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Studies on bubble dynamics with mass transfer
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bstract

The dynamics and mass transfer of a single reactive bubble of carbon dioxide rising in a strong alkaline solution of sodium hydroxide has been
nvestigated experimentally and numerically. A simple dynamic model of the bubble based on pressure balance, force balance and mass transfer
onsiderations has been developed. The model assumes sphericity of bubble and considers added mass of liquid, drag and surface tension effects
n bubble pressure. The effect of the accumulated contaminants on the mass transfer and drag coefficients are included in the model using an
daptation from literature. Photographic technique has been successfully used to follow the radius, and rise of the individual CO2 bubbles of radius
anging from 0.45 to 0.65 mm rising in 4%, 6% and 10% (w/v) NaOH solutions. The rise velocity, drag coefficient, mass transfer coefficient and
ther parameters were calculated from the videograph.
Limited deviation between model and experiments expressed as absolute deviation in radius (mean: 6.89%, maximum: 12%), velocity (mean:
%, maximum: 24%), and rise (mean: 7.3%, maximum: 15%) is observed. The enhancement factor for the mass transfer with reaction, the cap
ngle of the accumulated contaminants and drag coefficient were calculated from the model.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Understanding of bubble motion mechanism is essential for
any gas–liquid and liquid–liquid operations. Though prac-

ical processes involve bubbles swarms, study of behavior of
he single bubble gives insight into the overall. This makes the

ass transfer to (or from) a single bubble an essential base for
etter understanding of liquid–liquid extraction or gas–liquid
bsorption processes with or without reactions. A vast number
f publications in this field of study reflect the importance of the
rea. The present work concentrates on single bubble behavior,
y itself a quite complex problem, particularly when the pur-
ose is to cover a range of liquid phase properties and bubble
ize.

The motion of the bubbles and drops has aroused a lot of inter-
st for many years and the earliest investigations were carried out

y Rybczynski (1911) [1] on a liquid–liquid system. Mass and
eat transfer around a fluid sphere were studied by Kinard et al.
2] and Ruckenstein [3]. Tsuge et al. [4] experimentally inves-
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Sodium hydroxide

igated the wall effect on the terminal velocity and the shape of
ingle bubbles rising in highly viscous liquid. Griffith [5], Clift
t al. [1], Sadhal and Johnson [6], Tzounakos et al. [7], Vizquez
t al. [8], and Vasconcelos and coworkers [9,10] observed the
ffect of the contamination. It was also reported that a very small
mount of contaminant affects the bubble behavior. Real bub-
les in most cases pick up dirt/impurities very quickly and the
ehavior is different from uncontaminated bubbles. Takemura
nd Yabe [11] and Takemura and Matsumoto [12] investigated
xperimentally and numerically the gas dissolution process of
spherical rising gas bubble using a charged coupled device

CCD).

. Experimental apparatus and procedures

The experimental setup for the study of the change in the
ubble size and its hydrodynamics is shown in Fig. 1. It con-
ists of a test section, a bubble generating system, a light source,
high-speed digital camera and a computer connected to the
amera. The test section (1) was a glass walled 96 mm2 column,
00 mm tall, mounted on a stand. A rubber cork was provided
t the base of the column to grip the needle. The bubble gen-
rating system (3) consists of hypodermic syringe. The bubbles

mailto:sray@che.iitkgp.ernet.in
dx.doi.org/10.1016/j.cej.2006.10.019
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Nomenclature

a, ȧ, ä bubble radius (mm) and its time derivative
as area occupied by 1 mol of contaminant (m2)
a0 initial bubble radius (mm)
A cross-sectional area of the column (m2)
Ab, Acap area of the bubble and area occupied by the con-

taminant (m2)
CA0 solubility of CO2 in water (kg/m3)
CB0 concentration of NaOH in bulk liquid (mol/m3)
CD drag coefficient
C∞ contaminant concentration in the bulk (mol/m3)
DB, DA diffusivity of NaOH, dissolved CO2 in NaOH

solution (m2/s)
g gravitational gas constant (m/s2)
h height of liquid above orifice (m)
H Henry’s constant (m3 (N/m2)/(kg mol))
k parameter in the contaminant growth equation

