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bstract

Mass transfer from bubbles generated at dispersion devices is a major operation in chemical engineering. Most mass transfer models have
ocused on the free rising of the bubbles, but the bubbling process plays an important role because it determines the bubbles’ initial volume, surface
rea and oscillation amplitude. In this work, the mass transfer mechanism and the shape of a single growing bubble are studied by combining a
ydrodynamic model and a mass transfer model, given by Higbie’s theory. The complete model has been tested using both, Newtonian and non-
ewtonian fluids. Calculated bubble shapes, areas, volumes and detachment times are compared with those recorded by a high speed video camera
evice in a deoxygenated media. Good agreement is achieved between the results of the models and the experimental recordings. Furthermore, the

ffect of the physical properties of the liquid, viscosity, density and surface tension, on the Sherwood number of a growing bubble has been studied
sing the theoretical model. The liquid viscosity and the surface tension increase the Sherwood number meanwhile the liquid density reduces it.
dimensionless expression for the Sherwood number in terms of the Reynolds and the Schmidt numbers has also been developed.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Gas–liquid processes, where a gas phase is dispersed into a
iquid phase to provide the reactants required for the chemical
r the biochemical reaction, are very common in order to treat
ater wastes or heavy metals and for producing several chemical

nd biochemical compounds. These processes depend largely on
he mass transfer rate from the bubbles generated at dispersion
evices, which, most of the times, is the limiting factor [1–6].

Bioprocesses involving cell cultures can be sensitive to high
ydrodynamic stresses leading to an important decrease in cellu-
ar viability. Bubble columns and sieve plate towers are the most
dequate aeration devices for these types of cultures [7,8]. These
evices generate dispersions of a gas phase in a liquid phase or
n a slurry, in order to improve the contact between the phases,
ncreasing the available surface for mass transfer [1–4,6,9].
Numerous studies regarding mass transfer in bubble columns
rovide empirical correlations for the volumetric mass trans-
er coefficient, kLa [1,4,9]. The penetration theory, proposed by

∗ Corresponding author. Tel.: +34 923294479; fax: +34 923294574.
E-mail address: mariano.m3@usal.es (M. Martı́n).

o
m
p
s
p
t
f

385-8947/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2006.10.004
igbie [10], exposed a mass transfer mechanism responsible for
he property transport which has become the base for most of
he empirical correlations used to predict kLa.

The study of the mechanism of mass transfer from an indi-
idual bubble attempts to improve the understanding and to give
n insight of the process, so that the design of the equipment can
e optimized.

Several papers have studied the mass transfer rate from indi-
idual rising bubbles, not only for spherical bubbles [11–13], but
lso for ellipsoids or spherical cup bubbles [14], as well as for
scillating ones [15], by means of studying the hydrodynamics
urrounding the bubble. Several expressions for the Sherwood
umber have been developed.

However, the mass transfer rate during the formation of the
ubbles has been barely studied, either by measuring the bubble
urface area photographically and using the Higbie’s theory [16],
r by modelling a particular case of bubble formation including
ass transfer from the bubbles [17]. The model was based on a

revious hydrodynamic model [18], using the Higbie’s theory to

imulate the mass transfer rate under unsteady conditions. This
rocess included diffusional mass transfer and chemical absorp-
ion of ammonia in water. Despite the fact that the enhancement
actor was taken to be 1 and the model detachment time was

mailto:mariano.m3@usal.es
dx.doi.org/10.1016/j.cej.2006.10.004
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Nomenclature

a bubble superficial area (m2)
At orifice cross sectional area (m2)
A1 gas chamber cross sectional area (m2)
C added mass coefficient
Cs loss coefficient
CD drag coefficient
C* saturation concentration (kg m−3)
Do orifice diameter (m)
DG gas diffusivity (m2 s−1)
DL liquid diffusivity (m2 s−1)
fc retention factor
g gravity (m s−2)
Gr Grashof number, Gr = d3

eqρ�ρg/μ2

H Henry constant (mol Pa−1 m−3)
HL liquid height (m)
j superficial element
kL liquid side resistance (m s−1)
kLa liquid side mass transfer coefficient (s−1)
KLa global mass transfer coefficient (s−1)
l* contact interface length (m)
m gas mass in bubble (kg)
mf power law coefficient (Pa sn∗

)
M virtual mass (kg)
n final bubble point
n* power law exponent
Patm atmospheric pressure (Pa)
PB bubble pressure (Pa)
PC chamber pressure (Pa)
PH hydrostatic pressure (Pa)
Pair

