Modeling and Measurement of Shear Stress for a
Slug Flow Inside a Capillary

S. Laborie and C. Cabassud
Laboratoire d’Ingénierie des Procédés de I’Environnement, Institut National des Sciences Appliquées,
31077 Toulouse Cédex, France

DOI 10.1002/aic.10382
Published online March 3, 2005 in Wiley InterScience (www.interscience.wiley.com,).

The aim of the present study is to characterize wall shear stresses generated by a
gas—liquid two-phase flow inside a capillary tube. In this case the flow is a slug flow. Two
different approaches were used. The first one constituted a calculation of the shear
stresses by a two-phase model in which some parameters characteristics of the flow were
introduced. These parameters had been determined experimentally in a previous study.
The second approach constituted a direct and local measurement of wall shear stresses by
an electrochemical method. The shear stresses near liquid and gas slugs were obtained for
different operating conditions. Moreover, a calculation of the liquid film thickness around
the gas slugs demonstrated that this thickness does not depend on gas velocity. © 2005
American Institute of Chemical Engineers AIChE J, 51: 11041115, 2005
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Introduction

Ultrafiltration by hollow fibers is now widely developed for
drinking water supplies. Many plants are in operation in the
world. The principal limitation of this process lies in the flux
decline associated with the formation of a particle deposit on
the membrane wall.

During the last few years, the use of gas in membrane
processes has been the focus of increasingly investigations,
either to limit the particle deposit or to eliminate it after its
formation on the membrane wall.

In the latter case, gas is injected periodically during the
washing step, such as in an ultrafiltration membrane.!-?

The other possibility is to inject the gas together with the
feed (water and particles), to generate a two-phase flow that
tends to limit the particle deposit resistance and thus to enhance
the water flux through the membranes. Different studies have
shown the efficiency of this gas-liquid two-phase flow, in
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tubular membranes,3-5 in hollow fibers,®-8 and also in flat-sheet
nanofiltration membranes.®

In many cases, mass transfer is supposed to be dependent on
wall shear stresses near the membrane surface and also on
particle-membrane and particle—particle interactions. Many re-
cent studies>'%-12 propose to establish a link between wall shear
stresses and flux enhancement.

Along the lines of that idea, it was of interest to characterize
the wall shear stresses induced by the air slug flow inside
hollow fibers.

Experimental and theoretical characterization of this type of
flow has already been performed in large-diameter pipes.'3-'# In
the present study, the investigative focus is on capillary tubes
with an inner diameter of 1 X 10~° m. Two complementary
approaches will be used and discussed. The first one uses a
calculation of the shear stress from some slug characteristics,
such as the gas slug velocity and the slug frequency, which
were determined experimentally in a previous study.'> The
second one uses a direct measurement of the shear stresses
using an electrochemical method. Because the determination
was not possible inside the fibers themselves, experiments were
carried out in glass-pipe capillaries having the same inner
diameter as that of the fibers.
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Figure 1. Gas-liquid two-phase flow patterns inside a
pipe.

The aim of the work described herein is to describe the two
approaches and their limitations and to compare the results.

Description of the Two-Phase Flow Inside
Capillaries

Three different flow patterns can be observed inside pipes
(see Figure 1): a bubble flow, a slug flow, and an annular flow,
depending on the value of the air injection ratio &; defined as

UGas

N UGas + ULiq (1)

€

where Ug,, and Uy, are, respectively, the superficial gas
velocity and the superficial liquid velocity, both velocities
being calculated as if each phase were circulating separately in
the tube.

In a previous study,'s experiments elucidated a great deal of
information about gas-liquid two-phase flow inside pipes of
small diameter (D = 1, 2, 3, and 4 X 1073 m).

In a capillary of 1 X 10 *-m inner diameter, the flow pattern
has been demonstrated to be a slug flow (see Figure 2) for 0 <
Ugas < 1ms™"and 0.25 < Up;, < 0.9 m s~ . For this range
of velocity values, even for g; < 0.20, a slug flow is always
observed.

The liquid slug is shown to contain no small dispersed
bubbles, contrary to what is observed in pipes of larger diam-
eter. The air slug is rather cylindrical and surrounded by a
liquid film. The thickness of this film is not measurable by
visualization.

