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Abstract

We consider the liquid-side mass transfer coefficientkL in a dense bubble swarm for awide
range of gas volume fraction (0.45% ≤ αG ≤ 16.5%). The study is performed for an air-water
system in a square column. Bubble size, shape and velocity have been measured for different
gas flow rates by means of a high speed camera. Gas volume fraction and bubble velocity have
also been measured by a dual-tip optical probe. Both of thesemeasurements show that the bubble
vertical velocity decreases when increasingαG in agreement with previous investigations. The
mass transfer is measured from the time evolution of the dissolved oxygen concentration, which
is obtained by the gassing-out method. The mass transfer coefficient is found to be very close to
that of a single bubble provided the bubble Reynolds number is based on the average equivalent
diameter〈deq〉 and the vertical slip velocity〈Vz〉.
Keywords: Bubble columns - Mass Transfer - Hydrodynamics

1. Introduction

Bubbly flows are widely present in industrial mass transfer processes because of their high
interfacial area. In most gas-liquid reactors, the gas volume fraction can have average values larger
than 10 or 20% and locally reach much larger values. For such high void fractions, the fluid
agitation is known to be significantly controlled by bubble induced turbulence (Lance & Bataille,
1991; Ribouxet al. , 2010) and bubbles can not be considered as isolated. One significant effect
is the decrease of the bubble rise velocity when increasing the gas volume fraction. One question
of importance for such systems concerns the induced effect on the mass transfer. Despite the high
gas volume fractions observed in industrial applications,numerous investigations have used mass
transfer models without considering effect of gas volume fraction. They are based on the Higbie’s
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penetration theory (Higbie (1935)) where the liquid-side mass transfer coefficientkL depends on
the molecular diffusion coefficientDL and a characteristic timetc as

kHig
L =

2√
π

√

DL

tc
, (1)

wheretc is the so-called exposure or contact time. It represents thecharacteristic time of transfer
by the fluid motion and it is also presented as the residence time of fluid particles at the interface.
Different models can be found fortc. It has been expressed as the ratio of the bubble diameter to
the bubble rise velocity, the bubble surface area to the rateof surface area formation or using eddy
fluctuations velocity (Nedeltchevet al. (2007); Huanget al. (2010)).

In most of the studies dedicated to bubbly reactors, the contact time is defined astc = deq/Vz

wheredeq is the bubble equivalent diameter andVz is the bubble rising velocity. With such a
definition, the normalized transfer coefficient, when expressed using the Sherwood numberSh =
kLdeq/DL, is equivalent to the analytical solution obtained by considering the potential flow around
a spherical clean bubble having the same diameter and terminal velocity (Boussinesq, 1905):

ShB =
2√
π
(ReSc)1/2 =

2√
π
Pe1/2 (2)

whereRe = deqVz/νL is the bubble Reynolds number andSc is the Schmidt number.This solution
assumes a thin concentration boundary layer thickness, which is valid at large Peclet numbersPe =
ReSc. The Boussinesq solution is known to be very accurate to describe mass transfer for the case
of isolated (or very dilute) clean spherical bubbles risingin a liquid at a large bubble Reynolds
number (Figueroa & Legendre, 2010). Boussinesq solution (2) has been used as closure law in
Eulerian-Eulerian two fluid models to simulate industrial ozonation towers (Cockx et al. , 1999)
and aeration tanks for urban wastewater treatment (Fayolleet al. , 2007) for low and moderate gas
volume fractions (αG ≤ 10%).

As indicated above, expression (2) is theoretically limited to large bubble Reynolds numbers
and isolated spherical bubbles. Some corrections based on single bubble results have been intro-
duced for simulating bubble columns in order to account for finite Reynolds number effect (Dar-
manaet al. , 2005; Shimadaet al. , 2007; Ayed et al. , 2007) and bubble deformation (Nedeltchev
et al. , 2007). Such corrections for single bubble mass transfer are discussed inTakemura & Yabe
(1998) andFigueroa & Legendre(2010). General reviews for mass transfer with bubbles can be
found inClift et al. (1978); Michaelides(2006). Most of these studies focused on single bubbles.
Their relevance to dense bubbly flow has not yet been proved. Concurrently, bubble induced agi-
tation has been investigated (Garnieret al. , 2002; Zenit et al. , 2001; Ribouxet al. , 2010) but its
impact on the transfer was not considered. This is the objective of the experimental study reported
in this paper. For this purpose, accurate measurement of oxygen mass transfer, interfacial area,
bubble diameter and bubble slip velocity are performed overa wide range of gas volume fraction
(0.45 ≤ αG ≤ 16.5%).