M average molecular weight of air (kg mol−1)
QB bubble gas flow rate (m3 s−1)
QC chamber gas flow rate (m3 s−1)
r radial coordinate (m)
r′ z derivative of radial coordinate
R bubble radius (m)
Rg gas constant (J mol−1 K−1)
Re Reynolds number, Re = ρu0deq/μ
ReB Reynolds number of the bubble: Newtonian flu-

ids, ReB = ρUzDmax/μ; non-Newtonian fluids,
ReB = ρU2−n∗

z Dmax/mf

RG gas phase resistance (s m−1)
RI gas–liquid interface resistance (s m−1)
RL liquid phase resistance (s m−1)
Sc Schmidt number, Sc = μ/ρDL
Sh Sherwood number, Sh = kLdeq/DL
t growing time (s)
T temperature (K)
uo orifice gas velocity (m s−1)
Ur horizontal velocity (m s−1)
Uz rising velocity (m s−1)
VB bubble volume (m3)
VC gas chamber volume (m3)
z j point real height (m)
z′ j point apparent height (m)

Greek letters
α evaporation
αL liquid fraction in the column
θ angle between the axis of symmetry of the bubble

and the radius of curvature at any point (rad)
μL liquid vicosity (Pa s)
μG gas viscosity (Pa s)
ρG gas density (kg m−3)
ρL liquid density (kg m−3)
σ superficial tension (N m−1)
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Subscript
liq liquid phase

ower than the experimental one, the model produced good
esults.

The mass transfer process in bubble columns depends
trongly on the rising stage of the bubbles, which is charac-
erised by the rising path and the oscillatory behaviour of the
ubbles. Both are determined by the size of the grown bubbles
t the detachment point [3,15]. Furthermore, the mass transfer
ate of the growing bubble corresponds to the initial condition
or the mass transfer during the rising of the bubbles.

The wide range of processes carried out in a bubble col-
mn, such as oxidation, chlorination, alkylation, polymerization
nd hydrogenation, in the manufacture of synthetic fuels by
as conversion processes and in biochemical processes such as
ermentation and biological wastewater treatment [4], broaden
he characteristics of the liquid phases inside the equipment,
nviscid, viscous, slurries, etc. Moreover, during many of those
rocesses, wastewater treatment, fermentations, etc., the phys-
cal properties of the liquid change with time [19–21]. The
hysical properties of the liquid surrounding the bubbles not
nly determine the bubble formation [22], with its effect on the
ubble initial size, but also determine transport properties like
he liquid diffusivity [23].

Therefore, the present paper deals with the mass transfer
echanism from single air bubbles generated at a sieve plate

f a bubble column. The liquid media were Newtonian and non-
ewtonian power law fluids (water and a 1.4% CMC solution in
ater), which are typical rheological behaviours [9]. The liquids,
hich were deoxygenated to allow the oxygen transfer from the
ubbles to the liquid bulk, can be considered as stagnant, due
o the low gas flow rates used ((1–10) × 10−6 m3 s−1) to avoid
ertical coalescence of the growing bubbles and the dimensions
f the experimental bubble column (15 cm × 15 cm × 20 cm),
ade of flat glass walls to avoid distortions in the recordings.
he experimental recordings of the bubble formation process
ith mass transfer are compared with a modified hydrodynamic
odel [22,24] to verify it.
The effect of the physical properties of the liquid on the
ass transfer rate has been theoretically studied by means of
he proved model, and summarised in the Sherwood number for
growing bubble, which was correlated versus the same dimen-

ionless numbers as those proposed by several authors [25–27].
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ig. 1. Schematic representation of the generation of a gas bubble in a submerged
rifice.

. Theoretical considerations

Axisymmetric bubble models for Newtonian and non-
ewtonian fluids [22,24] are the base for the present model.
schematic representation of the system is shown in Fig. 1.

he bubble is discretized into 100 points from the top to the
ottom of the figure.

.1. The hydrodynamic model

The hydrodynamic model consists of two different stages.
he first stage corresponds to the generation of a gas bubble

n a stagnant liquid while it is attached to the perimeter of the
rifice. It is considered that in the experimental bubble column,
ext to the sieve plate, there are no fluid flows due to the working
onditions, see equipment. The second corresponds to the rising
f the bubbles before the onset of the oscillations. Both stages
re modelled by means of a momentum balance, and a force

alance.

