the inclusion of all these effects with
the important factors linked to the geometry considered.

The improved knowledge of two-phase flow unsteadiness
also enabled the main characteristics to be identified, which
could be of interest in cross-flow filtration compared to other
existing techniques. First, the instantaneous pressure de-
creases allowed a constant mean transmembrane pressure to
be maintained throughout the filtration experiment, whereas
in pulsing or oscillatory flows, the pressure profile was often
characterized by compression and decompression phases with

Ž .the same average duration Gupta et al., 1992 . In this two-
phase flow technique, however, the frequency could not be
directly controlled, as it was determined by the succession
rates of bubbles and slugs. The control was in fact achieved

Žthrough the modification of experimental conditions injec-
.tion system, membrane diameter, liquid and gas flow rates .

In addition, the selection of the most appropriate frequency
according to the kinetics of deposit formation could help to
optimize the process efficiency. Second, the pressure and ve-
locity fluctuations were entirely uncoupled since, at a given
point in the flow, the value and sign of velocity depended
upon the residence time of the long bubbles and liquid slugs,
whereas the pressure always remained the same except for
momentary decreases due to the bubble wake. This possibil-
ity of uncoupling could be particularly important in terms of
reducing particle fouling, as most unsteady techniques were
actually limited by a strong dependency between operating

Ž .parameters Doubrovine, 1992 .

Conclusions
The present work reports on the characterization of slug-

flow hydrodynamics in two kinds of membrane diameters in
order to identify the main phenomena that are involved in
the limitation of particle fouling. By using a relatively simple
and reliable method, a substantial amount of information re-
garding the flow structure was obtained. Noticeable differ-

Ž .ences were observed for the most narrow tubes Ds6 mm ,
thus proving that, in some experimental range, convective
forces no longer predominated over surface-tension forces.

Ž .In a larger membrane diameter Ds15 mm , the prior de-
termination of quantitative hydrodynamic parameters of slug

Žflow allowed some further data wall shear stress, ‘‘falling’’
.liquid-film velocity, film thickness to be calculated thanks to

modeling. The results showed that the flux improvement was
partly due to the increase in the wall shear stress, induced by
continuous gas sparging inside the tubular filtration module.
Other hydrodynamic phenomena linked to the intermittent
succession of Taylor bubbles and liquid slugs were also in-
volved in the particle-deposit limitation through an enhance-
ment of mass transfer: reversal of the wall shear stress,
pressure variations in the bubble wake, with a higher level of
local turbulence. It can be concluded that the quantitative
characterization of slug flow offered some useful information
regarding the interactions between fouling mechanisms and
unsteady hydrodynamics. This work can thus help optimize
the hydrodynamic methods for enhancing filtration perfor-
mances.

From a more theoretical point of view, the modeling pre-
sented here constitutes a first tool in understanding the hy-
drodynamics of slug flow in narrow tubes, but some basic
modifications remain to be made and tested. From another
point of view, it will be necessary to study the influence of
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Žthe injection mode on the flow characteristics cell length,
.frequency , in order to complete our knowledge of slug-flow

hydrodynamics and to optimize its application during cross-
flow filtration. Further experimental study of other mem-
brane geometries that combine the filtration and hydrody-
namics aspects will also be required to confirm the efficiency
of slug flow when applied to industrial-sized membrane sys-
tems.
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Notation
P spressure over the cross-sectional area of phase k in dis-D

persed flow
P spressure over the cross-sectional area of phase k in sepa-S

rated flow
Q svolumetric flow rate of phase kk
R scross-sectional fraction of phase k over the cellk

R scross-sectional fraction of phase k in dispersed flowk D
R scross-sectional fraction of phase k in separated flowkS

S swetted perimeter of phase k related to the interface in dis-k ID
persed flow

S swetted perimeter of phase k related to the wall in dispersedkW D
flow

S swetted perimeter of phase k related to the interface in sepa-k IS
rated flow

S swetted perimeter of phase k related to the wall in separatedkW S
flow

T sinterfacial friction of phase k in dispersed flowk ID
T swall friction of phase k in dispersed flowkW D

T sinterfacial friction of phase k in separated flowk IS
T swall friction of phase k in separated flowkW S

U svelocity of phase k over the cellk
U svelocity of phase k in dispersed flowk D
U svelocity of phase k in separated flowkS

xsaxial coordinate
b srate of intermittency defined as the ratio between the bubble

length and the cell length
m sdynamic viscosity of phase kk
s ssurface tension of phase kk

t sshear stress exerted upon the phase k by the interface ink ID
dispersed flow

t sshear stress exerted upon the phase k by the wall in dis-kW D
persed flow

t sshear stress exerted upon the phase k by the interface ink IS
separated flow

t sshear stress exerted upon the phase k by the wall in sepa-kW S
rated flow

t swall shear stress under single-phase flow at j velocityW S P L
t stotal wall shear stress over the cellW T

Subscripts
Dsdispersed flow
Ssseparated flow
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