2. Experimental methods

2.1. Experimental set-up and instrumentation
We consider the transfer of oxygen from dispersed air bubbles into water. Experiments are

performed at ambient temperature and pressure.Tap water filtered to remove particles larger than
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15 µm is used in all the presented experiments. However, the gas-liquid system can be considered
to be close to a clean system since terminal velocity of single bubbles was checked to be the same
as that obtained in ultra pure water. The main physical properties of the system are summarized in
table1.

The experimental set-up is described in detail inRibouxet al. (2010). It consists in injecting
bubbles in a square (15 × 15 cm) glass column of 100 cm high. The gas line is equipped with
three different rotameters (Brooks) to give access to a large range of gas flow rates and gas volume
fraction. A three way valve has been added to switch from nitrogen to air. An homogeneous bubble
swarm is generated by means of841 capillaries of15 cm long and inner diameterdc = 0.2 mm.

2.1.1. Shadow casting method
A high speed CMOS camera (Photron APX) with a fixed-focus lens is employed (Fig.1).

The camera is operated at500 images per second with an exposure time varying from1/20000 to
1/500 s depending on the lighting method.
For low gas volume fraction, lighting is supplied by a100×100mm diode backlight of65700 cdm2.
For high gas volume fraction an halogen spot of1000W is required.

The shadow casting set-up consists in using a105 mm fixed-focus lensNikon to visualize a
field located at15mm to the wall in thex- direction, in the center of the column in they-direction
and at a distance of150 mm from the injectors tips in the verticalz- direction. For this set-up,
dimensions of the view field are18 × 18 mm and the resolution is56.8 px/mm. The diaphragm
aperture is adjusted to offer a thin depth of field (0.8mm), which allows to detect only the bubbles
that cross the field of view.

2.1.2. Dual-tip optical probe
To measure gas volume fractionαG and the vertical bubble velocityVz, a dual-tip optical fiber

probe (RBI Instrumentation) is introduced in the center of the column. A threshold just higher than
the signal noise is first applied on the raw signal. Then the gas volume fraction is calculated by

αG =

∑

∆tyi
taqc

, (3)

wheretaqc is the acquisition duration andΣ∆tyi the total time during which the probe has detected
the gas phase,∆tyi corresponding to the detected duration of bubblei. The signal acquisition is
performed with a sampling frequency of10 kHz. Gas volume fraction measurements shows a
good convergence for a recording time larger than800 s. An accuracy better than2% is obtained.

Knowing the distanceds = 1 mm between the two optical fibbers and the time interval∆t12i
between the successive detections of the same interface by the two fibers, the vertical velocityVzi

of bubblei is obtained by

Vzi =
ds

∆t12i
(4)

The main difficulty of the measurement is to match the two successive rising fronts that corre-
spond to the piercing of the same bubble. Various parasite cases may generate very high or very
low measured velocities. As a result, it is necessary to define realistic maximum and minimum
velocities. According to previous tests (Riboux, 2007), a maximal velocityVmax = 0.7 ms−1 and
a minimal velocityVmin = 0.03ms−1 have been chosen.
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2.1.3. Particle tracking velocimetry (PTV)
The tracking method is based on the comparison of bubble center positions between consec-

utive images. To improve the number of successive images where a given bubble is detected, a
predicting trajectory algorithm is employed. The recordedimages are proceeded usingMatlabr.
A typical shadow casting raw image with bubble detection is presented in Fig.2 for different gas
volume fractions. As the gas flow rate increases, the number of bubble rising between the focus
field and the column wall increases. The detection thus becomes difficult since those blurred bub-
bles mask the bubble located in the visualization field. As a consequence, the present results are
limited to gas volume fraction less than16.5%. Beyond this value the detection of bubbles is not
possible by this method.

The bubbles are assumed to be oblatespheroidwith a minor semi-axisa, a major semi-axisb
and aspect ratioχ = b/a. The volume of a detected bubble isVb = 4πb2a/3 = πd3eq/6, so the
equivalent diameter is

deq = (8b2a)1/3, (5)

and the bubble areaSb can be expressed as (Beyer, 1987)

Sb = π
d2eq
4

(

2χ2/3 +
χ−4/3

√

1− χ−2
ln

(

1 +
√

1− χ−2

1−
√

1− χ−2

))

(6)

2.1.4. Interfacial area measurement
For a given volume of the columnVtot, the volumetric interfacial area isaI =

∑

Sb/Vtot and is
linked to the gas volume fractionαG =

∑

Vb/Vtot by the relation:

aI = αG

∑

Sb
∑

Vb

, (7)

whereVb is the bubble volume. As indicated above, for each bubble detected,a andb are obtained
from the images used to determine the bubble volumeVb and surfaceSb. On the other hand, the
gas volume fractionαG is given by the optical probe. Then, the interfacial areaaI is determined
by using Eq. (7).