The momentum balance determines the bubble expansion,
aking into account the surface tension, responsible for the sta-
ility of the shape of the bubble, and the viscosity of the liquid,

r

P
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resistance for the expansion of the bubble. In spherical coor-
inates a momentum balance can be written as

∂ur

∂t
+ ur

∂ur

∂r
= − 1

ρL

∂p

∂r
− 1

ρL
[div τ]r (1)

here

r(r, t) = R2(dR/dt)

r2 (2)

Substituting Eq. (2) into Eq. (1) and integrating Eq. (1) from
he surface of the bubble to infinity, it yields:

d2R

dt2 + 3

2

(
dR

dt

)2

= PL − P∞
ρL

− 1

ρL

∫ ∞

R

[div τ]r dr (3)

The divergence of the shear stress can be described in terms
f its three normal components. As the liquid is considered to be
ncompressible, the only active component of the stress will be
he radial component. Besides, the pressure at infinite is equal
o the hydrostatic pressure. Under these considerations, Eq. (3)
ecomes:

d2R

dt2 + 3

2

(
dR

dt

)2

= PL − PH

ρL
+ τrr|r=R

ρL
− 3

ρL

∫ ∞

R

τrr

r
dr

(4)

here

L + τrr|r=R + 2σ

R
= PB (5)

B is the gas pressure inside the bubble, and

H = Patm + ρLg(HL − z) (6)

The integral of the shear stress depends on the rheological
ehaviour of the liquid, lets it be Pμ

μ = 3
∫ ∞

R

τrr

r
dr (7)

hus Eq. (4) can be rewritten as follows:

L

(
R

d2R

dt2 + 3

2

(
dR

dt

)2
)

= PB − PH − 2σ

R
− Pμ (8)

For a Newtonian fluid, the shear stress tensor can be expressed
s

rr = −2μL
∂ur

∂r
= 4μL

R2(dR/dt)

r3 (9)

So Pμ becomes:

μ = 4μL

R

∂R

dt
(10)

In case of working with a Newtonian liquid Eq. (8) can be

ewritten as follows:

B − PH = ρL

[
R

d2R

dt2 + 3

2

(
dR

dt

)2
]

+ 2σ

R
+ 4μL

R

dR

dt
(11)
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If the working liquid behaves as a non-Newtonian power law
iquid, instead of using Eq. (10) Li et al. [28], proposed Eq. (12).

μ = 4mf(2
√

3)
n∗−1

n∗

(
dR/dt

R

)n∗
(12)

The second balance, the force balance, determines the rising
f the bubble. It considers the buoyancy of the bubble, the drag
orces, the inertial forces due to the gas flow rate across the
rifice along with those due to the liquid dragged by the bubble
s it rises, and the gas–liquid–plate interactions [24].

d

dt

(
M ′ dz′

dt

)
= (ρL − ρG)VBgfc − 1

2
CDρL

(
dz′

dt

)2
πDmax

2

4

+ 4ρG

πD2
o

(
dVB

dt

)2

(13)

The added mass is defined as Eq. (14).

′ = (ρG + CρL)VB (14)

here the added mass coefficient, C, is taken to be 11/16 and
c = 0.005, during the growing stage of the bubble [22].

The drag coefficient depends on the rheological behaviour
f the liquid. When the liquid behaves as a Newtonian one, the
rag coefficient can be calculated using the equations proposed
y Loubière and Hébrard [29]:

D = 24

ReB
(1 + 0.15Re0.687

B )α−1.7
L , ReB < 1000 (15)

D = 0.44, ReB > 1000 (16)

n the experimental conditions used, αL � 1. The gas phase in
he bubble column is negligible compared to the liquid phase to
void interferences among bubbles.

In case of working with non-Newtonian power law liquids,
he equations proposed by Kelesidis [30], are used to calculate

D:

D = [2.25ReB
−0.31 + 0.36ReB

0.06]
3.45

(17)

The Reynolds number for the bubble is defined as

ewtonian liquid, ReB = ρUzDmax

μ
;

non-Newtonian power law liquid, ReB = ρLDmax(Uz)2−n∗

mf
(18)

here Uz is the vertical velocity. The drag coefficient is applied
or the points with a z coordinate higher than that which corre-
ponds to the maximum diameter.

The radial velocity, Ur, of the points of the bubble surface

epends on the expansion of the bubble. The spherical coordi-
ates must be transformed into Cartesians.

r = dr

dt
= dR

dt
sin(θ) (19)

t
a
o

Fig. 2. Mass transfer through bubble surface.

The vertical velocity, Uz, is calculated as a composition
etween the rising movement, given by the force balance, and the
xpansion, determined by the momentum balance. The presence
f the plate avoids an expansion of the bubble against it during
he growing so, an upward force is developed for the points
ocated under the maximum diameter of the bubble [24].

z = dz

dt
= dz′

dt
+ abs

(
dR

dt
cos θ

)
(20)

The detachment of the bubble from the sieve plate occurs
hen the thickness of the bubble neck is smaller than 1 �m.
he system reaches a state of minimum of energy related to the
uasi-spherical shape of the bubble [24]. Once the bubble has
etached, inertial forces due to the orifice and the terms related
o the presence of the plate are modified so, C = 0.5 and fc = 1
24], and Eq. (13) becomes Eq. (21):

d

dt

(
M ′ dz′

dt

)
= (ρL − ρG)VBg − 1

2
CDρL

(
dz′

dt

)2
πD2

max

4
(21)

nd the rising velocity for all the points will be:

z = dz

dt
= dz′

dt
+ dR

Et
cos θ (22)

.2. Mass transfer mechanism

The concentration gradient is expressed as: �CO2 = C∗ −
liq.

