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Abstract:  This work deals with the
quantification of the C@ transfer rate from a
bubble to the surrounding liquid in a bubble
column. A model is successfully developed
using COMSOL Multiphysics. The validated
model is used to study the enhancement
influence of chemical reactions on the transfer
rate. More, the results of this study are compared
with a classical 1-D approach and an excellent
comparison is observed.
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1. Introduction

The sodium bicarbonate production process
is one of the oldest processes of the Solvay
group. The main step of the production process
is the dispersion, under the form of bubbles, of a
gaseous mixture of air and @Qn a brine
(aqueous solution rich in Naand CQ"). This
dispersion is realized in large bubble columns,
called the BIR columns.

This work deals with the quantification of the
CO, transfer rate from a bubble, rising in the
liquid phase, to the brine. The main resistance to
this transfer is located in the liquid phase. lis th
phase, the convective transport of £y the
liquid flow is coupled with its diffusive transport
and with chemical reactions. Therefore, it is
necessary to take these three phenomena into
account simultaneously to quantify the £O
transfer rate.

The presence of adsorbed surfactants at the
interface of the bubble has a strong influence on
the mass transfer as it can change the flow field
around the bubble [1]. Therefore, two cases are
investigated: a fully contaminated bubble and a
clean bubble.

2. 2-D Modelling and Simulation

2.1 Governing equations
A pure CQ spherical bubble, moving upward
at a steady velocity in a liquid at rest and of

infinite extent, is considered. In the liquid phase
the transferred CPO takes part to the two
following chemical reactions [2,3,4] :

CO,+OH U HCQ, 1)

HCO,+ OH Ui cg+ H,C 2

The balance equations are written in
dimensionless form in an inertial reference frame
located at the mass center of the bubble.

The bubble velocityG, the bubble diameter
d,, and pG? wherep is the liquid density, are
used as reference velocity, length and pressure,
respectively. The interfacial GQconcentration
[CO,)i and the OH HCO; and CQ bulk
concentrations, [OHbuk, [HCOs]puk and
[COslwuk are used as reference concentrations.

Let u be the dimensionless liquid velocity
vector,p the dimensionless pressure anpd, c,
and d the dimensionless concentrations of the
CO,, OH, HCO; and CQ7, respectively.

At steady state, the vectorial form of the
incompressible Navier-Stokes and continuity
equations coupled with the convection-diffusion-
reaction equations, write as follows [5,6]:
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Re is the classical particle Reynolds number,
defined as:
Re= % 5)
v
wherev is the liquid kinematic viscosity.



Pe is the Peclet number, which can be
calculated byPe=Re.Sc, whereSc is the Schmid
number, defined as:

= v (6)
D

co,
where Do is the CQ diffusion coefficient.

r; andr, are the chemical reaction rates. They
are written:

r, =Ha?(ab-ac) )
r, = HaZ (bc-d) (8)
where oa=[CO,]pu/[CO,]; is the CQ

concentration ratio between the bulk and the
interface andHa; andHa, are the Hatta numbers
for the reactions (1) and (2), defined as:
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wherek;; andk,; are the kinetic constants of the
reactions (1) and (2), respectively.

B, =Dy, /Deo, ' B =Dy, /Do, 2N
B, = Dco;/Dcoz are the ratios of diffusion

Xo =[CO, ] /[OH Ty
X. =[CO,], /[HCO;],, and
X:=[CO,] /[CO;],. are the ratios of bulk

concentrations.

This work is limited to an axisymmetrical
flow. In the case of a clean bubble, no vortex
appears and the wake remains steady and axi-
symmetric if Re<500. For a fully contaminated
bubble behaving as a solid sphere, the wake
presents a steady axi-symmetric vortex for
Re>20 and loses its axi-symmetry &e=210
[1,5].

(10)
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2.2 Flow domain and boundary conditions

The axisymmetrical computational domain is
presented ifFigure 1 A semi bubble is located at
the center of a semi circular domain. The domain
diameter in dimensionless form is 10.