(m1/2/s)
kLA, ks liquid phase mass transfer coefficient, mass

transfer coefficient of the surfactant (m/s)
kr reaction rate constant (m3/(mol s))
Mw molecular weight
nb, ns number of moles inside the bubble, moles of the

contamination accumulated in the stagnant cap
nb0 initial number of moles inside bubble
pb pressure inside the bubble (N/m2)
pb0 initial bubble pressure (N/m2)
p0 atmospheric pressure (N/m2)
R ideal gas constant (m3 (N/m2)/(K kg mol))
Re Reynolds number
S bubble rise (mm)
T operating temperature (K)
t time (s)
V, V̇ bubble volume (m3) and its time derivative
z number of OH− ions reacting with one molecule

of CO2

Greek letters
θ stagnant cap angle (◦)
ρb, ρl density of gas and liquid (kg/m3)

w
b
t
m
l
a
I
n
o
w
m
b

w
C
b

c
v
s
i
N
t
e
c
f

t
o
t
s
a
s
CO2 at these conditions are given in Table 1. Fig. 2 shows
photographs of typical rising bubble taken with the high-speed
camera, which show the dissolution of CO2 bubbles in the NaOH
σ surface tension force (N/m)

ere injected manually into the column ensuring that a single
ubble was introduced at a time. A light source (2) was used
o provide the necessary illumination for the photography. The

otion and dissolution of the bubbles were followed by a low-
ight high-speed digital camera (4) mounted on a well-balanced
djustable platform. The camera used was Basler A-301-b, 8 bit.
t can film sequences up to 80 frames/s and the output video sig-
al was acquired in the computer (5). The recorded sequence

f bubble motion was analyzed by using image processing soft-
are (Adobe Photoshop 7.0). Calibration of the vision field is
ade by photographing a precision scale placed along the bub-

le displacement axis.
F
N

Fig. 1. Schematic illustration of the experimental setup.

This initial adjustment of the camera and the light source
as done using air-water system to avoid the heat effects on the
O2–NaOH system due to the excessive warming of the solution
y the light source during the adjustments.

The test section is filled with NaOH solution of known con-
entration up to a height of 57 mm and CO2 bubbles of radius
arying from 0.3 to 0.65 mm were injected manually into NaOH
olution. The dissolution of the CO2 bubbles during their flight
s due to their absorption associated with chemical reaction with
aOH solution. The rise and dissolution of the bubble were cap-

ured by the camera at 80 frames/s. The radius was measured in
very frame and the velocity was calculated by measuring the
hange in position of the centre of the bubble from frame to
rame.

The effect of initial bubble radius and the initial concentra-
ion of the NaOH solution are observed. To study the effect
f the concentration of the NaOH on the absorption of CO2
hree different concentrations of 4%, 6%, and 10% (w/v) NaOH
olutions were used. All experiments were carried out at local
mbient temperature (25–30 ◦C) and under atmospheric pres-
ure (762 ± 1 mm Hg). The physical properties of NaOH and
ig. 2. Photographs of typical rising bubble in (a) 4%, (b) 6% and (c) 10%
aOH solutions.
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Table 1
Physical properties of NaOH solution and CO2

Property Reference 4% NaOH 6% NaOH 10% NaOH

Density (kg/m3) Measured using Sp. Gr. bottle 1042 1066.7 1106.6
Viscosity (Pa s) http://www.oxy.com/OXYCHEM/Products/caustic soda/

literature/caustic%5B1%5D.pdf
1.25 × 10−3 1.35 × 10−3 1.6 × 10−3
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iffusivity of CO2 (m /s) Calculated by the method proposed by Go
enry’s constant of CO2 in
NaOH (N/m2) m3/kgmol