The mass transfer mechanism in a two-phased system
ncludes three resistances placed in series (Fig. 2). Those resis-
ances correspond to the resistances due to the liquid bulk, the
as bulk and the interface.
Higbie proposed the penetration theory for unsteady mass
ransfer at the gas–liquid interface [10], such as bubble growth
nd an accelerating rising bubble [17]. Higbie’s penetration the-
ry proposes a liquid resistance kL at gas–liquid contacting time
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given by Eq. (23) [10,17]:

L =
√

4DL

πt
(23)

DL is the liquid diffusivity. The interfacial resistance is cal-
ulated using Eq. (24) [31]:

I = 1006α√
2πRgT

(24)

here α is 1 for most of the liquids, including water [13].
The gas phase resistance, due to the convective mass trans-

er of the gaseous solute from the bulk of the gas, can be
etermined following Eq. (25) [31], with DG = 1 × 10−5 m2 s−1,
G = 1.7 × 10−5 kg/m s [3]:

kGl∗

DG
= 0.664

(
ρGuol

∗

μG

)1/2(
μG

ρGDG

)1/3

(25)

here l* is the length of the contact surface and is calculated
easuring the bubble contour at each time step.
The global mass transfer coefficient is calculated considering

ll the described resistances:

1

KL
= H

kG
+ H

kI
+ 1

kL
= RG + RI + RL (26)

enry’s constant for air water at 20 ◦C is (1/73,200) mol/m3 Pa
32].

.3. Coupling mass and momentum transfers

To calculate the pressure inside the bubble, PB, for the
omentum balance, Eq. (8), a mass balance to the gas

hamber–bubble system will be developed. The mass balance
f the hydrodynamic model [22,24], must be modified to take
nto consideration the oxygen transfer from the bubble to the
iquid bulk.

The internal pressure of the gas in the bubble depends on the
ass inside the bubble. Considering an ideal behaviour of the

ir:

B = m(t)
RgT

Pair
M VB

(27)

To calculate the mass which has entered the bubble, it is
onsidered the pressure loss across the orifice:

dm

dt
= CsAt√

1 − (At/A1)
2ρG

√
PB − PC − KLa�CO2 (28)

s is 0.6 for perforated plates [33].
A mass balance to the gas chamber–bubble system, consid-

ring polytropic behaviour of the gas in the chamber, provides
he pressure in the gas chamber, PC:

dPC κPC κPC
(

dVB KLa�CO2

)

dt

=
VC

(QC − QB) =
VC

QC −
dt

−
ρG

(29)

he polytropic coefficient of the air is κ = 1.4.

(
t
s
h

ing Journal 128 (2007) 21–32 25

The volumetric flow rate entering the bubble is related to the
ate of mass entering the bubble by

dVB

dt
= dm

dt

1

ρG
(30)

The gas density is recalculated internally during the integra-
ion procedure:

G = PBPair
M

RgT
(31)

Once the bubble has detached, when the resulting neck is
lose enough to the z-axis, the interface surrounding the neck col-
apses. The bubble volume is determined graphically by means
f a revolution integral [34], from the n point (bottom of Fig. 1),
o point 1 (top of the Fig. 1). Gas density is recalculated every
ime step using the remaining mass inside the bubble and the
ubble volume calculated graphically using Eq. (32).

B =
j=N−1∑

j=1

π

∫ zj+1

zj

(r(z))2 dz (32)

here

(z) =
(

rj+1 − rj

zj+1 − zj

)
(z − zj) + rj (33)

The initial mass inside the bubble is calculated from the mass
nside the volume before the detachment. Afterwards, the bubble
ill only lose mass due to the transfer to the surrounding liquid

ccording to Eq. (34):

dm

dt
= −KLa�CO2 (34)

.4. Superficial area

Mass transfer is strongly affected by the available contact
rea. In this work, the available area is calculated as the surface
enerated by a revolution body around the z-axis [34]:

=
j=N−1∑

j=1

(
2π

∫ zj+1

zj

r

√
1 + (r′)2 dz

)
(35)

here the r coordinate as function of z can be expressed as

(z) =
(

rj+1 − rj

zj+1 − zj

)
(z − zj) + rj (36)

.5. Initial and boundary conditions for the numerical
olution

Apart from the initial conditions (m (t = 0) is equal to the
ass of a semi spherical bubble of radius equal to Do/2; t = 0,
C = PB = Patm + ρLgHL + 4σ/Do) and the boundary conditions
the n point is fixed to the orifice perimeter, there are no interac-
ions between bubbles, due to the low gas flow rate, the liquid is
tagnant, αL � 1) exposed in [22,24], two more considerations
ave to be pointed out.
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ig. 3. Experimental setup: 1, high speed video camera; 2, optical table; 3, bubb
itrogen; 9, oxygen electrode.