2.2. Mass transfer measurement

During the oxygenation step, the concentration of dissolved oxygen in water is measured by
using a fast time response probe (Clark type micro-sensor,UnisenseOx50). The concentration
measurement is based on the measurement of the electrical intensity between an anode and an
oxygen reducing cathode. This intensity (in pico Ampere) isproportional to the oxygen concen-
tration in the media. The oxygen probe is placed at the halfway of the swarm.

Oxygen saturation concentration. At the bubble interface, the concentrations of the species on
each side (liquid and gas) are controlled by the Raoult’s lawand the Henry’s law. When a gas
bubble is injected in a liquid, the liquid-vapor equilibrium controls the vapor concentration of water
in the bubble. This equilibrium is governed by the Raoult’s law that relates the molar fractions
(xG

H2O
, xL

H2O
) of water through the gas and liquid fugacity equalities. Considering that the liquid

is essentially composed of waterxL
H2O

≈ 1 and that activity and fugacity coefficients are equals to
unity, the Raoult’s law simplifies to

xG
H2O

= P sat/P, (8)
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whereP sat stands for the saturation pressure of water that depends essentially on the temperature.
P is the gas phase pressure that is taken equal to the liquid phase pressure by neglecting the
Laplace pressure jump. Considering the molar fraction of oxygen in dry airxG0

O2
and assuming that

the liquid-vapor equilibrium is reached instantaneously,the molar fraction of oxygen in bubble is
then

xG
O2

= xG0

O2
(1− xG

H2O
) = xG0

O2
(1− P sat/P ) (9)

The species concentration jump at the interface is given by the Henry’s law. Considering an
ambiant pressure and a low solubility of oxygen in water, Henry’s law gives the relation between
the oxygen concentration in the gasxG

O2
and in the liquidxL

O2
at the bubble interface

xL
O2

= xG
O2
P/He (10)

whereHe (here inPa) is the Henry constant of oxygen in water and is essentially depending on
temperature. Using Eq.9, the above molar fraction jump can finally be expressed as

xL
O2

= xG0

O2

(P − P sat)

He
(11)

Considering the data reported in Table1, the molar fraction of oxygen in the liquid phase is very
smallxL

O2
= 5.12 10−6. Consequently, the oxygen saturation mass concentration is related to the

oxygen saturation molar concentration as

CLs(z) = xG0

O2
ρH2O

MO2

MH2O

(P − P sat)

He
(12)

Pressure influence. It can be noticed that the oxygen concentration depends on the local total
pressureP . In a tall bubble column, the vertical pressure gradient dueto hydrostatic pressure can
influence the local saturation concentration (Camacho Rubioet al. , 1999). In the column, the
mean pressure evolves vertically asP (z) = P atm+(1−αG)ρLg(H−z) wherez = 0 corresponds
to the injectors tip,H is the height of the swarm andP atm is the atmospheric pressure at the upper
liquid surface. The pressure and the oxygen saturation concentration are maximal at the injector
level due to water weight. For a very low gas volume fraction (αG ≈ 0) and a height of liquid
H = 70 cm, the maximal variation of the oxygen saturation concentration is only6.4% (Eq. 12).

Oxygen concentration depletion influence. In recent investigations on airlift reactors, the oxygen
depletion in bubble was found to strongly influence global mass transfer (Talvy et al. , 2007).
The oxygen concentration in a bubble along its path from the injectors to the upper liquid surface
varies due to the mass transfer that generates a depletion ofthe bubble oxygen concentration. In a
Lagrangian point of view, the variation of the oxygen concentrationCG in a single gas bubble can
be expressed as

dCG

dt
= −Sb

Vb
kL(CLs − CLBulk) (13)

whereCLBulck is the liquid bulk concentration. The maximum variation of the oxygen concentra-
tion in a bubble is observed at the beginning of the experiment since there is no oxygen in the bulk
(CLBulk = 0). To estimate this variation, we consider a bubble generated from a single capillary in
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quasi-static bubbling regime wheredeq0 = 2.1 mm, χ0 = 1.7, Vz0 = 0.32 m.s−1 (Ribouxet al. ,
2010). The bubble resident time in the column is estimated asts ≈ H/Vz0 = 2.18 s. The oxygen
concentration variation in the bubble is estimated using the relation (2) to calculate the transfer co-
efficient. The variation is found to be around6% compared to the value at the middle-height of the
column. During the oxygenation experiments, the variationof the oxygen in the bubble decreases
since the liquid bulk concentrationCLBulk increases with time.

