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Abstract

We consider the liquid-side mass transfer coefficientn a dense bubble swarm forveide
range of gas volume fractio).¢5% < ag < 16.5%). The study is performed for an air-water
system in a square column. Bubble size, shape and velocity been measured for different
gas flow rates by means of a high speed camera. Gas volumerracid bubble velocity have
also been measured by a dual-tip optical probe. Both of timesessurements show that the bubble
vertical velocity decreases when increasing in agreement with previous investigations. The
mass transfer is measured from the time evolution of theoblisd oxygen concentration, which
is obtained by the gassing-out method. The mass transféfrateet is found to be very close to
that of a single bubble provided the bubble Reynolds nunmgbased on the average equivalent
diameter(d.,) and the vertical slip velocityV’,).

Keywords: Bubble columns - Mass Transfer - Hydrodynamics

1. Introduction

Bubbly flows are widely present in industrial mass transiercpsses because of their high
interfacial area. In most gas-liquid reactors, the gasmeléraction can have average values larger
than 10 or 20% and locally reach much larger values. For such high voidtifsas, the fluid
agitation is known to be significantly controlled by bubbidiiced turbulencd_@nce & Bataille
1991 Ribouxetal., 2010 and bubbles can not be considered as isolated. One signiétfact
is the decrease of the bubble rise velocity when increasiagas volume fraction. One question
of importance for such systems concerns the induced effetti@mass transfer. Despite the high
gas volume fractions observed in industrial applicationsnerous investigations have used mass
transfer models without considering effect of gas volunaetion. They are based on the Higbie’s
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penetration theoryHigbie (1935) where the liquid-side mass transfer coefficieptdepends on
the molecular diffusion coefficierld; and a characteristic time as

EHis — 2 [P
L ﬁ tc ’
wheret, is the so-called exposure or contact time. It representstibeacteristic time of transfer
by the fluid motion and it is also presented as the residenoe off fluid particles at the interface.
Different models can be found for. It has been expressed as the ratio of the bubble diameter to
the bubble rise velocity, the bubble surface area to theofagarface area formation or using eddy
fluctuations velocityledeltchewetal. (2007); Huangetal. (2010).

In most of the studies dedicated to bubbly reactors, theacbtime is defined as = d.,/V.
whered,, is the bubble equivalent diameter aid is the bubble rising velocity. With such a
definition, the normalized transfer coefficient, when egpegl using the Sherwood numlsgr =
krd.,/ Dy, is equivalentto the analytical solution obtained by cdasing the potential flow around
a spherical clean bubble having the same diameter and t&ra@locity Boussinesgl905:

ShP? = %(ReSc)l/z = %Pem ()
whereRe = d.,V. /vy, is the bubble Reynolds number afidis the Schmidt numbeThis solution
assumes a thin concentration boundary layer thicknesshigwalid at large Peclet numbers =
Re Sc. The Boussinesq solution is known to be very accurate tartbesmass transfer for the case
of isolated (or very dilute) clean spherical bubbles risim@ liquid at a large bubble Reynolds
number Figueroa & Legendre2010. Boussinesq solutior2] has been used as closure law in
Eulerian-Eulerian two fluid models to simulate industriabonation towersGockxetal. , 1999
and aeration tanks for urban wastewater treatnfeaydlleetal. , 2007) for low and moderate gas
volume fractionsd¢ < 10%).

As indicated above, expressio?) (s theoretically limited to large bubble Reynolds numbers
and isolated spherical bubbles. Some corrections basethgle §ubble results have been intro-
duced for simulating bubble columns in order to account fautdiReynolds number effecD@r-
manaetal. , 2005 Shimadeetal. , 2007 Ayedetal., 2007 and bubble deformatiorNgdeltchev
etal., 2007). Such corrections for single bubble mass transfer areigssz inTakemura & Yabe
(1998 andFigueroa & Legendr€2010. General reviews for mass transfer with bubbles can be
found inClift etal. (1978; Michaelideg(2006. Most of these studies focused on single bubbles.
Their relevance to dense bubbly flow has not yet been provedc@rently, bubble induced agi-
tation has been investigate@4rnieretal. , 2002 Zenitetal. , 2001, Ribouxetal. , 2010 but its
impact on the transfer was not considered. This is the abgeof the experimental study reported
in this paper. For this purpose, accurate measurement @feoxynass transfer, interfacial area,
bubble diameter and bubble slip velocity are performed aweide range of gas volume fraction
(0.45 < ag < 16.5%).