The liquid flow induces two alternate shear stresses near the
membrane wall: 7, is generated by the liquid slug and 7 g,
is generated by the liquid film near the gas slug.

Different parameters of the flow were previously character-
ized'> and will be introduced in the following modeling.

Modeling of Wall Shear Stresses

The first step of this study consists in calculating the wall
shear stresses using a two-phase slug flow model, previously
developed by Fabre and Liné.'®

In a fixed point of the tube, the flow (liquid and gas slugs) is
intermittent, and thus nonstationary, whereas the conditions
(inlet flow rates and outlet pressure) are stationary. To treat the
problem, the concept of unit cell has been developed, which
considers the flow as a sequence of cells being periodic with
both space and time. This concept is based on two assumptions:
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(1) a frame of a given velocity (of the gas slugs, V) exists, in
which the flow is almost steady; and (2) in this frame the flow
in bubbles and liquid slugs is fully developed. The problem
becomes stationary.

Some global parameters can be calculated from known ex-
perimentally determined parameters.

e The gas and liquid superficial velocities, expressed as

Q as

Usw="_5 @)
Q.

Ug="_3 3)

where r is the capillary radius.
e The gas and liquid holdup, defined as

VG
Re="y )
R.=1-Rg 6))

® The gas and liquid fluxes, expressed as
CDG = RGVY - UGas (6)
d, = RV, — ULiq (7N

® Moreover, wall shear stresses are generally defined by
analogy with the one-phase flow as

1
T= U (8)

® The wall shear stress near the liquid slugs, given by

1
TLLiq = E pLfi Liq U iLiq &)

® The wall shear stress near the air slugs, expressed as

1
— 2
TLGas — E poCvas ULGas (10)
Liquid film
Vs
Gas | 4
ULGﬁS slug TLGas
\d
A
ry . . 1
ULLig Liquid -
slug LLiq

Figure 2. Slug flow inside a capillary.
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Table 1. Equations Used for Modeling

Near the Liquid Slugs

Near the Gas Slugs

RiLiqg =1 (13)
ULLiq = = RDV, + ULiq = Ugy T ULiq (14)
ULLigDui
Re,, = L“‘TL“’)L (15)
L
Dy;q = 2r (16)
16
Lig — an
9 Reyq

wrsz(r*e)27§

o er 18
LGas p— p (18)
—®
Ulge = —— 4V, (19)
RLGLIS
UL6asDaas
Reg, = & 20)
D, = 4e (21)
16
= 22
fo = Row (22)

To calculate the different model parameters, the gas slug
velocity V. is required. In a previous study'> V, was determined
by experiments of slug flow inside capillaries and it was
demonstrated that V, can be expressed as a function of the
mean flow velocity U, (U,, = Up;q + Ugy)

Vs = CUUm (1 1)
The parameter C, depends on the characteristics of the fluid
and the inner diameter. In the case of air slugs inside water at
25°C and in a capillary of 1 X 10~ *-m inner diameter, C, is
equal to 1.24. This relationship was used in this model.

The problem can then be treated in two separated parts:

(1) Near the liquid slugs: terms will include an index noted
by the subscript Liq

(2) Near the gas slugs: terms will include an index noted by
the subscript Gas
The index subscript L concerns the liquid phase and G, the gas
phase, whatever the slug is.

The assumptions taken into account for the modeling are:

(1) The flow is laminar and the friction factor near the gas
and liquid slugs can be calculated by

16
=% (12)
The range of superficial velocities (in m s~ ') are 0.25 < Uiiq
< 0.9 and 0 < Ug,, < 1, which corresponds to a maximum for
the mean Reynolds number of 1900 (for a capillary diameter of
1 mm). Although the mean flow velocity in the liquid slug
corresponds globally to laminar flow, locally, between two gas
slugs, there may be some recirculations and higher local ve-
locities, resulting in some cases of laminar flow that are not
fully developed. However, for all calculations, the flow will be
considered as laminar.

(2) The liquid slugs do not contain any gas (Rgp;q = 0).