Nitrogen mass transfer influence. In this study we have a ternary system and nitrogen may un-
dergo also mass transfer to or from the bubble. Before any experiment, the bubbling of pure
nitrogen in the water is used to remove oxygen and it imposes an initial saturation concentration
of nitrogenCN2

L (t = 0) = 18.84 mgL−1 in the liquid. When switching from Nitrogen to air, the
gas composition changes fromxG0

N2
= 1 to xG0

N2
= 0.791 and nitrogen transfers from the liquid to

the gas until the concentration of nitrogen in the liquid reaches the value corresponding to the new
molar gas fraction of nitrogenCN2

L (t = ∞) = 14.89 mgL−1. In the bubbles, the effect of this
nitrogen mass transfer is the dilution of the oxygen concentration due to the increase of nitrogen
concentration. A simple estimate of the impact of the nitrogen liquid to gas mass transfer on the
oxygen gas concentration is done by considering that the oxygen is not transferring. Then, the
variation of the nitrogen concentration of one bubble has been calculated using equation13 with
CLs = CN2

L (t = ∞) andCLBulk = CN2

L (t = 0). Due to the value of the nitrogen diffusion coef-
ficient in waterDN2

L given in table1, the mass transfer coefficient is calculated using relation(2).
Assuming a constant bubble volume, the nitrogen concentration variation in the bubble is found
to be less than1.6% from CN2

G = 899.8 mg L−1 at the bottom toCN2

G = 914.5 mg L−1 at the top
of the column. As a result,CG(t = 0) = 272.38 mg L−1 to CG(t = ts) = 268.99 mg L−1 so
that the dilution of the oxygen gas concentration due to nitrogen mass transfer is less than1.3%.
Consequently, we neglect in this work the effect of nitrogenmass transfer.

Finally, due to the weak influence of the pressure and of the gas concentration depletion, the
oxygen saturation concentration can be reasonably considered as constant after several seconds
and equals to the concentration at the upper surface (P = P atm):

C∗

Ls = CLs(z = H) = 9.08mg L−1 (14)

Transfer time scale. The classical gassing-out method is used to deduce the transfer time scale.
This method consists in first bubbling nitrogen gas in the column in order to remove the oxygen
naturally present in water. Secondly, without changing thegas flow-rate and the bubble injection
dynamics, air is suddenly injected in the column and the dissolved oxygen concentration increases
until the saturation of oxygen in the liquid is achieved. Theanalysis of the time evolution of the
oxygen concentration is then used to obtain the mass transfer time scale.

The small liquid volume and the efficient liquid mixing caused by bubble induced turbulence
both contribute to an efficient liquid mixing. The bubble column is thus assumed to be a perfectly
mixed reactor. In such a condition, the variation of the liquid oxygen concentrationCL is described
by

∂CL

∂t
=

kLaI
(1− αG)

(C∗

Ls − CL) (15)
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wherekL is the liquid-side mass transfer coefficient andaI is the interfacial area. The oxygen
probe response timeτp needs also to be taken into account (Letzel et al. , 1999; Martin et al. ,
2007). For this purpose, the behavior of the oxygen probe is assumed to evolve as a first order
system

∂Cp

∂t
= (1/τp)(CL − Cp) (16)

The resolution of the probe signal (Eq.16) and the oxygen concentration (Eq.15) leads to

Cp

C∗

Ls

= 1− 1

(τ − τp)
(τe−t/τ − τpe

−t/τp) (17)

whereτ is the transfer time scale corresponding to the relaxation time of mass transfer and is given
by

τ =
(1− αG)

kLaI
(18)

For our experiments, a fast response time probe was used (τp = 0.8 s) and the concentration
measurements were performed with a sampling frequency of20 Hz.

3. Results and discussions

The PTV method provides the evolution of the bubble average equivalent diameter, the inter-
facial area and bubble velocity components onx- andz- axis. The dual-tip optical probe gives the
gas volume fraction and bubble vertical (z- axis) velocity. Bubble surface area and hydrodynamic
results are then combined with mass transfer measurements to access to the experimental transfer
coefficientkL. The values are finally compared to the transfer observed fora single bubble of same
equivalent diameter and terminal rise velocity.