(1)

2. Experimental methods

2.1. Experimental set-up and instrumentation

We consider the transfer of oxygen from dispersed air bubini® water. Experiments are
performed at ambient temperature and pressure.Tap waggedilto remove particles larger than
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15 pm is used in all the presented experiments. However, theigastisystem can be considered
to be close to a clean system since terminal velocity of sibgbbles was checked to be the same
as that obtained in ultra pure water. The main physical pt@seof the system are summarized in
tablel.

The experimental set-up is described in detaiRibouxetal. (2010. It consists in injecting
bubbles in a square§ x 15 cm) glass column of 100 cm high. The gas line is equipped with
three different rotameters (Brooks) to give access to &leagge of gas flow rates and gas volume
fraction. A three way valve has been added to switch fronogén to air. An homogeneous bubble
swarm is generated by meansidfl capillaries oft5 cm long and inner diameteg. = 0.2 mm.

2.1.1. Shadow casting method

A high speed CMOS camer#liotron APX with a fixed-focus lens is employed (Fidl).
The camera is operated @0 images per second with an exposure time varying ftgg0000 to
1/500 s depending on the lighting method.

For low gas volume fraction, lighting is supplied by@0) x 100 mm diode backlight 05700 cd m?.
For high gas volume fraction an halogen spot @0 1/ is required.

The shadow casting set-up consists in using@mm fixed-focus lendNikonto visualize a
field located a5 mm to the wall in thez- direction, in the center of the column in thedirection
and at a distance df50 mm from the injectors tips in the vertical direction. For this set-up,
dimensions of the view field are8 x 18 mm and the resolution i56.8 pz/mm. The diaphragm
aperture is adjusted to offer a thin depth of figdd(mm), which allows to detect only the bubbles
that cross the field of view.

2.1.2. Dual-tip optical probe

To measure gas volume fractia; and the vertical bubble velocity,, a dual-tip optical fiber
probe RBI Instrumentatiojis introduced in the center of the column. A threshold jughkr than
the signal noise is first applied on the raw signal. Then tlsevgiume fraction is calculated by

YAty

taqc

ag 3)
wheret,,. is the acquisition duration aridA¢,,; the total time during which the probe has detected
the gas phase\t,; corresponding to the detected duration of bubbl&he signal acquisition is
performed with a sampling frequency o6 k£ H>. Gas volume fraction measurements shows a
good convergence for a recording time larger tR@Mh s. An accuracy better tha@?s is obtained.
Knowing the distancd, = 1 mm between the two optical fibbers and the time interka/,;
between the successive detections of the same interfadeliwo fibers, the vertical velocity.;
of bubblei is obtained by

dS
Aty )
The main difficulty of the measurement is to match the two essive rising fronts that corre-
spond to the piercing of the same bubble. Various paras#escanay generate very high or very
low measured velocities. As a result, it is necessary to defalistic maximum and minimum
velocities. According to previous tesRiboux, 2007, a maximal velocity,,,, = 0.7 m s~! and
a minimal velocityV,,.;, = 0.03 m s~! have been chosen.

V=
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2.1.3. Particle tracking velocimetry (PTV)

The tracking method is based on the comparison of bubbleceonsitions between consec-
utive images. To improve the number of successive imagesendngiven bubble is detected, a
predicting trajectory algorithm is employed. The recoridadges are proceeded usinftlab®.

A typical shadow casting raw image with bubble detectionrespnted in Fig2 for different gas
volume fractions. As the gas flow rate increases, the numbleutable rising between the focus
field and the column wall increases. The detection thus besdfifficult since those blurred bub-
bles mask the bubble located in the visualization field. Asm@sequence, the present results are
limited to gas volume fraction less thaf.5%. Beyond this value the detection of bubbles is not
possible by this method.