Calculated by the method proposed by van
Hoftijzer given in [19]

olution. These are clipped from the original photographs and the
ertical position of bubbles should not be deduced from there.
he non-sphericity of the bubbles with different initial radii was
stimated by the quantity (1 − Rmin/Rmax), where Rmin and Rmax
re the measured minimum and maximum radius for a particular
ubble in a captured image. For the bubbles in general during
xperiments, the non-sphericity value was 0.03 maximum and
his is regarded as small. Therefore, the bubbles are consid-
red as spherical under the experimental conditions. It is also
ell known that the deformation of the bubble strongly depends
n the Weber number and the bubble deformation is negligibly
mall when Weber number is smaller than 0.5 [11]. The Weber
umbers were 0.342, 0.416 and 0.595 for 4% NaOH solution
nd hence the bubbles are considered spherical.

. Mathematical formulations

A single bubble of CO2 of radius ‘a’ is considered to rise
n a pool of NaOH solution through a height ‘h’. The bubble
ises and reduces in size due to its reaction/mass transfer with
aOH solution. However, there is also tendency for the bub-
le to grow as it rises and its pressure falls. The net change in
ubble size is therefore the result of two opposing tendencies.
t t = 0, the observation starts and the bubble is considered to
e at a height ‘s’ from the reference plane. Following are the
ssumptions made during modeling the system mathematically:

1) Heat effects during dissolution are not significant. So the
process is assumed to be isothermal.

2) Liquid phase resistance controls mass transfer.
3) Bubble is small and therefore spherical.
4) Concentration of dissolved CO2 is in equilibrium with bub-

ble pressure.
5) Concentration of solute gas in the bulk liquid phase is

assumed to be zero.
6) Velocity of bubbles is not affected by oscillations in the

range of the bubble radius considered [13].
7) Effects of the confining wall on the bubble are neglected.
8) The interfacial tension is assumed to be constant.
9) The contaminant is considered to be accumulating on the

interface.

.1. Momentum transfer
The equations for bubble growth and bubble rise are devel-
ped by considering the pressure balance and force balance over
he bubble [14,15].

C

I
1

given in [22] 1.53 × 10 1.425 × 10 1.202 × 10
elen and 3.5698 × 106 4.1845 × 106 5.7498 × 106

.1.1. Pressure balance on the bubble
The bubble grows when the pressure inside the bubble (pb)

xceeds the resisting effects of liquid surface tension, static
ressure and the drag on the bubble due to the relative motion
etween the bubble and liquid. The pressure balance over the
ubble yields:

b = p0 + ρlg(h − s) + �pσ + pμ + ρlhV̈

A

+ ρl[aä + 1.5(ȧ)2] (1)

here, a is the bubble radius, V is the bubble volume (4/3πa3),
tmospheric pressure, p0, hydrostatic head, ρlg(h − s), pressure
ue to surface tension, �pσ = 2σ/a, pressure due to viscous drag
n bubble ρμ = 0.5CDρl(ds/dt)2, pressure due to inertia of liquid
aused by liquid translation, ρlhV̈/A, and pressure due to inertia
f liquid surrounding the bubble, ρl[aä + 1.5(ȧ)2]

.1.2. Force balance on the bubble
Force balance for a spherical rising bubble considering force

ue to added mass and neglecting Basset history force [1,6]
ields Eq. (2). The last term in the force balance equation due to
dded mass of liquid surrounding the gas bubble. It is considered
hat the liquid mass corresponding to 1/2 of bubble volume move
pward with the gas bubble [16] in the solution:

b − Fd − Fg = d

dt

[(
ρb + ρl

2

)
V

(
ds

dt

)]
(2)

here Fb is the force due to buoyancy, Fd the drag force on the
ubble, and Fg is the force due to gravity:

d

dt

[(
ρb + ρl

2

)
V

(
ds

dt

)]

= V (ρl − ρb)g − CD

(
πa2

2

)
ρl

(
ds

dt

)2

(3)

nitial few pictures of the bubble rise are discarded to neglect
he effect of the nozzle. Initial rise velocity is estimated from the
hange of position of bubble centroid in two successive frames.