(3) The gas flux between air and liquid slugs is null (&g =
0 and Rg = Ug,/Vy).
The two last assumptions correspond to experimental observa-
tions.'s

Considering these assumptions, equations that permit calcu-
lation of the parameters in each phase (Eqs. 13-22) are pre-
sented in Table 1. The system contains 19 equations and 20
unknowns. To calculate both of the wall shear stresses, the
value of the film thickness around the slug e is needed (see
Figure 2).
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Different methods were found in the literature to estimate
this value.

Fairbrother and Stubbs!” calculated the value of e from direct
measurements of liquid backflow in capillary tubes and estab-
lished a simple empirical relationship for sufficiently long
(>3r) moving bubbles

(23)

The main assumption is that the film around the moving bubble
was at rest, so that the mean back velocity of the liquid film
was V..

For a bubble of known length released in a tube containing
moving liquid, Marchessault and Mason'8 derived the film
thickness from the measurement of the electrical resistance of
the tube. They found that the film grew thicker as V, increases
and proposed a relationship between the two parameters

e=a' (=B + V) 24
where o' and B’ are positives and depend on the liquid used
and on the hydrodynamic conditions. In the case of water, at
25.5°C, and for a slug of 0.87 cm length inside a capillary of
1.54-mm inner diameter, the values given for o’ and B’ are,
respectively, 8.6 X 10~* (cm 5)%° and 0.10 (cm s~ "), Values
of e are then included between 172 and 516 um (for a slug
velocity between 0.09 and 0.49 cm s™').

Bretherton!® proposed an analytical approach to describe the
film thickness, obtained by invoking the “lubrication ” approx-
imation, that is, by considering the flow quasi-unidirectional in
the thin-film region. With a reasonable degree of rigor, Brether-
ton demonstrates that the “lubrication ” approximation was
valid and gave a unique analytical solution for the layer thick-
ness, in the case of a nonmoving continuous phase and assum-
ing a small value of e/r (which value was not specified in the
text)

e
L= 0.643(3Ca)*" (25)
where Ca is the capillary number
lJ"LVS
Ca= ( o ) (26)
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Schwartz et al.2° also studied the average thickness of the
wetting film left behind during the slow passage of an air
bubble in a water-filled capillary tube. A dimensionless num-
ber, the parameter W, has been characterized. The amount V.W
represents the difference between the average gas slug velocity
V, and the average mean flow velocity U,, in the tube

w=-"--" (27)

W was experimentally obtained. It can be related to the film
thickness e by

w=" (28)

For bubbles of length many times the radius, the ratio of film
thickness to tube radius was found to be a function of the
capillary number only. For bubbles of length =< 20 tube radii,
good agreement with the Bretherton predictions was obtained.

At the end of this literature study, we decided to adopt the
Bretherton equation, based on an analytical approach, to obtain
an estimation of the film thickness to calculate the wall shear
stress near the gas slugs.

The validity of our modeling thus relies on the use of the
Bretherton equation.

Including the Bretherton equation, the system contains 20
equations (2-7, 9-11, 13-22, 25) and 20 unknowns (Ug,s,
ULiq’ CDG, RG’ Vs’ CI)L7 RL’ RLLiq’ ULLiq? I{eLiq’ DLiq’ fLiq’ TLLiq’
R Gass Ui Gas> € ReGass DGass fGas» Tigas)- The problem can then
be solved.

The model can be used for a first simulation of both shear
stress near liquid slugs and shear stress near gas slugs. It can
also enable a first prediction of the tendencies in the variation
of the two shear stresses with operating parameters such as
superficial velocities and capillary inner diameter.

0.75

1 S 4 0.25 ;i
UGas (m.s™ ) ° 2 - UL_‘:
{(ms )

Figure 3. Wall shear stress near liquid slugs vs. U ;, and
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Figure 4. Wall shear stress near gas slugs vs. U;;, and
UGas'
D=1X10"3m.

Variation of computed wall shear stresses with
superficial velocities

Figure 3 represents the variation of the wall shear stress near
liquid slugs vs. Uy ;4 and Ug,.

Without gas, for some liquid velocities usually used in
drinking water production, the shear stress near the wall varies
between 2 and 8 Pa, in a 1 X 10 >-m inner diameter capillary.
This shear stress increases when gas is injected, and also
increases when values of Uy, and Ug,, are higher. This result
is quite logical because 7;;, is proportional to the mean
velocity U, = Uiy + Ug,, (see Egs. 9 and 14-17).