The bubbles are assumed to be obkibkeroidwith a minor semi-axis, a major semi-axié
and aspect ratiq = b/a. The volume of a detected bubblelis = 47b*a/3 = nd?, /6, so the
equivalent diameter is

deg = (85%0)'/%, 5)

and the bubble ares, can be expressed aBdyer, 1987)

d? —4/3 1 /1 — v—2
Sy = m—L [ 2y%3 + X In i X (6)
4 V1—x"2 1—/1—x2

2.1.4. Interfacial area measurement
For a given volume of the columii,,, the volumetric interfacial areais = > 5,/V,, and is
linked to the gas volume fractiomn; = >_ V;,/V;,; by the relation:

> Sh
>V
whereV}, is the bubble volume. As indicated above, for each bubbleatied .« andb are obtained

from the images used to determine the bubble volufnend surfaces,. On the other hand, the
gas volume fractiomy; is given by the optical probe. Then, the interfacial atg#s determined

by using Eq. 7).

(7)

ay = g

2.2. Mass transfer measurement

During the oxygenation step, the concentration of dissblweygen in water is measured by
using a fast time response probe (Clark type micro-setsmsenseDxz50). The concentration
measurement is based on the measurement of the electiieatity between an anode and an
oxygen reducing cathode. This intensity (in pico Ampereg)rigoortional to the oxygen concen-
tration in the media. The oxygen probe is placed at the hglfvfahe swarm.

Oxygen saturation concentrationAt the bubble interface, the concentrations of the speanes o
each side (liquid and gas) are controlled by the Raoult'sdad the Henry’s law. When a gas
bubble is injected in a liquid, the liquid-vapor equilibmw.controls the vapor concentration of water
in the bubble. This equilibrium is governed by the Raoultw Ithat relates the molar fractions
(:chO, rf,0) of water through the gas and liquid fugacity equalitiesn€§ldering that the liquid
is essentially composed of wate}, , ~ 1 and that activity and fugacity coefficients are equals to
unity, the Raoult’s law simplifies to

250 = P™/P, (8)
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whereP** stands for the saturation pressure of water that depenestegl/ on the temperature.
P is the gas phase pressure that is taken equal to the liquskepbr@ssure by neglecting the
Laplace pressure jump. Considering the molar fraction gbex in dry airxgg and assuming that
the liquid-vapor equilibrium is reached instantaneouslg, molar fraction of oxygen in bubble is
then
6, = 16, (1 — 2,0) = 265 (1 — P**'/P) 9)

The species concentration jump at the interface is giverhbyHenry’s law. Considering an
ambiant pressure and a low solubility of oxygen in water, ifisrlaw gives the relation between
the oxygen concentration in the g@2 and in the liquidz$, at the bubble interface

xg, = x5 P/He (10)

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

(P _ Psat)
oy = o (11)

Considering the data reported in Talllethe molar fraction of oxygen in the liquid phase is very
smallxg2 = 5.12 107%. Consequently, the oxygen saturation mass concentratiaiated to the
oxygen saturation molar concentration as

M P_Psat
1) = Bomores T
2

(12)

Pressure influence It can be noticed that the oxygen concentration depends @fotal total
pressureP. In a tall bubble column, the vertical pressure gradienttdugydrostatic pressure can
influence the local saturation concentrati@atnacho Rubiet al. , 1999. In the column, the
mean pressure evolves verticallys:) = P + (1 —ag)prg(H — z) wherez = 0 corresponds

to the injectors tipH is the height of the swarm and™ is the atmospheric pressure at the upper
liquid surface. The pressure and the oxygen saturationerdration are maximal at the injector
level due to water weight. For a very low gas volume fractiop (= 0) and a height of liquid

H = 70 em, the maximal variation of the oxygen saturation conceiutnais only6.4% (Eq. 12).