The first corresponds to:

CO2 )liq = 0.6C∗, at t = 0 (37)

Due to the experimental set up, shown in Fig. 3, the liquid
n the bubble column was easily deoxygenated until the oxygen
oncentration was 60% of the saturation concentration at 20 ◦C.
he videos were recorded then. As the detachment time is small,

he oxygen concentration of the liquid at which the experimental
ubble grows can be considered constant and equal to 0.6C*. The
imulated bubble must grow under this concentration of oxygen
n the liquid phase.

The second consideration has already been explained. It cor-
esponds to the initial mass of the bubble once the bubble has
etached, calculated from the mass inside the volume given by
q. (32) from point 1 to the point in which the neck collapses,

ust at the detachment of the bubble

t=detachment = VBρG (38)

The solution procedure can be summarised as follows. Both,
he momentum (Eq. (8)) and the force balance (Eq. (13)),
ogether with the calculation of the pressure drop across the ori-
ce (Eq. (28)) and the mass balance to the gas chamber in terms
f pressure (Eq. (29)) conform a system of coupled ODEs. The
quations are implemented and solved using a combination of
outines written in Matlab®. As a result, the bubble surface is
alculated coupling the effects of expansion and rising for the
and z axis, providing dR/dt and dz′/dt. dR/dt is the velocity of

he radial expansion of the bubble and dz′/dt is the only com-
onent (vertical) of the bubble rising while still attached to the
rifice. Then, the global vertical and horizontal components of
he velocity are determined using Eqs. (19) and (20). When the
ubble has detached, Eq. (13) is substituted by Eq. (21), Eq. (29)
ecomes 0 and Eqs. (20) and (28) become Eqs. (22) and (34),
espectively.

. Materials and methods

.1. Equipment

The experimental setup is shown in Fig. 3. The bubbles were

ecorded by means of a high speed video camera with recording
peeds up to 1000 frames per second. The camera is held by a
echanic arm fixed on top of an optical table. Images are edited

nd analysed with the MOTIONSCOPE® software.

r

1

umn; 4, fiber optic; 5, rotameter; 6, compressed air; 7, computer; 8, compressed

The air bubbles were generated in a bubble column with a
quare cross sectional area of 15 cm × 15 cm, made from flat
lass walls of 20 cm of height to avoid distortions in the record-
ng of the bubbles. The bubble column is placed on the optical
able, justified with the camera. Glued to the bottom of the bubble
olumn, there is a plastic cylinder to protect an air tube from the
ir bottle and to permit the generation of the bubbles at a certain
eight from the bottom of the tank, making easier the recording
f the growing bubbles. Above the cylinder, a gas chamber of
× 10−6 m3 is fixed. The gas chamber is directly fed from a
as bottle. At the top of the gas chamber, the stainless steal sieve
lates are glued. The liquid height above the sieve plates is 8 cm.

Bubbles are generated from 1.5 mm and 2 mm diameter sub-
erged orifices bore at the sieve plates using gas flow rates of
C = 1, 5 and 10 × 10−6 m3 s−1. The gas flow rates were mea-

ured by a rotameter located between the gas bottle and the
ubble column. Two different liquids (water and carboxymethyl
ellulose, CMC, Sigma C-5678 solution of 1.4%) at 20 ◦C are
sed to simulate the aeration in sieve plate tower reactors. The
as flow rates and the dimensions of the tank, made it possible
o consider the liquid inside as stagnant.

In order to accurately simulate the mass transfer during the
ubble formation process, every liquid was deoxygenated with a
itrogen flow until the oxygen concentration in the liquid is 60%
f the saturation concentration, measured by an oxygen elec-
rode Crison 92, for economical and experimental reasons. Since
ubble generation require a short time, it is possible to experi-
entally fix the oxygen concentration in the liquid to 0.6C*, to

ompare the theoretical and the experimental bubble shapes.

.2. Fluid properties

For the air–water system DL is 2.1 × 10−9 m2 s−1 [32], while
or the CMC solution 0.69DL(water–air) [35]. The other important
hysical properties used in the model are:

ater (20 ◦C, ρL = 998 kg m3, σ = 0.073 N/m,

μL = 1.037 × 10−3 Pa s).

The rheology of the CMC solution is determined using a

otational viscosimeter (Visco elite – L, Fungilab S.A.).