The drag coefficient (CD) depends on the bubble Reynolds
umber (Re), where the Re is defined as: Re = 2a(ds/dt)ρl/μl,
nd where the drag coefficient for a bubble is [16]:

16
[ {

8 1
(

3.315
)}−1

]

D =

Re
1 +

Re
+

2
1 +

Re0.5 (4)

n the study the bubble Reynolds number was between 126 and
78.

http://www.oxy.com/OXYCHEM/Products/caustic_soda/literature/caustic%5B1%5D.pdf
http://www.oxy.com/OXYCHEM/Products/caustic_soda/literature/caustic%5B1%5D.pdf
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If the surface convection is fast compared to both bulk dif-
fusion and both the adsorption and desorption, the adsorbed
contaminant is collected in a stagnant-cap region leaving the
frontal region virtually uncontaminated (Fig. 3) and thus freely
8 T. Madhavi et al. / Chemical Eng

.2. Mass transfer from the bubble

.2.1. Absorption mechanism and enhancement factor
The absorption of CO2 from the gas bubble into NaOH solu-

ion takes place through the following two sequential steps [17]:

1) Dissolution of gaseous CO2 into aqueous NaOH solution at
the gas/liquid interface.

2) The diffusion of dissolved CO2 in the liquid boundary layer
accompanied by the chemical reaction with OH− ions.

The overall rate of absorption is known to be controlled by the
atter step of the simultaneous diffusion and chemical reaction
n the liquid boundary layer.

The chemical reaction proceeds through the following
equential steps:

O2 + OH− → HCO3
− (5)

CO3
− + OH− → CO3

2− + H2O (6)

hus, the overall reaction can be written as

O2 + 2OH− → CO3
2− + H2O (7)

t is a second order reaction between CO2 and OH−, and the
toichiometric factor z (number of OH− ions reacting with one
olecule of CO2) is 2.
The equations for simultaneous diffusion with chemical reac-

ion have been solved numerically by Brian et al. [18] and
he results have been greatly condensed by him by introducing
nhancement factor and some dimensionless terms:

he enhancement factor, E =
√

M ′(Ei − E/Ei − 1)

tanh
√

M ′(Ei − E/Ei − 1)
(8)

here

′ = π

4
krCB0t (9)

i =
√

DA

DB
+ CB0

zCA0

√
DB

DA
(10)

A and DB are the diffusivities of dissolved CO2 and NaOH,
espectively. kr is the kinetic constant for the reaction [19,20].

The enhancement factor signifies the factor by which the reac-
ion increases the amount absorbed in a given time as compared
o absorption without reaction.

.2.2. Mass balance equation
Now the rate of mass transfer from the bubble can be

xpressed in terms of enhancement factor (E) as [21]:

dnb

dt
= −EkLA(4πa2)CA0 (11)
ass transfer coefficient (kLA) from Higbie’s penetration theory:

LA = 2

√
DA(ds/dt)

2πa
(12)
ing Journal 128 (2007) 95–104

nalytical expression for enhancement factor (E) for second
rder reaction is according to Eq. (8).

According to Henry’s law, the concentration of dissolved CO2
n equilibrium with bubble pressure (pb) is given by

A0 = pb

H
(13)

here Henry’s constant H is determined by the method of Krev-
len and Hoftizer [20]. Diffusivity of NaOH at finite dilution is
etermined using the equation of Gordon and Nernst [22].