Oxygen concentration depletion influencdn recent investigations on airlift reactors, the oxygen
depletion in bubble was found to strongly influence globaksnaansfer Talvy et al. , 2007).
The oxygen concentration in a bubble along its path fromniectors to the upper liquid surface
varies due to the mass transfer that generates a depletitba btibble oxygen concentration. In a
Lagrangian point of view, the variation of the oxygen coricaion C; in a single gas bubble can
be expressed as

dC S
d—tG = —VZkL(CLS - CLBulk:) (13)

whereC', g IS the liquid bulk concentration. The maximum variation loé toxygen concentra-
tion in a bubble is observed at the beginning of the experimsi@ce there is no oxygen in the bulk
(Creur = 0). To estimate this variation, we consider a bubble genéifaten a single capillary in
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quasi-static bubbling regime whedg,, = 2.1 mm, xo = 1.7, V.o = 0.32 m.s~* (Ribouxetal. ,
2010. The bubble resident time in the column is estimatetl as H/V,, = 2.18 s. The oxygen
concentration variation in the bubble is estimated usieg#hation R) to calculate the transfer co-
efficient. The variation is found to be arou6d compared to the value at the middle-height of the
column. During the oxygenation experiments, the variatibtihe oxygen in the bubble decreases
since the liquid bulk concentratiari; 5, increases with time.

Nitrogen mass transfer influenceln this study we have a ternary system and nitrogen may un-
dergo also mass transfer to or from the bubble. Before angrerpent, the bubbling of pure
nitrogen in the water is used to remove oxygen and it imposesital saturation concentration
of nitrogenC’iV2 (t = 0) = 18.84 mgL~" in the liquid. When switching from Nitrogen to air, the
gas composition changes frarﬁg =1to xﬁg = 0.791 and nitrogen transfers from the liquid to
the gas until the concentration of nitrogen in the liquidctess the value corresponding to the new
molar gas fraction of nitrogeﬁ?iv2 (t = co) = 14.89 mgL~". In the bubbles, the effect of this
nitrogen mass transfer is the dilution of the oxygen corredion due to the increase of nitrogen
concentration. A simple estimate of the impact of the néogquid to gas mass transfer on the
oxygen gas concentration is done by considering that thgexys not transferring. Then, the
variation of the nitrogen concentration of one bubble hanhmalculated using equatidr3 with
Crs = CY*(t = 00) andCppur = C2?(t = 0). Due to the value of the nitrogen diffusion coef-
ficient in waterD]LV2 given in tablel, the mass transfer coefficient is calculated using relg@pn
Assuming a constant bubble volume, the nitrogen conceémtraariation in the bubble is found
to be less than.6% from C5* = 899.8 mg L~ at the bottom ta05> = 914.5 mg L' at the top

of the column. As a resulC(t = 0) = 272.38 mg L™ to Cg(t = t,) = 268.99 mg L' so
that the dilution of the oxygen gas concentration due tag#n mass transfer is less thaA%.
Consequently, we neglect in this work the effect of nitrogeass transfer.

Finally, due to the weak influence of the pressure and of tlsecgacentration depletion, the
oxygen saturation concentration can be reasonably caesides constant after several seconds
and equals to the concentration at the upper surfBce P*™):

Ci=Cry(z=H)=908mgL™" (14)

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

The small liquid volume and the efficient liquid mixing caddgy bubble induced turbulence
both contribute to an efficient liquid mixing. The bubblewin is thus assumed to be a perfectly
mixed reactor. In such a condition, the variation of theiliqaxygen concentratio@’;, is described
by

GCL k‘La[




wherek;, is the liquid-side mass transfer coefficient andis the interfacial area. The oxygen
probe response time, needs also to be taken into accounetgel et al. , 1999 Martin et al. ,
2007. For this purpose, the behavior of the oxygen probe is asdum evolve as a first order
system

aC,
a—tp = (1/7,)(CL — Cy) (16)
The resolution of the probe signal (Etp) and the oxygen concentration (Eip) leads to
-1 = /T _ t/mp 17
A M e

wherer is the transfer time scale corresponding to the relaxatie df mass transfer and is given

by
r=170c) (18)
]CLCL[
For our experiments, a fast response time probe was ugee (0.8 s) and the concentration

measurements were performed with a sampling frequen2y éf-.