.4% CMC in water (20 ◦C, ρL = 1003 kg m3, σ = 0.067 N/m,

power law behaviour mf = 0.502, n = 0.750).
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. Results and discussion

The comparison between experimental and theoretical shapes
s straightforward as well as the detachment times. The volumes
nd the surface areas were also measured. One example for each
heological behaviour is shown.

.1. Bubbles generated in Newtonian fluids

The volumetric mass transfer coefficient, kLa, is composed
f two terms. kL depends on the microscopic movement of the
olecules. a is the surface area whose profile is graphically

etermined during the bubble growth. When kL is combined
ith a, the result shows a big increment during the formation

tage of the bubble. The profile of “kL” and “a” during the for-
ation of a growing bubble, Do = 2 mm, QC = 5 × 10−6 m3 s−1,

s shown in Fig. 4. Experimental and simulated bubble areas are
imilar.

The comparison between bubble simulated shapes and bub-
le photographs for the same experiment can be seen in Fig. 5.
ood agreement is achieved. The differences found between the
hotographs and the simulated shapes are focused on the lower
art of the bubbles. The discretization of the bubbles in 100
oints from the start of the growing process, avoided the inclu-
ion of fictitious interpolated points during the expansion and
ising of the bubble, a typical technique used by other authors
36]. However, only a few points were responsible for the devel-
pment of the neck which determines the shape of the bubble in
ts lower region.

The results of this study and those presented in case of

bsence of mass transfer [24] are very similar, within the exper-
mental recording error ±1 ms (Table 1). The effect of the

ass transfer on the detachment time cannot be experimentally
roved.

m
T
t

Fig. 5. Theoretical–experimental compariso
Fig. 4. kL and a profiles while bubble growth in an inviscid fluid.

Fig. 6 shows the resistances to the mass transfer in the case of
he air–water system. The most important resistance is that of the
iquid phase. The three resistances increase with the formation
ime of the bubble.

.2. Bubbles generated in non-Newtonian fluids

The present model accurately predicts several characteristics
f the bubbles generated in non-Newtonian fluids like the for-
ation time, the bubble volume, shape and surface area, under
ass transfer conditions.

Fig. 7 represents the profile of both, “kL” and “a”. Experi-

ental and calculated areas are plotted. The results are similar.
able 2 represents the recorded and the calculated detachment

ime of the bubbles under different experimental conditions.

n Do = 2 mm; QC = 5 × 10−6 m3 s−1.
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Table 1
Time formation comparison

Do (mm) QC (×106 m3 s−1) Detach time (ms)
(±1 ms experimental)

Detach time
(ms) (±0.05 ms)

1.5 1 20 21
5 20 19

10 18 17

2 1 32 30
5 30 30

10 30 30

Higbie’s theory; in Newtonian inviscid fluids.

Fig. 6. Mass transfer resistances in water, Do = 2 mm; QC = 5 × 10−6 m3 s−1.

Table 2
Time formation comparison

Do (mm) QC (×106 m3 s−1) Detach time (ms)
(±1 ms experimental)

Detach time
(ms) (±0.05 ms)

1.5 1 32 29
5 31 28

10 31 30

2 1 37 36
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5 36 36
10 36 35

igbie’s theory; in non-Newtonian viscous fluid.
easonable good agreement has been found between them. The
heoretical shapes are also in good agreement with the exper-
mental pictures, Fig. 8. In this case, the bubbles are more
pherical than when they were generated in inviscid fluids like

t
h
i
a

Fig. 8. Theoretical–experimental compariso
Fig. 7. kL and a profiles profile while bubble growth in a viscous fluid.

ater. The viscosity of the liquid medium, since both have sim-
lar surface tension, reduces the deformability of the bubble, its
xpansion, and slows down the growing, allowing a better fit
etween the experimental and the calculated shapes.

As in the Newtonian case above mentioned, the model pre-
icts a bubble formation times within the recording error than
hose presented previously in absence of mass transfer [24].

For a fixed flow rate, the experimental and the calculated
alues of the volume profile with time are found to be in good
greement up to the detachment time for both, water and the
.4% CMC solution in water. Fig. 9 shows an example of the
olume profile either simulated or experimental, calculated from
he photographed bubbles. Constant flow regime is shown, bub-
le volume is proportional to the detachment time, and good
greement was found between the experimental and the simu-
ated values.