Eq. (14) expresses the number of moles and pressure rela-
ionship:

b = nbRT

V
(14)

ubble density calculation is performed using the following
quation:

b = nbMw

V
(15)

.3. Contaminant accumulation stagnant cap model

.3.1. Effect on mass transfer
The stagnant cap model of the bubble contamination pro-

osed by Griffith [5] is used according to which the bubble
ontamination proceeds in four steps:

1) Diffusion of contaminant from the bulk to the interface
(mass transfer coefficient, ks).

2) Instantaneous adsorption of contaminant at the interface.
3) Convection of contaminant by adjacent liquid towards the

rear of the bubble.
4) Accumulation of the contaminant molecules in a stagnant

cap (area per mole, as), without desorption to the liquid.
Fig. 3. Stagnant cap model.
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obile [9]. It is assumed that diffusion controls the contaminant
ransport from the bulk as if it were insoluble [6,23]. Stagnant
ap size is a function of the bulk concentration of the contam-
nant and if the bubble is small enough, the cap may cover the
ntire surface [24]. It is assumed that the mass transfer from the
ubble to the liquid phase occurs only from the mobile phase.

The rate of diffusion of contaminant from the bulk to the
urface can be described by the rate equation as [9]:

dns

dt
= ks(Ab − Acap)C∞ (16)

f as is the area occupied by a mole of contaminant (Acap = nsas)
nd assuming that the mass transfer coefficient (ks) obeys Hig-
ie’s relationship with some characteristic length assuming to
e the bubble diameter (d = 2a) then:

s = k′(2a)−1/2

here k′ is a constant for a given gas diffusivity and given
as–liquid slip velocity. Lumping k′, molar mass as and bulk con-
entration C∞ into a single parameter k which may be assumed
onstant for a given bulk concentration:

= k′asC∞ (17)

herefore, the resulting equation for the growth of the contam-
nant surface with time is

dAcap

dt
= k(2a)−1/2(Ab − Acap) (18)

herefore, the bubble dissolution given by Eq. (11) changes to

dnb

dt
= −EkLA(4πa2 − Acap)CA0 (19)

.3.2. Effect on drag coefficient
A simple relationship between drag force and the stagnant

ap angle developed by Sadhal and Johnson [6] is used. This
elationship is converted to the following expression of drag
oefficient of the partially contaminated bubble in terms of the
ther drag coefficients:

D(θ) = CD,rigid − CD,mobile

2π

×
(

2θ + sin(θ) − sin(2θ) − 1

3
sin(θ)

)
+ CD,mobile

(20)

here CD,rigid and CD,mobile are the drag coefficients for bubbles
ith a rigid and mobile surface, respectively.
Improved values of CD,mobile is calculated using Eq. (4) and

he drag coefficient (CD,rigid) for a rigid particle is calculated
ollowing Clift et al. [1]:

D,rigid = 24
(1 + 0.1935Re0.6305) (21)
Re

q. (18) is solved to obtain the Acap, the area occupied by the con-
aminant assuming an initial Acap. The parameter k is obtained
y fitting the model output to the experimental data of bubble
adius, rise and velocity.

e

r
e
6

ing Journal 128 (2007) 95–104 99

.4. Initial conditions

Eqs. (1), (2) and (19) for the bubble growth, motion and mass
ransfer respectively are solved simultaneously with the initial
onditions for pb is derived from Eq. (1) by assuming ä to be
mall and neglecting the same at initial stage:

b0 = p0 + ρlg(h − s) + 2σ

a
+ pμ +

[
8πρlha

A
+ 3

2
ρl

]
ȧ2

(22)

0 = 0 (23)

or a known initial bubble radius a0 with a known value of
ds/dt)0 (from experimental data). MATLAB software was used
or programming using the ODE45 integration routine.

. Results and discussions

.1. Parameter estimation

The parameter k in the stagnant cap model was treated as a
est-fit parameter and obtained by fitting the model output with
he experimental data for each concentration of NaOH for dif-
erent bubble radius. It was estimated to be 0.0065, 0.008 and
.0095 m1/2/s for 4%, 6% and 10% NaOH solutions, respec-
ively. The increase in the value of k with NaOH concentration
s probably due to higher amount of impurities in more concen-
rated solution.