3. Results and discussions

The PTV method provides the evolution of the bubble averaggvalent diameter, the inter-
facial area and bubble velocity componentsmemandz- axis. The dual-tip optical probe gives the
gas volume fraction and bubble verticat @xis) velocity. Bubble surface area and hydrodynamic
results are then combined with mass transfer measurenteatséss to the experimental transfer
coefficientk;,. The values are finally compared to the transfer observeal $orgle bubble of same
equivalent diameter and terminal rise velocity.

3.1. Equivalent diameter and interfacial area

The equivalent diameter can be extracted from bubble vadu(Eg.5). The average equivalent
diameter presented in Fi@a is found to increase with the gas volume fraction (or gas fkue).
This increase is mainly explained by the bubble formationditions. At very low gas volume
fraction, the formation can be consider as quasi-statictbadubble size can be predict by the
equilibrium between buoyancy and capillary forces at tpeofi the capillaries. Considering a
contact angle of 90 the static diameter can then be expressed using the Tate law

6od, 1/3
= lApg] (19)

As expected, at low gas hod-up, the equivalent diameteruneaby the PTV method corresponds
to the prediction of Eq19 (dr ~ 2.07 mm) and to previous experimental resultsRibouxetal.
(2010 (deqo = 2.1 mm). For moderate gas flow rate, inertial effects (added massnsolved

in the forces balance experienced by the bubble. The reguttifect is an increase of bubble
volume at detachmenD{har & Colin 2006. For very high flow rate, bubble coalescence can
take place just above the capillary tigl@nassetetal. , 2008. The Log-Log representation used



in Fig. 3a clearly reveals two different power-law evolutions. Thengeter evolution observed in
our experiments can be simply described by the followingtiehs

de _de

(deq) = dego ~ 15ag for aqg<24% (20)
der

w ~ 2302 for ag > 2.4% (21)
eq0

For a very similar bubble column and injection system buhwlifferent capillaries inner diameter
(d. = 0.15 mm), Martinez-Mercadet al. (2007 also observed an increase of bubble diameter
with a. The corresponding experiments are reported in 88g.lt is interesting to note thabth
Eqg. 20 and Eq. 21 with d.,, = 1.4 mm can also reproduce the diameter evolution reported by
Martinez-Mercadetal. (2007).

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

x~ 15

The interfacial area; is reported in Fig3b and is found to increase significantly with the gas
volume fraction. The corresponding evolution can be sindglycribed by the following relation
ay

—— ~0.341 a3 (22)
aro

wherea;o = S,/V;, = 3103 m~! is the surface to volume ratio for a bubble of equivalent diten
d.q0 and aspect ratig,. However, it is important to stress here that these twoicglat(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 é@s investigatedRusche & Issa
200Q Garnieretal., 2002 Zenitetal. , 200% Ribouxetal., 2010. All these studies report a
significant decrease of the average vertical velocity withihcrease of the gas volume fraction.
Experimentally, one of the major difficulties is to keep amtogeneous regime in order to avoid
large-scale liquid circulations. In our column, it is obssd that at gas volume fraction around 10
%, large vertical liquid loops can be produced resulting sharn turbulent bubbly flow and an
unstable upper liquid surface. To avoid this phenomenorstadin the homogeneous regime, the
liquid volume in the column is reduced to maintain stabledibons. The corresponding values of
the liquid height are reported in Talk?e

As shown in Fig.4, the vertical velocities obtained with the dual-tip optipeobe are in very
good agreement with the previous results and correlationprevious experiments, the vertical
velocity was investigated using optical or resistive pbén this work, the bubble velocity is
also measured using non intrusive measurement (high speeera). Results obtained with both
methods are compared in Fig.. We observe a very satisfactory agreement between velsciti
measured with our PTV method and the classical optical prodt@od. The small underestimation
observed for PTV results can be explained by wall effectsaacakrection could be deduced from




measurement of wall velocity profiles in the column. Our hssare found to be well described by
the correlation proposed Wibouxetal. (2010

(Vo) = Vao(1 — ag™), (23)

whereV,, is the rise velocity of an isolated bubble. Note that the elations ofGarnieret al..
(2002 (V) = V(1 — a};/?’) predicts a velocity from 10 to 25% lower. This discrepancyldde
explained by the fact that in our work (and other previouseeixpental studies in agreement with
our results) no liquid flow rate is imposed.