The mass transfer mechanism in case of the non-
ewtonian rheological behaviour is shown in Fig. 10 for
C = 5 × 10−6 m3 s−1 and Do = 2 mm. The most important resis-

ance to the oxygen transfer is that of the liquid phase and is
early constant during the major part of the formation process.
he liquid resistance to the mass transfer directly depends on the
iffusivity. So, the reduction of the diffusivity when increasing
he viscosity of the liquid phase will decrease the k . On the other
L
and, the increment in the formation time, due to the increase
n the viscosity of the liquid, also results in a longer time with
higher mass transfer resistance to the transport with respect to

n Do = 2 mm; QC = 5 × 10−6 m3 s−1.
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Table 3
Values of the different liquid properties and gas flow rates used during the the-
oretical simulations using a Newtonian fluid

Do (mm) QC (cm3 s−1) ρ (kg m−3) σ (mN m−1) μ (mPa s)

1.5 1 750 18.2 1
900 36.5 5
998 54.7 10

1125 73.0 25
1250 91.2 50

109.5 100

1.5 5 750 18.2 1
998 36.5 5

1250 73.0 10
109.5 25

50
100

2.0 1 750 18.2 1
5 998 36.5 5

1250 73.0 10
109.5 25

t
t
t
e
a
b
t
i
p
f

ig. 9. Theoretical–experimental comparison for the volume profile in inviscid
nd viscous fluids Do = 2 mm; QC = 5 × 10−6 m3 s−1.

he obtained for the air–water system. The combination of the
wo effects results in a decrease in the volumetric mass transfer
oefficient with the increment in the viscosity.

.3. Theoretical effect of the physical properties of the
iquid on the mass transfer

Using the verified model, it is possible to study the isolated
ffect of the physical properties of the liquid on the mass trans-
er from a single growing bubble in a Newtonian medium. The
orking ranges of the liquid viscosity, liquid density and surface

ension used in the simulations are summarised in Table 3. In
he simulations, the properties are changed one at a time. The

oncentration of oxygen in the liquid is considered to be 60%
f the saturation concentration, as has been used so far.

The wide range of liquid fluids operating in a bubble column
nd the change in their properties during some of the processes

ig. 10. Mass transfer resistances in viscous fluid, Do = 2 mm; QC = 5 ×
0−6 m3 s−1.
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50
100

aking place inside [4,19–21] spread the spectrum of the viscosi-
ies of the liquid phase. The liquid viscosity has two effects on
he hydrodynamics of the bubble. First, it slows down the bubble
xpansion, and second, it slows down the molecular movement
t the surface of the bubble, which delays the generation of the
ubble neck and the detachment of the bubble. At the same time,
he retardation of the molecular movement reduces the diffusiv-
ty. The change in the viscosity of the liquid medium during the
rocess, can even shift the rheological behaviour of the liquid
rom Newtonian to non-Newtonian.

The effect of the liquid viscosity on the liquid diffusivity can
e calculated by Eq. (38), proposed by Öztürk et al. [23]:

L = 5.0 × 10−11μ−0.57
L (38)

The increment in the liquid resistance and its profile with time
or liquid viscosities from that of water at 20 ◦C to 100 times
igger, is shown in Fig. 11. The increment in the viscosity of the
iquid, similar to the one which takes place during a fermentation
rocess for example, reduces the molecular transport. However,
he surface area of the bubble increases, because there is an
ncrement in the formation time of the bubble. If a gas flow
ate is to be maintained, the generation of bigger bubbles results
n a little number of them, and in this case the specific area
lso decreases with the viscosity. Therefore, the volumetric mass
ransfer coefficient decreases with the viscosity.

The variation of the Sherwood number with time is calculated
sing the definition of the Sherwood number. The characteristic
ength is defined as the equivalent diameter for the sphere with
he same volume as that of the bubble at a given time. Fig. 12
hows a reduction in the Sherwood number during the gener-
tion of the bubble. The decrease of diffusivity affects more

owerfully on the Sherwood number than the increase in the
quivalent diameter.

Apart from the different liquids used in a bubble column, the
eneration of alcohols, acids, etc. during a fermentation process,
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ig. 11. Liquid resistance profile with time. Effect of the liquid viscosity.

odifies the surface tension during the process [20,21,36–38].
his fact will affect the detachment time of the bubbles, since

he surface tension determines the expansion of the bubble and
he break up or the collapse of its neck. Once detached, during
he rising movement of the bubbles, the variation of the surface
ension will modify the oscillatory behaviour, determining he
oncentration profile surrounding the bubbles. It has been proved
han the oscillations enhance the mass transfer rates from the
ubbles [15,39]. So far, the conclusions have not resulted in
consensus agreement about the effect of the surface tension

n the oxygen transfer rate [19,40–43], but it has been proved
hat lowering the surface tension in an aerated media result in
n increase in the growth of anaerobic bacteria at the interface

44].

Besides the liquid viscosity and the surface tension, the den-
ity of the different liquids also shows a wide range. The liquid
ensity determines the buoyancy of the bubbles and constitutes

ig. 12. Sherwood profile during the formation of a bubble. Effect of the vis-
osity of the liquid.
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resistance for their expansion in the liquid phase, determining
he bubble initial volume.