.2. Effect of initial concentration of NaOH solution

From the several experiments, data for three bubbles of
lmost same (maximum 0.62% deviation) initial observed radius
0.496 mm) were chosen. Actual bubble radii were 0.4952,
.4991 and 0.4949 mm, respectively. The bubbles were rising
n 4%, 6% and 10% NaOH solutions in the three experiments.
he initial velocities of the bubbles were determined in each
xperiment from two initial frames of photographs. Initial pres-
ure was estimated using Eq. (22). The initial liquid head on the
ubble was considered to be same for all the bubbles.

.2.1. Bubble size
Fig. 4 shows the change in the bubble radius with time from

xperiments and model. It is observed from the figure that the
lope of the curve decreases with the initial concentration. This
s because the dissolution rate with chemical reaction increases
ith the initial concentration of NaOH solution and hence the
ubble radius reduces fast in 10% solution. It is also observed
hat the slope of the curve for a given initial concentration
ecreases after a certain time; this is because of the reduction of
he interfacial area of bubble for the mass transfer due the added
ffect of the contaminants.
Fig. 5 compares the experimental and model fitted bubble
adius. The dashed lines represent the maximum % absolute
rror of 11.5%. The mean % absolute error for the model is
.89%. It is observed that for the model results are in good
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Fig. 4. Bubble radius with time—experimental and model fitted results.

greement with the experimental results in the range about
.35–0.49 mm. The fit is poorer in the lower range of the bubble
adius. This may be attributed to the higher inaccuracy in the
easurement of the bubble radius at lower values.

.2.2. Bubble rise velocity
Fig. 6 shows the change in bubble rise velocity during exper-

ments and the same predicted from the model. Since the radius
f the bubble and therefore the buoyancy on it decreases with
ime the bubble velocity decreased with time. It is also observed
hat the rate of decrease in the velocity is reduced after a certain
ime, this is because of the increase in drag and reduction of the

ass transfer area and lowered shrinking rate of the bubble due
o contaminant accumulation.
Fig. 7 compares the experimental and model fitted bubble rise
elocity for experiments conducted with 4%, 6% and 10% NaOH
olutions. The maximum % absolute error is about 24% and the
ean % absolute error is about 8%. It is observed that the model

Fig. 5. Experimental and model fitted bubble radius.

t
w
h
f

ig. 6. Bubble rise velocity with time—experimental and model fitted results.

est fits the experimental values at higher velocities, i.e. from
round 0.09 m/s. The fit is poorer in the lower velocity range.
he error in the lower range of the velocity (below 0.06 m/s) may
e due to the error in the measurement of smaller size bubbles.
t is also seen that the model has a tendency to over predict
t higher velocities. This is possible as at higher velocity the
ubbles are larger and larger size bubbles tend to flatten out and
ise slowly compared to the spherical bubbles as assumed in the
odel.

.2.3. Bubble rise
In general larger bubbles rise faster. It is observed from Fig. 8

hat the bubble rise is high in a 4% solution as the mass transfer
ate and the effect of contaminants are low in the low concentra-

ion solution. Rise of the bubble in 10% solution is comparable
ith that in the 4% solution, which is due to the effect of its
igher initial velocity. It is also observed that the bubble rises
aster initially and the rise is hindered after a certain time, which

Fig. 7. Experimental and model fitted bubble rise velocity.
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Fig. 8. Bubble rise with time—experimental and model fitted results.

s due to the effect of the accumulated contaminants and reduc-
ion in size due to reaction.

Fig. 9 compares the experimental and model fitted bubble
ise for experiments conducted with 4%, 6% and 10% NaOH
olutions. It is observed that the model fits the experimental
ise with a maximum % absolute error of 15.3% and mean %
bsolute error of about 7.3%.