Concerning the wall shear stress near gas slugs (Figure 4),
for low values of superficial velocities, the calculated value of
TrLGas 18 negative, the liquid film around the gas slugs thus
might flow down, in the direction opposite to that of the main
flow. The absolute value of 7 g, is then high. When Ug,
increases, this absolute value decreases and 7 g, becomes
positive for a limit value of Ug,,, which is lower when Uy, is
higher. Beyond this limit value, the wall shear stress near air
slugs is positive, whatever Ug, is, and increases with Uy ;.

For U ;q =09 ms" !, the wall shear stress near gas slugs is
equal to —3.6, 4, 10.4, and 13.7 Pa, respectively, for Ug,, =
0.25,0.5,0.75, and 0.9 m s~ .

It must be pointed out that in the 1 X 10~ *-m inner diameter
capillary, the modeling leads to a limit value of 7, g, (—65 Pa),
when Ug,, tends to 0, which has no physical significance. In
fact, the wall shear stress should be 7 g, = 0 or Ty gue =
when Ug,, tends to 0.

TLLiq

Influence of the capillary inner diameter on computed
wall shear stresses

For the same mean velocity and the same liquid viscosity
and temperature, the wall shear stress near liquid slugs is
inversely proportional to the tube diameter (Eqs. 9 and
14-17) with or without gas. 71 ;, decreases when D increases
(Figure 5).

Near the gas slugs (Figure 6), the wall shear stress is nega-
tive for D = 1 X 10 > muntil Ug,, = 0.8 ms~'. For D = 2 X
107 m, 7, is always positive and decreases when D in-
creases.
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Figure 5. Wall shear stress near liquid slugs vs. U,, for different capillary inner diameters.

Uy =05ms™".

The modeling gives only a first approach of the variation of
wall shear stresses with operating conditions. Indeed, some
results are difficult to explain from a physical perspective. For
that reason, it was decided to perform an experimental deter-
mination of wall shear stresses.

Measurement of Wall Shear Stresses

As a complementary approach a direct local measurement of
shear stresses was performed in the 1-mm-diameter capillary
without mass transfer through the wall. The experimental
method was based on an electrochemical determination.

In the field of chemical engineering, an electrochemical
method was developed in the 1960s to measure mass transfer
coefficients. The first studies were led by Reiss and Han-
ratty.?!22 An electrochemical reaction was operated at a micro-

probe placed on a pipe wall in contact with a one-phase flow.
This method enabled measurement of local mass transfer co-
efficients, which can be related to velocities in the vicinity of
the probe.

Cognet?* applied this method to the study of the Couette
flow between two coaxial cylinders.

Koeck?* and Cognet et al.>> were the first investigators to
apply this methodology to the measurement of the wall shear
rate generated by a gas-liquid two-phase flow inside a duct.
The results obtained by this measurement method were in good
agreement with the momentum balance equation because the
error was <5%.

In the case of membrane applications, recent studies have
been carried out using this electrochemical method to deter-
mine wall shear stresses for a one-phase flow. Galier et al.?®

TLCas(Pa)
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008 D0 oobocoboouoooDoooobooooao
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6000060600606 0006606000600 o ODZmm
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.
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0.2 ote ¢ *d% 0.8 1
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.
o ®
.
40
60 L

Ug,s (ms™)

Figure 6. Wall shear stress near gas slugs vs. Ug_, for different capillary inner diameters.

Upig = 05ms™

1108

April 2005 Vol. 51, No. 4

AIChE Journal



@)

3

5 o

1)

o]

Figure 7. Experimental apparatus for electrochemical
measurements.

applied this technique to the measurement of shear stresses
generated in a nonporous helical module and Gaucher et al.?”
determined the thickness and the porosity of a deposit during
ultrafiltration experiments in a plane membrane.

This brief bibliography review shows the wide application
field of this electrochemical method, which has today become
useful in various areas. Previous studies concerning gas slug
flows were carried out only in large pipes (inner diameter of a
few centimeters).

In the case of our study, the aim was to apply this electro-
chemical method to the measurement of wall shear stresses
generated inside capillary tubes whose inner diameter is only a
few millimeters, which induced far more important technolog-
ical difficulties.