As can be seen in Fig. 12, the Sherwood number soon reaches
n almost constant value. The values of the Sherwood number
t the detachment time of the bubble can be considered repre-
entative for the bubble formation. The effect of the physical
roperties of the liquid on the Sherwood number of a growing
ubble can be studied, using the same definition of the char-
cteristic length as that mentioned before for Fig. 12, and the
ormation time of the bubbles as function of the physical prop-
rties of the liquid obtained by the modified model proposed
n the present paper, along with the predictive equation for the
iffusivity, Eq. (38).

Fig. 13 represents the results for bubbles generated from a
ieve plate with a hole of Do = 2 mm and QC = 5 × 10−6 m3 s−1.
iquid viscosity and surface tension increase the Sherwood
umber, meanwhile the effect of the density is small.

In order to rationalize and give an insight of the effect of
he typical physical properties of the liquid, viscosity, surface
ension and density, on the Sherwood number for a growing
ubble, a dimensionless study has been carried out using the
eynolds, the Grashof and the Schmidt dimensionless numbers.

An equation for the Sherwood number similar to those pro-
osed by other authors [26] can be obtained:

h = 10Re0.24Sc0.32 (39)

The exponents of the dimensionless numbers in Eq. (39) cor-
espond to the predictions of [45], because the exponent of the
c is similar to 1/3 and the exponent of the Re depends on the
ystem, and is similar to 1/4. Using the Grashof number instead
f the Reynolds number

h = 1.3Gr0.23Sc0.45 (40)

Better fit is achieved using Eq. (39). Fig. 14 represents the
herwood number as function of the dimensionless numbers Re
nd Sc. The coefficients of the dimensionless numbers are in the
ame order than those proposed for the rising bubbles, bigger
oefficient for the Sc number than for the Re or Gr numbers.

Due to the quick surface removal during the growing of the
ubble, the Sherwood numbers are high. Besides the marked
ffect of the viscosity, increasing the Sherwood number as it
ecreases the molecular movement and, with it, the diffusion
oefficient, the liquid density reduces the Sherwood number. Its
ffect is small, because the liquid density affects directly the
uoyancy of the bubbles and reduces the expansion. Its effect is
hown on the dimensionless numbers regarding the fluid flow,
he Reynolds or the Grashof numbers, and the Schmidt number,
hich accounts for the molecular movement. The slowed down
f the expansion, due to the increment in the liquid density, is
ore important than the increment in the buoyancy, leading to a

eduction in the surface removal and so, in the Sherwood num-
er. Furthermore, the surface tension also determines the bubble

xpansion, the bubble formation time and its equivalent diame-
er. An increase in the surface tension reduces the bubble volume.
he bubbles tend to be more spherical and small to reduce the
uperficial energy [24]. The Sherwood number is directly related
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Fig. 13. Effect of the physical properties of the liquid on the
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Fig. 14. Sherwood vs. Reynolds and Schmidt numbers, Eq. (39).

o the equivalent diameter but it is also determined by the liquid
esistance, kL, which depends on the formation time. The surface
ension reduces the formation time [22]. From the combination
f both influences, the Sherwood number reduces as the equiv-
lent diameter increases, but this effect is small, and the surface
ension increases the Sherwood number.
. Conclusions

The mass transfer mechanism from single growing bubble
n Newtonian and non-Newtonian media has been successfully

S
w
0

Sherwood number. Do = 2 mm. QC = 5 × 10−6 m3 s−1.

tudied by means of traditional concepts in the calculation of
lobal mass transfer coefficients. This model predicts bubble
hapes and initial conditions for bubble oscillations after detach-
ent with a good agreement with the experimental recordings

n deoxygenated liquids.
The gap between detachment time with or without mass trans-

er is small. When the liquid media was viscous, the stabilization
f the bubble neck resulted in detachment times that almost
opy those obtained for the systems in absence of mass trans-
er.

From the study of the effect of the physical properties of the
iquid on the mass transfer several results can be obtained. The
ffect of the viscosity is marked because not only determines the
ubble formation time, but also the diffusion coefficient, and it
nally results in an increment in the Sherwood number and a
ecrease in the mass transfer resistance kL. The liquid density,
esponsible for the buoyancy of the bubble and its expansion,
educes the Sherwood number, meanwhile the surface tension,
hich determines the bubble shape its and expansion, increases

he Sherwood number. The calculated Sherwood number can
e correlated as function of dimensionless numbers defining the
ow, the movement of the bubble and the diffusional process

ike Re, Gr and Sc similarly to the correlations presented for
ising bubbles [23–25] with good results.
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