.2.4. Enhancement factor
Fig. 10 shows the enhancement factors predicted by the model

Eq. (8)) for bubbles of initial radius 0.49 mm in 4%, 6% and 10%
aOH solution. It shows the amount by which the mass transfer

s enhanced by the chemical reaction in different concentrations

f NaOH. It is observed that the enhancement is high in solutions
f higher concentration. This is because of high mass transfer
ith a chemical reaction of CO2 in solutions of higher NaOH

oncentration.

Fig. 9. Experimental and model fitted bubble rise.

N
b
i
1

Fig. 10. Enhancement factor change with time predicted by the model.

.2.5. Cap angle
The growth of cap angle with time in different concentrations

f NaOH solutions predicted by the model (Eq. (18)) is shown
n Fig. 11. It is seen that the cap angle gradually increases with
he time; this is because of the continued accumulation of the
ontaminant on the surface of the bubble. It is observed that the
ap angle in 10% solution is high, which is probably because of
larger amount of contaminant present in a higher concentration
olution.

.2.6. Drag coefficient
Fig. 12 shows the increase in the drag coefficient with time

redicted by the model (Eq. (20)) in different concentrations of

aOH solution. It is observed that the drag coefficient on the
ubble increases with the concentration of NaOH solution; this
s because of the high viscosities and contaminants present in the
0% and 6% solutions. With the contaminants accumulated on

Fig. 11. Cap angle change with time predicted by the model.
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Fig. 12. Drag coefficient change with time predicted by the model.

he surface, the bubble tends to behave as a rigid sphere and the
rag on the bubble changes from the mobile interface to that of
rigid surface. Therefore, it is observed that the increase in drag
oefficient of a bubble in single concentration is low initially
nd then increases after a certain time

Fig. 13 shows the drag coefficient change with cap angle pre-
icted by the model for different concentrations. It can be seen
hat the drag coefficient on the bubble increases with the cap
ngle since the drag and the cap angle increase with amount of
he contaminant accumulated. The initial rise velocity order is
n the order of increasing concentration of NaOH during experi-

ents. Velocity, rise and cap angle affects CD. Therefore, though
he CD is higher for higher NaOH concentration for same cap
ngle as observed, the same should not be taken as a general
rend.
.3. Effect of different initial bubble radius

A set of experimental results with initial bubble radii of 0.49,
.58, and 0.63 mm in 4% NaOH solution were chosen for eval-

ig. 13. Drag coefficient change with cap angle predicted by the model.

4

f

F

ig. 14. Bubble radius with time—experimental and model fitted results.

ating effect of initial bubble size. The initial velocities of the
ubbles were 0.1553, 0.1843 and 0.1511 m/s, respectively.

.3.1. Bubble size
Fig. 14 shows the change in the bubble radius with time from

he experiments and that predicted from the model. The reduc-
ion rate of the bubble size is at almost same for 0.49, 0.63 mm,
ut the reduction rate of bubble size for the 0.58 mm initial radius
s slightly higher. This is probably because the bubble with initial
ize 0.58 mm had a higher initial velocity (0.1843 m/s) compared
o the others (0.1553 and 0.1511 m/s). A bubble with a high ini-
ial velocity travels a longer distance for a given time and hence
as a higher dissolution. The reduction in the rate of the bub-
le radius decrease towards the end is because of contaminants
ccumulated on the surface of the bubble, i.e. stagnant cap effect.
.3.2. Bubble rise velocity
Fig. 15 shows velocity transient of the bubbles of three dif-

erent radii in 4% NaOH solution. From the above figure it can

ig. 15. Bubble rise velocity with time—experimental and model fitted results.
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dicted by the model. It is observed that the cap angle gradually
Fig. 16. Bubble rise with time—experimental and model fitted results.

e observed that the bubble with initial radius 0.49 and 0.63 mm
aving nearly the same initial velocity show decrease in velocity
ith the same rate. The bubble with higher radius, i.e. 0.63 mm
as a higher velocity; this is because of its higher buoyancy
hen compared to the lower size bubble. The bubble rise veloc-

ty of 0.58 mm bubble at a given time is higher than the 0.63 mm
ubble due to its high initial velocity.