Principle of the electrochemical method

The measurement leads on an apparatus include three probes
(a cathode, an anode, and a reference probe) placed in the flow
inside a nonporous glassy capillary tube of 1 mm inner diam-
eter.

A potential difference between the work probe (cathode) and
the reference probe is kept constant by a potentiostat to a
certain value E, different from the balance potential of the
redox couple.

A reaction takes place at the cathode, inducing a concentra-
tion gradient and then a mass transfer, which involves the
establishment of an electric current i between the cathode and
the anode. For a correctly chosen value of E, the obtained
current is a diffusion limit current (constant with time) and is
a function of hydrodynamics and more particularly of the
velocity gradient S.

Experimental procedure

Experimental Apparatus. A schematic of the experimental
apparatus is shown in Figure 7. Experiments were carried out
in a glass capillary (4) placed vertically. The inner diameter
was 1 X 10~ m and the length about 1.2 m. The electrolyte (1)
was injected inside the capillary by a Volumax volumetric
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pump (2) (range of flow rate: 0—10 L h~"). Air was injected at
the bottom of the capillary and the air flow rate was measured
by a Brooks mass flow meter (6) (0—20 nL h™'); the air injector
was a flexible porous membrane (5). The fluid velocities (in m
s~ ') ranged between 0.3 and 1 for the liquid and 0.05 and 1.3
for the gas.

All electrochemical measurements were carried out thanks to
the three-probe assembly connected to an electrochemical sys-
tem (Voltalab™32 from Radiometer Copenhagen), including a
potentiostat (potential range: £8V) linked to a computer (Vol-
tamaster 2® software). A schematic of the three-probe assem-
bly is shown in Figure 8.

Work Probe. The cathode (work probe) consisted of a gold
thread of 250 wm diameter. It was stuck normally to the flow
axis and tangentially to the inner surface of the capillary (see
Figure 8). The probe surface must be perfectly smooth and not
enter inside the tube so as not to disturb the flow.

Because the probe is of small dimension, it allows the
measurement of only a local velocity gradient S, which can be
related to local wall shear stress. It is important to note that
only the absolute value of the wall shear stress can be obtained
with this measurement system. The sign of the shear stress
cannot be known.

Electrolyte. The electrolyte used in experiments was an
aqueous solution of potassium ferri/ferrocyanure, to which KCl1
was added to limit the mass transfer of the species by migra-
tion.

The reactions involved are the following:

® At the cathode

[Fe(CN),]'~ + e= — [Fe(CN)e]*~

e At the anode

Capillary

Reference probe

1

|

7 Anode
L

‘i
Cathode \ . T aCapilary

> . .

. Cathode '

(d = 250 um) |

Figure 8. Three-probe circuit.
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[Fe(CN)oJ'~ — [Fe(CN) ™ + e~

The concentrations used were [Fe(CN)s]>~ = 3 mol m ;
[Fe(CN)s]*~ = 6 mol m * and [KCI] = N/3.

Electrochemical Methods. The diffusion limit current was
measured by chronoamperometry (that is, a measurement of
the current vs. time, for an applied voltage of —300 mV, for
100 s). The average value of i was used in Eq. 29.

Relationship between Limit Current Intensity and Shear
Stresses. In the case of a circular probe, Storck and Coeuret?®
proposed a relationship between i, S, and properties of both the
work probe and the solution.

_ 0.863nFC\ DS md*
L= 474

=KC,S" (29)

From the direct measurement of i, S can be calculated and, for
a Newtonian fluid with dynamic viscosity u;, the wall shear
stress can be expressed as

T=Sm, (30)

Standardization with a one-phase flow

Equation 29 takes into account the diameter of the work
probe, although because of the way the probe was built, the
exact probe diameter in contact with the fluid was unknown.

The constant term K is a characteristic of the probe and of
the solute used. K can be determined using calibration tests.

Indeed, for a one-phase water flow, a theoretical value of the
wall shear stress can be calculated from the relationship be-
tween the shear stress 7 and the liquid velocity Uj, in the case
of a laminar flow

BuLUL
Tiheo — D (3 1)

The standardization consists in minimizing the gap between
theoretical and experimental values of the shear stress in a
one-phase flow by adjusting the value of K.