3.1. Equivalent diameter and interfacial area

The equivalent diameter can be extracted from bubble volumes (Eq.5). The average equivalent
diameter presented in Fig.3a is found to increase with the gas volume fraction (or gas flowrate).
This increase is mainly explained by the bubble formation conditions. At very low gas volume
fraction, the formation can be consider as quasi-static andthe bubble size can be predict by the
equilibrium between buoyancy and capillary forces at the tip of the capillaries. Considering a
contact angle of 90◦, the static diameter can then be expressed using the Tate law

dT =

[

6σdc
∆ρg

]1/3

(19)

As expected, at low gas hod-up, the equivalent diameter measured by the PTV method corresponds
to the prediction of Eq.19 (dT ≈ 2.07 mm) and to previous experimental results ofRibouxet al.
(2010) (deq0 = 2.1 mm). For moderate gas flow rate, inertial effects (added mass) are involved

in the forces balance experienced by the bubble. The resulting effect is an increase of bubble
volume at detachment (Duhar & Colin, 2006). For very high flow rate, bubble coalescence can
take place just above the capillary tip (Manassehet al. , 2008). The Log-Log representation used
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in Fig. 3a clearly reveals two different power-law evolutions. The diameter evolution observed in
our experiments can be simply described by the following relations

〈deq〉 − deq0
deq0

≈ 15αG for αG ≤ 2.4% (20)

〈deq〉 − deq0
deq0

≈ 2.3α0.5
G for αG ≥ 2.4% (21)

For a very similar bubble column and injection system but with different capillaries inner diameter
(dc = 0.15 mm), Martínez-Mercadoet al. (2007) also observed an increase of bubble diameter
with αG. The corresponding experiments are reported in Fig.3a. It is interesting to note thatboth
Eq. 20 and Eq. 21 with deq0 = 1.4 mm can also reproduce the diameter evolution reported by
Martínez-Mercadoet al. (2007).

From the experiments, the bubble aspect ratio has also been determined. It appears that the
bubble aspect ratio is not significantly impacted by the gas volume fraction. It has been found to
be nearly constant for the gas volume fractions considered in this study:

χ ≈ 1.5

The interfacial areaaI is reported in Fig.3b and is found to increase significantly with the gas
volume fraction. The corresponding evolution can be simplydescribed by the following relation

aI
aI 0

≈ 0.341α0.805
G (22)

whereaI 0 = Sb/Vb = 3 103m−1 is the surface to volume ratio for a bubble of equivalent diameter
deq0 and aspect ratioχ0. However, it is important to stress here that these two relations (Eq.20-22)
are strongly dependent on the bubble generation set-up.

3.2. Bubbles velocities

During the last decade, bubble velocity in dense swarms has been investigated (Rusche & Issa,
2000; Garnieret al. , 2002; Zenit et al. , 2001; Riboux et al. , 2010). All these studies report a
significant decrease of the average vertical velocity with the increase of the gas volume fraction.
Experimentally, one of the major difficulties is to keep an homogeneous regime in order to avoid
large-scale liquid circulations. In our column, it is observed that at gas volume fraction around 10
%, large vertical liquid loops can be produced resulting in achurn turbulent bubbly flow and an
unstable upper liquid surface. To avoid this phenomenon andstay in the homogeneous regime, the
liquid volume in the column is reduced to maintain stable conditions. The corresponding values of
the liquid height are reported in Table2.

As shown in Fig.4, the vertical velocities obtained with the dual-tip optical probe are in very
good agreement with the previous results and correlations.In previous experiments, the vertical
velocity was investigated using optical or resistive probes. In this work, the bubble velocity is
also measured using non intrusive measurement (high speed camera). Results obtained with both
methods are compared in Fig.4. We observe a very satisfactory agreement between velocities
measured with our PTV method and the classical optical probemethod. The small underestimation
observed for PTV results can be explained by wall effects anda correction could be deduced from
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measurement of wall velocity profiles in the column. Our results are found to be well described by
the correlation proposed byRibouxet al. (2010)

〈Vz〉 = Vz0(1− α0.49
G ), (23)

whereVz0 is the rise velocity of an isolated bubble. Note that the correlations ofGarnieret al.
(2002) 〈Vz〉 = Vz0(1− α

1/3
G ) predicts a velocity from 10 to 25% lower. This discrepancy could be

explained by the fact that in our work (and other previous experimental studies in agreement with
our results) no liquid flow rate is imposed.

PTV measurement also provides the average horizontal velocity 〈Vx〉. This component is re-
ported in Fig.4. We can observe that the averaged horizontal velocity is zero, showing that there
is no horizontal mean bubble motion.