.3.3. Bubble rise
Fig. 16 shows the rise of bubbles with different radii in 4%

aOH solution. In the figure we observe that the bubbles with
early same initial velocity but with lower initial radius rise at

slower rate. Lower buoyancy and higher drag coefficient on
smaller bubble explains this. The rise of a 0.58 mm bubble

s comparable with that of the 0.63 mm bubble; this anomaly
s probably due to its higher initial velocity. It is also observed

Fig. 17. Enhancement factor change with time predicted by the model.

i
i
b
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hat the rate of rise of the bubble reduces after a certain time,
.e. the slope of the curve decreases after a certain time, which
s due to the additional drag from the accumulation of the
ontaminants.

.3.4. Enhancement factor
Fig. 17 shows the amount by which the mass transfer is

ncreased with reaction with time obtained from the model
or bubbles of different radii in 4% NaOH. It is seen that the
nhancement because of reaction is nearly the same in the
ubbles with different radii. The enhancement because of the
eaction depends mainly on the interface concentration of the gas
nd the initial concentration of NaOH solution, since the con-
entration of NaOH solution is constant here, and the change
n the interface concentration of CO2 for the bubbles of dif-
erent radii is not high; the enhancement factor is nearly same
or bubbles of different radii in a given concentration of NaOH
olution.

.3.5. Drag coefficient
Fig. 18 shows the variation of drag force predicted by the

odel for bubbles with three different radii. The bubbles with
adii 0.63 and 0.49 mm have nearly same initial velocity. It is
bserved that the bubble with radius 0.49 mm has higher drag
oefficient because of its lower Reynolds number compared to
he larger bubble. The bubble with radius 0.58 mm initially has
high drag coefficient than that of 0.63 mm radius bubble due

o its high initial velocity.

.3.6. Cap angle
Fig. 19 shows the stagnant cap angle change with time for

ubbles of radii 0.49, 0.58, 0.63 mm in 4% NaOH solution, pre-
ncreases with time; this is due to accumulation of the contam-
nants on the surface of the bubble. The cap angle in a smaller
ubble is higher.

Fig. 18. Drag coefficient change with time predicted by the model.
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[23] S.S. Ponoth, J.B. McLaughlin, Numerical simulation of mass transfer for
Fig. 19. Stagnant cap angle change with time predicted by the model.

. Conclusion

The reactive bubble system of CO2–NaOH system was stud-
ed for different concentrations of the NaOH (4%, 6% and 10%)
olution and bubble sizes (0.45–0.65 mm). A simple dynamic
odel of the bubble based on pressure balance, force balance

nd mass transfer considerations has been developed. The model
ssumes sphericity of bubble, considers added mass of liquid,
rag and surface tension effects on bubble pressure. It also
ncludes the growth of stagnant cap on the bubble surface due
o accumulation of contaminants. Predictions from this simple

odel are in good agreement with experimental results.
With the increase in the NaOH concentration it was found

hat bubble size reduces faster and these bubbles rise with lower
elocity. Therefore, the bubble rise in same time is lower in high
oncentration solutions. Initial velocity of bubble significantly
ffects the bubble rise. Shrinking rate of the bubble after a certain
ime reduces due to the accumulation of contaminants on bubble
urface.

When bubbles rise in NaOH solutions, rise and the velocity
f initially larger bubble were found to be higher. Diameters
f bigger and smaller bubbles diminish at nearly same rate.
nhancement factor is independent of bubble initial size. The
rag coefficient and the cap angle was observed to be higher in
mall bubbles and increased with time. Due to the accumulation
f the surfactants the drag coefficients increase.
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