A laminar one-phase flow was generated in the capillary, at
different liquid velocities. For each value of the velocity, the
theoretical value was calculated (Eq. 31) and the limit current
was also measured. It was verified that the measured value of
i is proportional to S'3, so Eq. 29 can be applied. K was
determined, which allowed an estimation of the probe diameter
of 262 wm. This value is very close to the diameter given by
the provider (250 wm) for the thread used to manufacture the
probe.

Figure 9 shows the variation of
to the bisecting line is <10%.

Tep VS. Tyeo- The mean gap

Measurement of wall shear stresses generated by a two-
phase flow in a capillary

Effect of a Gas Slug on the Electrical Signal. The effect of
a gas slug on the electrical signal was determined using low gas
velocities. Figure 10 shows an example of the measured elec-
trical signal when a two-phase flow is generated. Each peak of
current corresponds to a passing gas slug that has been con-
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Figure 9. Experimental wall shear stress vs. theoretical
value (one-phase flow).

firmed by a simultaneous visualization of the flow. The ob-
served baseline corresponds to a passing liquid slug.

The value of the intensity corresponding to a passing gas
slug is called I, and the value of the current corresponding to
a passing liquid slug is called Iy ;. These values were always
negative because the measurement was realized for a reaction
operated as an electrochemical reduction. The use of the abso-
lute values of Ig,, and I ;, enabled us to achieve values of
experimental wall shear stress, respectively, for the gas slugs
(TLgas) and for the liquid slugs (7y ;). For fixed experimental
conditions (Ug,s, Uy;q), the value of current measured for gas
and liquid slugs may vary because of the dispersion of mea-
surements. The value taken for shear stress calculations is an
arithmetic mean value, calculated from about 200 measure-
ments of /. The experimental error on the shear stress calcula-
tion is between 15 and 25%, depending on operating condi-
tions.

Wall Shear Stress Measurement in Liquid Slugs: First Val-
idation of the Experimental Method. Experimental values of
TLLiq can be compared to those calculated by Eq. 8 using U,
instead of U, . Indeed, the liquid velocity near a liquid slug can
be expressed as the mean velocity U,,, which is the sum of the
liquid and of the gas velocities, each velocity being calculated
as if each phase were circulating alone (Eq. 14). Figure 11
represents the variation of the measured wall shear stress as a
function of the theoretical value.

It appears that experimental and theoretical values of 7,
are very close. The gap from the bisecting line is <5%, except
for 5 points, in the low shear stress region, corresponding to the
lowest liquid velocity (Up;q = 0.32 m s~ ). For this velocity,
experimental error is the highest (lower slug frequency, less
experimental points).

Taking into account experimental errors, this measurement
of the wall shear stress near the liquid slugs thus allows
validation of the electrochemical method.

Validation of the Method by Gas Slug Frequency Measure-
ment. The variation of the intensity vs. time during a two-
phase flow also enabled us to obtain the gas slug frequency. On
the other hand, this parameter has already been measured in
previous experiments'> by visualization with a video camera.
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Figure 10. Electrochemical signal for passing air slugs.

The results obtained by the two methods can then be compared
(Figure 12).
Values of gas slug frequency determined by visualization are
TLLiq exp (P2)
16
14 4
12 f

10 4

very similar to those obtained by electrochemical measure-
ments, thus providing additional validation of the electrochem-
ical method.

T LLigtheo (P2)

Figure 11. Experimental wall shear stress near liquid slugs vs. theoretical value.
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Wall Shear Stress Measurement in Gas Slugs. For each
operating condition, the absolute value of I;,, was used to
calculate the experimental absolute value of the wall shear
stress near the gas slug. Figure 13 represents the variation of
this shear stress vs. the gas superficial velocity.

For a given value of Uy, the absolute value of 7 g,
increases with Ug,,, although this increase is relatively
small. For instance, for U;;, = 0.55 m s~ ', T ga. iNCreases
from 0.9 to 2.5 Pa when Ug,, increases from 0 to 1 m s~ ".
TLGas also increases with Uy ;, for a given value of Ug,,. For
a liquid velocity of 0.87 m s_ql, the wall shear stress near gas
slug becomes constant for a definite value of Ug,, (in that
case equal to 0.7 m s '), although this behavior is not
observed for the other values of the liquid superficial veloc-
ity. Shear stress near the gas slug is linked to both liquid and
gas superficial velocity but its increasing rate is low. It is

rcLGas I(Pa)
50+
45 +
4.0 1
3.5+
3.0 +
25+ o o
20+ 0D
1.5 + A
10 + A

05 + X X

0.0 t t i

then possible to posit that its value is essentially linked to
the liquid film thickness around the gas slugs. This will be
discussed in the next section.