3.3. Mass transfer

Two typical time evolutions of oxygen concentration are presented in Fig.5 for αG = 0.6 and
15.2%. The least square method is used to fit the experimental curves with Eq.17in order to obtain
the transfer time scaleτ . The corresponding fitting curves are also reported in Fig.5 and we can
observe that the agreement is very good. The evolution of theoxygen concentration in our system
is thus the one expected and described using equation Eq.17, which can be used to determine the
transfer timeτ .

The corresponding values ofτ are reported in Fig.6. It is shown that the time necessary
to reach the liquid saturation decreases with the increase of the gas volume fraction since the
interfacial area increases with the increase ofαG. The decrease ofτ is significant since one order
of magnitude is found between the time to saturate forαG < 1% andαG = 16.5%. The log-log
representation of Fig.6 indicates that the transfer time decrease follows a very simple power law

τ ∝ α−0.74
G

The experimental mass transfer coefficientkexp
L is then deduced from the value ofτ :

kexp
L =

(1− αG)

τaI
(24)

The evolution of the experimental mass transfer coefficientkexp
L is reported in Figure7 for the

gas volume fractions considered in this study. Firstly, it can be noted that despite asignificant
range of variation of the gas volume fraction (more than one decade), the same order of magnitude
is observed forkexp

L ≈ O(10−4) ms−1. Consequently, for a rough estimation the mass transfer
coefficient can be considered as constant.

Secondly, a detailed inspection of the evolution ofkexp
L reveals that the mass transfer coefficient

slightly decreases with the gas volume fraction. However, since both bubble diameters and rising
velocities vary withαG (see Fig.3a and Fig.4, respectively) it is not really possible to explain
the origin of the decrease ofkexp

L with the gas volume fraction. Knowing the evolution of both the
diameter and the rising velocity as functions ofαG, it is possible to calculate for each gas volume
fraction the transfer from an isolated bubble having the same diameter and the same rising velocity
in order to discuss the effect of the gas volume fraction uponthe transfer. This is the objective of
the next section.
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3.4. Comparison with single bubble mass transfer

It is now possible to compare the evolution of the mass transfer coefficientkexp
L with results

obtained for isolated bubbles. For this purpose, we define the bubble Reynolds number as

Re =
〈Vz〉 〈deq〉

νL
(25)

where〈Vz〉 is obtained from correlation (23). A constant Schmidt numberSc = 500 is considered.
The evolution of the diameter〈deq〉 is calculated using Eq.20-21. As indicated in the introduction,
several expressions have been obtained in order to improve the Boussinesq analytical solution given
by (2), which is limited to large bubble Reynolds numbers and spherical bubbles. Consequently,
some corrections have been introduced to consider the effect of a finite Reynolds number and the
effect of the bubble deformation. Among the expressions in the literature to consider the effect of
the Reynolds number, we consider the solution obtained byWinnikow (1967), which is based on
the velocity field derived byMoore (1963) (seeTakemura & Yabe(1998); Figueroa & Legendre
(2010)):

ShW =
2√
π

[

1− 2.89√
Re

]1/2

Pe1/2 (26)

For moderate Reynolds numbers and high Schmidt numbers,Takemura & Yabe(1998) determined
the mass transfer of bubbles of a few millimeters (almost spherical) by means of accurate time-
varying diameter measurements. They proposed a semi-empirical relation in good agreement with
both their experiments and their numerical simulations

ShTY =
2√
π

[

1− 2

3

1

(1 + 0.09Re2/3)3/4

]1/2

(2.5 + Pe1/2) (27)

The second effect not considered in the Higbie model based onthe contact timetc = deq/Vz

is due to bubble deformation. Air bubbles in water are known to deform when their diameter is
larger than1mm. For a clean ellipsoidal bubble,Lochiel & Calderbank(1964) have developed an
analytical expression of the mass transfer coefficient using the potential solution around a spheroid
of minor and major semi-axis noteda andb, respectively:

Sh(χ) =
2√
π
Pe1/2f(χ) (28)

The functionf(χ) accounts for the effect of the deformation. The validity of such solution has
been recently discussed inFigueroa & Legendre(2010). Based on direct numerical simulations
this study reveals that, the Sherwood number is close (within about10%) to the Sherwood number
of a spherical bubble with the same Peclet number.Figueroa & Legendre(2010) proposed a
simple correction functionf(χ) to describe the effect of the deformation for500 < Re < 1000
andSc > 100:

f(χ) = 0.524 + 0.88χ− 0.49χ2 + 0.086χ3 (29)