PTV measurement also provides the average horizontaliteldc,). This component is re-
ported in Fig.4. We can observe that the averaged horizontal velocity i3, z8rowing that there
is no horizontal mean bubble motion.

3.3. Mass transfer

Two typical time evolutions of oxygen concentration arespréged in Fig5 for o = 0.6 and
15.2%. The least square method is used to fit the experimental switle Eq.17in order to obtain
the transfer time scale. The corresponding fitting curves are also reported in bignd we can
observe that the agreement is very good. The evolution afitligen concentration in our system
is thus the one expected and described using equatioh &@hich can be used to determine the
transfer timer.

The corresponding values ef are reported in Fig.6. It is shown that the time necessary
to reach the liquid saturation decreases with the increfsglkeeogas volume fraction since the
interfacial area increases with the increase@f The decrease of is significant since one order
of magnitude is found between the time to saturatenfer< 1% andag = 16.5%. The log-log
representation of Figo indicates that the transfer time decrease follows a verplgimower law

—0.74
T X Qn

The experimental mass transfer coefficigfit’ is then deduced from the value of

g = (L 06) (24)
Tar
The evolution of the experimental mass transfer coefficigfit is reported in Figurer for the
gas volume fractions considered in this study. Firstly,aibh e noted that despitesignificant
range of variation of the gas volume fraction (more than amade), the same order of magnitude
is observed fori7"” ~ O(10~*) ms~'. Consequently, for a rough estimation the mass transfer
coefficient can be considered as constant.

Secondly, a detailed inspection of the evolutio8f reveals that the mass transfer coefficient
slightly decreases with the gas volume fraction. Howevagesboth bubble diameters and rising
velocities vary witha (see Fig.3a and Fig.4, respectively) it is not really possible to explain
the origin of the decrease &f"” with the gas volume fraction. Knowing the evolution of bdtle t
diameter and the rising velocity as functionsgf, it is possible to calculate for each gas volume
fraction the transfer from an isolated bubble having theesdiameter and the same rising velocity
in order to discuss the effect of the gas volume fraction upertransfer. This is the objective of
the next section.



3.4. Comparison with single bubble mass transfer

It is now possible to compare the evolution of the mass tensbefficientk;™” with results
obtained for isolated bubbles. For this purpose, we defiedtibble Reynolds number as

Re = Ve (deg) (25)

vy,

where(V.) is obtained from correlatior2@). A constant Schmidt numbéfc = 500 is considered.
The evolution of the diametetl,,) is calculated using EQR0-21. As indicated in the introduction,
several expressions have been obtained in order to imgneBdussinesq analytical solution given
by (2), which is limited to large bubble Reynolds numbers and gpakbubbles. Consequently,
some corrections have been introduced to consider thet effecfinite Reynolds number and the
effect of the bubble deformation. Among the expressionkénliterature to consider the effect of
the Reynolds number, we consider the solution obtained/mnikow (1967, which is based on
the velocity field derived byloore (1963 (seeTakemura & Yabg1998; Figueroa & Legendre

(2010):

1/2
ShY = % [1 — \2/;_9] Pel/? (26)
™ e

For moderate Reynolds numbers and high Schmidt numbaksmura & Yabg1998 determined
the mass transfer of bubbles of a few millimeters (almosegphl) by means of accurate time-
varying diameter measurements. They proposed a semideaipelation in good agreement with
both their experiments and their numerical simulations

TY 2 2 1 2 1/2

The second effect not considered in the Higbie model basdti@nontact time. = d.,/V.
is due to bubble deformation. Air bubbles in water are knowdéform when their diameter is
larger thanl mm. For a clean ellipsoidal bubblepchiel & Calderbank1964) have developed an
analytical expression of the mass transfer coefficientgugia potential solution around a spheroid
of minor and major semi-axis notecandb, respectively:

Sh() = —=Pe2 /(v (28)

The functionf () accounts for the effect of the deformation. The validity o€ls solution has
been recently discussed kigueroa & Legendr¢2010. Based on direct numerical simulations
this study reveals that, the Sherwood number is close (Wwéhoutl0%) to the Sherwood number
of a spherical bubble with the same Peclet numbeigueroa & Legendr€2010 proposed a
simple correction functiorf(x) to describe the effect of the deformation f@l0 < Re < 1000
andSc > 100:

f(x) = 0.524 + 0.88x — 0.49x* 4 0.086> (29)

As indicated in sectio.1, the averaged deformation of a bubble is found to be almasitaat
for the gas volume fraction considered. A constant vajue: 1.5 is used in the following to
characterize bubble deformation. The corresponding cthoreis thusf(x = 1.5) = 1.031.