Comparison between Modeled and Measured
Shear Stresses: Estimation of the Decreasing
Liquid Film Thickness

With respect to the shear stresses near liquid slugs, the
comparison between the two methods was discussed in the
previous paragraph. The values obtained by the two methods
have been shown to be very close, which confirms the validity
of measurements.

Concerning the shear stresses near gas slugs, Figure 14
represents values of 7 g,, obtained by the two methods.

As mentioned earlier, the electrochemical method does not

X Ulig=0.32 m.s-1
A Ulig=0.55 m.s-1
0 Ulig=0.70 m.s-1
& Ulig=0.87 m s-1

' 4 s i

0.0 0.2 0.4 0.6

t + t 1

0.8 1.0 1.2 1.4

Ugas (m.s™)

Figure 13. Absolute value of wall shear stress near gas slugs vs. Ug, for different values of U ;.
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Figure 14. Wall shear stress near gas slugs vs. U, by the two different approaches.

Uy =087ms s D=1x10"m.

allow us to know the sign of the shear stress. However, by
analogy to previous works, the assumption will be done in the
following part of the study that the liquid film surrounding the
gas slugs is decreasing, and so the wall shear stress near gas
slugs can be considered to be negative.

As demonstrated in Figure 14, the results obtained by the
two methods are quite different. Computed values of wall shear
stress near the gas slug are negative and relatively high in
absolute value for a mean velocity < 1.2 m s~'. When U,,
increases, computed T g, decreases in absolute value and
becomes positive for a mean velocity > 1 m s~ '. On the
contrary, measured wall shear stresses are low and vary very
little with the mean velocity: the absolute value of 7 g, in-
creases slightly with the mean velocity U,, until a limit value
corresponding to Ug,, = 0.1 m s~ ', after which it no longer
seems to depend on U,,.

To understand why experimental shear stresses were low and
almost unrelated with superficial velocities, the idea was to
determine the film thickness near the gas slug.

Measured wall shear stresses will be considered as the most
available. Indeed, on one hand, the methodology was validated
for the one-phase flow and for the liquid slugs; and, on the
other hand, the modeling leads to results that have no physical
significance for low gas velocities.

Equations of the two-phase modeling (from 5 to 22) were
used to calculate the film thickness e from different known
parameters such as the air slug velocity V,, gas superficial
velocity Ug,,, liquid superficial velocity Uy, and the mea-
sured value of wall shear stress near gas slugs 7 g,

ezTLGas - ZI'LLVve + MLr(Vr - UGas - ULiq) = 0 (32)

Assuming that the wall shear stress near gas slugs is negative,
only one root of this equation is physically possible

_ 2I‘LLVS -2 V/l'LIZ‘V? - TLGHS,‘LLr(VI - UGas - ULiq)
B 2TLGas

e
(33)
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Table 2 presents the values of the film thickness calculated both
by the Bretherton relationship (Eq. 25) and by the present
method.

Computed values of e are in the same range as values
obtained according to the Bretherton equation (see Table 2).

However, with the Bretherton equation, the film thickness
increases with the gas superficial velocity (from 41 to 56 wm),
whereas the values obtained from Eq. 33 do not seem to depend
on this experimental parameter. This result may lead to the
assumption that the film thickness is controlled more by the
solid/liquid surface tension effect than by hydrodynamics.

The use of the Bretherton equation can be discussed because
this correlation has been established for a gas slug moving in a
motionless liquid, of which some conditions of flow are dif-
ferent from those reported in that study. It was then decided to
use the two-phase model, taking into account our description of
e instead of the Bretherton equation, and to compare values of
wall shear stresses near gas slugs obtained by two methods: (1)
measured by the electrochemical method and (2) obtained by
modeling with recalculated values of e (Figure 15).

Obtained T g,, values were negative for both of the above
approaches. Recalculated values of 7 g, (method 2) are much
closer to the measured 7 .