As indicated in section3.1, the averaged deformation of a bubble is found to be almost constant
for the gas volume fraction considered. A constant valueχ ≈ 1.5 is used in the following to
characterize bubble deformation. The corresponding correction is thusf(χ = 1.5) = 1.031.
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The evolutions of the mass transfer coefficientkL obtained using relation (2) (Boussinesq,
1905), relation (26) (Winnikow, 1967), relation (27) (Takemura & Yabe, 1998) and relation (28-29)
with f(χ = 1.5) = 1.031 (Figueroa & Legendre, 2010) are reported in Figure7 for comparison.
All these expressions reproduce the decrease of the transfer coefficient, indicating that the decrease
observed in Figure7 is due to the combined evolutions of the diameter〈deq〉 and the rise velocity
〈Vz〉 with the gas volume fraction. The major insight of the present work is that the mass transfer in
a bubble column with a gas volume fraction as large as 16.5 % issimilar to that of a single bubble.
This result is in agreement with the experiments ofAbbaset al. (2009), which were carried out in
a more complex configuration and forαG up to 12%.

According to the simulations reported inFigueroa & Legendre(2010), the differences between
the correlations for a single bubble are around10%. Expressions (27) and (26) give very close
evolutions for hight Reynolds numbers and high Schmidt numbers. We can also observe that the
differences between the predictions given by Eq. (2) and (28) are only due to the effect of the
bubble shape on the mass transfer, which are given by Eq.29 with f(χ = 1.5) = 1.031. There is
no significant effect of the bubble deformation in our study,the dominant effects in the variation
of kL being due to the variation of the diameter and that of the rising velocity.

The absence of noticeable difference with the transfer of a single bubble results from the fact
that the near velocity field structure on the front part of thebubble is not significantly changed by
bubble interaction. As shown inFigueroa & Legendre(2010), the total transfer is mainly controlled
by the mass transfer on the front part of the bubble, which takes place across a very thin diffusion
boundary layerδD that can be estimated asδD/ 〈deq〉 ≈ Pe−1/2. Typically, in our experiments the
bubble diameters are in the range2.1 mm ≤ 〈deq〉 ≤ 4 mm and the corresponding slip velocities
are0.2 ms−1 ≤ 〈Vz〉 ≤ 0.32 ms−1. The value of the Peclet number is thusPe = O(4 105) and
the diffusion boundary layer isδD/ 〈deq〉 ≈ 0.005 i.e. δD ≈ 15 µm. For a Schmidt number around
500,δD is about 20 times smaller than the dynamic boundary layer on the bubble surface. Very
precise measurements of the velocity field around bubbles ina dense bubbly flow were reported by
Roig & Larue de Tounemine(2007). This study reveals that the velocity field on the front partof
the bubble (i.e. the liquid pushed by the rising bubble) is mainly controlled by the bubble velocity
and not significantly affected by the surrounding bubble induced agitation forαG up to15%, while
a more important effect is observed in the bubble wake. Sincethe transfer is mainly located on
the front part of the bubble, the effect of the gas volume fraction remains low compared to the
transfer from a single bubble of same diameter and same rising velocity. For a gas-liquid system
with a smaller Peclet number, the concentration boundary layer would be thicker and one expect a
stronger effect of the gas volume faction.

4. Conclusions and perspectives

In this work, the mass transfer have been investigated in a homogeneous dense bubble swarm
up toαG = 16.5%. The main characteristics of the bubble hydrodynamics havebeen measured.
Bubble diameters and rising velocities have been presentedversus the gas volume fraction. The
correlation proposed byRibouxetal. (2010) for the vertical velocity was found to be valid for the
range of gas volume fraction considered. Furthermore, thishindrance effect have been observed
and confirmed with a non intrusive method by using shadow casting with a high-speed camera.
The image processing has been performed thanks to the automatic detection of the bubbles in a
very thin visualization field.
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In a second part, the mass transfer have been studied using the gassing-out method. Thanks
to an accurate characterization of the interfacial area andthe bubble dynamics, the mass transfer
coefficient has been determined up toαG = 16.5%. The experimental mass transfer coefficient
was found to be very close to that of a single bubble when usinga Reynolds number based on the
equivalent diameter〈deq〉 and the rising velocity〈Vz〉.

Collective effect within the bubble swarm do not modify the mass transfer coefficient because
at large Schmidt numbers, it takes place through a very thin concentration boundary layer located at
the front of the bubble, which is not affected by hydrodynamical interactions between the bubbles.
This result provides an a posteriori validation of mass transfer modelsfor systems with high Peclet
numbersthat do not consider any gas volume fraction correction.