10



The evolutions of the mass transfer coefficiént obtained using relation2] (Boussinesq
1905, relation 6) (Winnikow, 1967), relation 7) (Takemura & Yabel998 and relation28-29)
with f(x = 1.5) = 1.031 (Figueroa & Legendre2010 are reported in Figuré for comparison.
All these expressions reproduce the decrease of the traxas#icient, indicating that the decrease
observed in Figur& is due to the combined evolutions of the diamet&y) and the rise velocity
(V) with the gas volume fraction. The major insight of the preseork is that the mass transfer in
a bubble column with a gas volume fraction as large as 16.58#nigar to that of a single bubble.
This result is in agreement with the experimentébbasetal. (2009, which were carried out in
a more complex configuration and faf, up to 12%.

According to the simulations reportedkigueroa & Legendr€2010, the differences between
the correlations for a single bubble are around. Expressionsd7) and £6) give very close
evolutions for hight Reynolds numbers and high Schmidt nrensibWe can also observe that the
differences between the predictions given by E&) and @8) are only due to the effect of the
bubble shape on the mass transfer, which are given bp&with f(y = 1.5) = 1.031. There is
no significant effect of the bubble deformation in our stutlg dominant effects in the variation
of k;, being due to the variation of the diameter and that of thagisielocity.

The absence of noticeable difference with the transfer afigles bubble results from the fact
that the near velocity field structure on the front part ofbleble is not significantly changed by
bubble interaction. As shown Figueroa & Legendr€010, the total transfer is mainly controlled
by the mass transfer on the front part of the bubble, whichdaitace across a very thin diffusion
boundary layes, that can be estimated as/ (d.,) ~ Pe~'/2. Typically, in our experiments the
bubble diameters are in the rar@e mm < (d.,) < 4 mm and the corresponding slip velocities
are0.2 ms—! < (V.) < 0.32 mst. The value of the Peclet number is this = O(4 10°) and
the diffusion boundary layer &,/ (d.,) ~ 0.005i.e.6p ~ 15 um. For a Schmidt number around
500, ¢ is about 20 times smaller than the dynamic boundary layeherbubble surface. Very
precise measurements of the velocity field around bubblaslanse bubbly flow were reported by
Roig & Larue de Touneming007). This study reveals that the velocity field on the front pudrt
the bubble (i.e. the liquid pushed by the rising bubble) isnhyacontrolled by the bubble velocity
and not significantly affected by the surrounding bubbleiget! agitation forv up to15%, while
a more important effect is observed in the bubble wake. Sinedransfer is mainly located on
the front part of the bubble, the effect of the gas volumetioacremains low compared to the
transfer from a single bubble of same diameter and samen&locity. For a gas-liquid system
with a smaller Peclet number, the concentration boundger laould 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 imzolgeneous dense bubble swarm
up toag = 16.5%. The main characteristics of the bubble hydrodynamics haen measured.
Bubble diameters and rising velocities have been presestesiis the gas volume fraction. The
correlation proposed bigibouxetal. (2010 for the vertical velocity was found to be valid for the
range of gas volume fraction considered. Furthermore,himdrance effect have been observed
and confirmed with a non intrusive method by using shadowrgastith a high-speed camera.
The image processing has been performed thanks to the aitatetection of the bubbles in a
very thin visualization field.

11



In a second part, the mass transfer have been studied usirga#sing-out method. Thanks
to an accurate characterization of the interfacial areatla@dubble dynamics, the mass transfer
coefficient has been determined upate = 16.5%. The experimental mass transfer coefficient
was found to be very close to that of a single bubble when wsiRgynolds number based on the
equivalent diametefd.,) and the rising velocityV.).