However, there is still a difference between the values, of
about 20%, which can be explained by the relative error made
on the film thickness calculation. Moreover, the empirical

Table 2. Values of ¢ Obtained by Two
Different Approaches*

UgGas Values of e (Bretherton Values of e (This Method)
mshH Relationship) (wm) (um)
0.11 41 46
0.16 46 46
0.22 47 46
0.33 50 46
0.44 53 46
0.55 56 46

#Upy = 087ms™".
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Figure 15. Computed wall shear stress near gas slugs vs. measured values.
Uiy = 087ms s D=1 X 107> m; Ug,, between 0.1 and 0.6 m s~ .

relationship (Eq. 11) is used to calculate the air slug velocity
V.. This value of V, is used many times in the model that can
explain the gap between values of 7 g, obtained by the two
approaches.

The model describes the variation of 7 g, vs. Uy;q and Ug,,
but the absolute value of 7 ,, is underestimated by about 20%.

Conclusion

The aim of this study was to characterize wall shear stresses
generated by a gas-liquid two-phase flow inside a capillary,
following two approaches.

The first approach consisted in a calculation of these shear
stresses by use of a two-phase model, including flow parame-
ters that were determined experimentally in a previous study.!s
Moreover, the resolution of the set of equations needed the use
of an equation drawn from the literature,'® describing the film
thickness around the gas slugs. The use of this equation,
established for a gas slug moving in a motionless liquid,
introduced a strong uncertainty into the calculation of the shear
stresses by the two-phase model and induced some results
having no physical signification in the case of low gas velocity.

The second approach constituted a direct and local measure-
ment of wall shear stresses by an electrochemical method. This
method presents technological difficulties, although it intro-
duces few assumptions and elucidates a great deal of informa-
tion about the flow (shear stress, slug length, frequency).
Among them, the shear stress near the gas slugs, an unknown
parameter until then, was obtained for different operating con-
ditions. Moreover, a calculation of the liquid film thickness
around the gas slugs from measured values of the shear stresses
verified that this thickness does not depend on gas velocity. It
may be possible that the film thickness is controlled more by
the solid/liquid surface tension effect than by hydrodynamics.
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Notation
Ca = capillary number
d = probe diameter, m
D = capillary inner diameter, m
D, = diffusivity coefficient, m? s~
D¢, = hydraulic diameter near the gas slug, m
D,;, = hydraulic diameter near the liquid slug, m
e = liquid film thickness, m
f = friction factor
foas = friction factor near the gas slug
frig = friction factor near the liquid slug
i = diffusion limit current, A
I, = intensity near the gas slug, A
I, = intensity near the liquid slug, A
Ocas = gas flow rate, m® s~ !
0,,, = liquid flow rate, m* s
r = capillary radius, m
Reg,., = Reynolds number characterizing the liquid flow near the gas
slugs
Re,;, = Reynolds number characterizing the liquid flow in the liquid
slugs
R; = gas holdup
R, = liquid holdup
R, Gas = liquid holdup in the gas slugs
Ry 1, = liquid holdup in the liquid slugs
= local velocity gradient, s™!
Ug,s = gas superficial velocity for a two-phase flow, m s '
U}, = liquid superficial velocity for a two-phase flow, m s
U, = mean liquid velocity for a one-phase flow, m s~ "
U, 6as = liquid velocity near the gas slug, m s~ !
U, 1, = liquid velocity near the liquid slug, m st
U,, = mean velocity of the flow, m s~
V = total volume of the dispersion (gas + liquid), m*
VS = volume of the gas phase, m*

V, = gas slug velocity, m s~

AIChE Journal



Greek letters

g, = air injection ratio

@, ;, = liquid flux between a gas slug and a liquid slug, m s~

Dy, = gas flux between a gas slug and a liquid slug, m s~ '
., = liquid viscosity, Pa-s
pr. = liquid density, kg m™
o, = surface tension, N m™

TiLiq = Wall shear stress generated by the liquid slug, Pa

Trgas — Wall shear stress generated by the liquid film near the gas slug,

1

3
1

Pa

Tmeo = theoretical wall shear stress generated by the one-phase flow,
Pa

Texp = €Xperimental wall shear stress measured for the one-phase
flow, Pa
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