In a future work, we envisage to develop an improved PTV technique that could deal with large
gas volume fraction and allow to check if the present resultsstill hold for denser bubble swarm.
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Nomenclature

Roman symbols
a minor semi-axis of the ellipsoid,m
aI interfacial area,m−1

b major semi-axis of the ellipsoid,m
Ck oxygen mass concentration in phasek, mg L−1

CN2

k nitrogen mass concentration in phasek, mg L−1

Cp mass concentration from the probe,mg L−1

CLBulk liquid bulk mass concentration,mg L−1

CLs saturation mass concentration,mg L−1

C∗

Ls saturation mass concentrationT = 20 ◦C andP = 101325 Pa, mg L−1

dc capillary inner diameter,m
ds distance between the two optical fibres,m
deq equivalent diameter,m
dT bubble equivalent diameter from the Tate law,m
DL liquid molecular diffusivity,m2 s−1

kL mass transfer coefficient,ms−1

f(χ) correction factor due to bubble deformation(Sh(χ,Re, Sc)/Sh(χ = 1, Re, Sc))
g gravity constant,9.81 ms−2

H bubble swarm height,m
He Henry’s constant for oxygen in water,Pa
Mi molar mass of speciesi, kg mol−1

P pressure,Pa
Pe Peclet number based on the equivalent diameter (ReeqSc)
Sh Sherwood number based on the equivalent diameter
Re Reynolds number based on the equivalent diameter
Sb bubble surface,m2

Sc Schmidt number (νL/DL)
T temperature,◦C
tacq acquisition duration,s
ts resident time of the bubbles in the column,s
Vb bubble volume,m3

Vtot column volume,m3

Vz vertical velocity,ms−1

Vx horizontal velocity,ms−1

xk
i molar fraction of speciesi in phasek

xG0

k molar fraction of speciek in dry air

Greek symbols
αG gas volume fraction
δD diffusion boundary layer,m
∆t12 time between the detection of the same interface on fibers ,s
∆ty duration during which the probe has detected the gas phase,s
µk dynamic viscosity of phasek, Pa s−1
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νk kinematic viscosity of phasek, m2 s−1

ρk density of phasek, kgm−3

σ surface tension,N m−1

τ mass transfer time scale,s
τp probe response time scale,s
χ aspect ratio (χ = b/a)

Supercripts
Hig From Higbie theory
sat saturation
atm atmospheric conditions

Subscripts
G gas phase
L liquid phase
0 data obtained for a single bubble in quasi-static bubbling conditions
〈−〉 time averaged value
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ρL 998.2 kg m−3

µL 1.002 10−3 Pa s
ρG 1.2 kg m−3

µG 18 10−6 Pa s
σ 73 10−3 N m−1

DL 2 10−9 m2 s−1

DN2

L 1.65 10−9 m2 s−1

He(O2 −H2O) 4.05 109 Pa
He(N2 −H2O) 8.15 109 Pa
P sat(H2O) 2337 Pa

MH2O 18.015 10−3 kg mol−1

MO2
32 10−3 kg mol−1

MN2
28 10−3 kg mol−1

xG0

O2
20.9% -

xG0

N2
79.1% -

Table 1: System properties atT = 20 ◦C andP atm = 101325 Pa

αG Liquid height [cm]
αG < 11% 75.1
αG ≥ 11 64.2

Table 2: Liquid height above capillaries tip atαG = 0

17



y

x

15mm

Camera 18mm BH

Figure 1: Shadow casting set-up with a fixed-focus lens (upper view - BH: Back light or Halogen
lighting)
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Figure 2: Typical shadow casting raw images with bubble detection denoted by a white line. (a)
αG = 0.45%, (b)αG = 5.7%, (c)αG = 11.9%, (d)αG = 16.5%.
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Figure 5: Typical evolution of the dissolved oxygen concentration for (a) αG = 0.6% and (b)
αG = 15.2%: ◦ oxygen porbe experimental data, — Equation17
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ues determined by fitting the time evolution of the probe signal with Eq. 17 (see the text), —
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Figure 7: Mass transfer coefficient versus gas volume fraction:◦ Experimental data (Eq.24),
△ kL0 single bubble (Eq.28-29 with deq0, Vz0, χ0), — Eq. 2 (Boussinesq, 1905) , −− Eq. 26
(Winnikow, 1967), –. Eq.27 (Takemura & Yabe, 1998), –Eq. 28-29 with χ = 1.5 (Figueroa &
Legendre, 2010)
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