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

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

Roman symbols

a minor semi-axis of the ellipsoidx

ar interfacial areagn—!

b major semi-axis of the ellipsoidy

Cy oxygen mass concentration in phaseng L
C,iVQ nitrogen mass concentration in phaseng L~
C, mass concentration from the probeg L=

Crur liquid bulk mass concentratiomg L—!

CrLs saturation mass concentrationg L !

Cr,  saturation mass concentratitn= 20 °C and P = 101325 Pa, mg L™*
d, capillary inner diametern

d, distance between the two optical fibres,

deq equivalent diameterp

dr bubble equivalent diameter from the Tate lawv,
Dy liguid molecular diffusivity;m? s—!

kr, mass transfer coefficient; s—!

f(x) correction factor due to bubble deformati@®v.(x, Re, Sc)/Sh(x = 1, Re, Sc))
g gravity constant).81 m s—2

H bubble swarm heighin

He Henry’s constant for oxygen in watdfa

M; molar mass of specigskg mol !

P pressurepfa

Pe Peclet number based on the equivalent diamédter,(Sc)
Sh Sherwood number based on the equivalent diameter
Re Reynolds number based on the equivalent diameter
Sp bubble surfacen?

Se Schmidt numberi;,/D;)

T temperature;C'

Lacq acquisition durations

ts resident time of the bubbles in the column,
v, bubble volumem?

Viot column volumem?

V, vertical velocity,m s—*

V, horizontal velocityyn s—!

ak molar fraction of speciesin phasek

7
z&0 molar fraction of specié in dry air

Greek symbols

e gas volume fraction

op diffusion boundary layenn

Aty,  time between the detection of the same interface on fibers ,
At, duration during which the probe has detected the gas phkase,
Lk dynamic viscosity of phask, Pa s~!
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i kinematic viscosity of phaske, m? s+
Dk density of phasé, kgm =3

o surface tensiony m !

T mass transfer time scale,
Tp probe response time scale,
X aspect ratio = 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 bubblomgddions

(—) time averaged value
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PL 998.2 kgm™3
L 1.002 1073 Pas
PG 1.2 kgm=3
Ue 18 10°¢ Pas
o 731073 Nm™!
Dy, 2107° m?s~!
D} 1.65107% | m2s7!
He(Oy — H,0) | 4.0510° Pa
He(Ny — H,0) | 8.1510° Pa
Pt (H,0) 2337 Pa
Mi,0 18.015 1073 | kgmol™*
Mo, 32107% | kgmol™!
My, 28 1073 kgmol™
xgg 20.9% -
2§ 791% :

Table 1: System properties &t = 20 °C and P“™ = 101325 Pa

ac Liquid height ]
ag < 11% 75.1
ag > 11 64.2

Table 2: Liquid height above capillaries tip at; = 0
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Figure 1. Shadow casting set-up with a fixed-focus lens (upper view - B&tk light or Halogen
lighting)
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Figure 2: Typical shadow casting raw images with bubble detectioroteshby a white line. (a)
ag = 0.45%, (b) ag = 5.7%, ©)ag = 11.9%, (d)ag = 16.5%.
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Figure 3: (a) Average bubble equivalent diameterthis work from PTV ,[0 Martinez-Mercado
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Figure 4: Time average bubble velocities - Results from the dual-ifical probe for(V,): x
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Figure 5: Typical evolution of the dissolved oxygen concentration @) o = 0.6% and (b)
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Figure 6: Time scale of the mass transfer versus the gas volume fractieexperimental val-
ues determined by fitting the time evolution of the probe aigmith Eq. 17 (see the text), —
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Figure 7: Mass transfer coefficient versus gas volume fractiorExperimental data (Eq24),
A kro single bubble (Eq.28-29 with d.,, V.0, x0), — EQ. 2 (Boussinesg1909 , —— Eq. 26

(Winnikow, 1967, —. Eq.27 (Takemura & Yabel1998, —Eq. 28-29 with y = 1.5 (Figueroa &
Legendre2010
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