The inlet is located at the top boundary of the
flow domain, where uniform downward velocity
and initial concentrations are imposed:
u=0,v=-1
a=ag,b=1,c=1,d=":

(11)
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Figure 1. Diagram of the geometry.
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At the bottom of the domain, a stress-free
condition is imposed and the flux of the different
species is purely convective:

{‘pl+ée(lilu+(ljlu)T)}n:0 (13)
n-(- Daj =0 n-[ 'BbDbJ =0
Pe ’ Pe ’ (14)

n.[_l;cljcj =0 , n.( _lgdl]d] =0
Pe Pe

wheren is the normal vector.

On the bubble surface, only tleespecie is
able to diffuse through the interface and its
concentration is assumed to be uniform.
Therefore, the boundary conditions write as
follows :

a:1,n-(-%+bu):o, (15)

n.(_@+cu):o , n.(_@+du): 0
Pe Pe

In the case of a fully contaminated bubble,
the bubble behaves as a solid sphere [1,5].
Therefore, a no slip condition is imposed at the
surface of the bubble:
u=0 (16)

For a clean bubble, a slip condition is
imposed, therefore the normal component of the
velocity and the shear stress are equal to zero at
the surface of the bubble:

neu=0, t-[—pl +;e(Du+(E|u)T)Jn =C 17)

2.3 Use of COM SOL Multiphysics

The Incompressible Navier-Stokes mode
coupled with Convection and Diffusion mode,
from the Chemical Engineering Module, are used



in 2-D axisymetric geometry. All the simulations
are performed with the version 3.3.0.405 of
COMSOL Multiphysics.

2.4 Meshing

To mesh the domain, a concentric circular
mapped mesh is used (23140 elements). It has
been observed that a mapped mesh gives a far
better convergence and better results for the
convection-diffusion equations than a free mesh,
especially in the drag zone at the rear of the
bubble.

As it is presented irigure 2 a finer mesh is
used in the vicinity of the interface. The
dimensionless thickness of this dense mesh zone
is 0.05 and the thickness of the first mesh close
to the bubble is 8.3 10

It can be demonstrated that the diffusion
boundary layer normalized by the bubble
diameter can be roughly estimated 18y/Pe [7].

In this work, the smallest value &f® is 5000.
Therefore, it is ensured that the diffusion
boundary layer does not lie beyond this zone.

To create the mesh, a chosen number of node
points are imposed on the bubble surface (392
points) and on the symmetry axis (30 points in
the dense mesh zone and 80 points outside,
above and below the bubble).

2.5 Simulation procedure

Assuming that the mass transfer and the
resulting chemical reactions do not influence the
liquid flow, momentum transport and mass
transport are solved separately.

The Navier-Stokes equations are solved first
without mass transfer. The initial condition is no
flow:
u=0,v=0 (18)
The resulting computed flow is then stored.

In a second step, the diffusion-convection
problem is solved without chemical reactions
using the flow field calculated at the previous
step. The initial concentration fields are:
a=ag,b=1,c=1,d=": (19)
The resulting concentration fields are stored to
be used as new initial conditions.

Finally, the convection-diffusion-reaction
problem is solved, using the flow field from the
first step and the concentration fields form the
second step.
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Figure 2. Mesh of the computational domain.

For each step, the stationary direct solver
UMFPACK is used.

3. Validation Without Reaction

In order to validate the modeling with
COMSOL  Multiphysics, the  numerical
simulation results are first compared with
literature correlations concerning the drag
coefficient Cp and the Sherwood numb&h for
both clean and fully contaminated bubbles.

Considering the boundary values of the
Reynolds number for the validity of an
axisymmetrical flow simulation, the validation
for the clean bubble is therefore realized for
20<Re<400 and for the fully contaminated
bubble for 18&Re<200.

The drag coefficient is the dimensionless
form of the average of the z-components of the
shear stress and the non-hydrostatic component
of the pressure on the bubble surface, defined as:

Co =2 (-p, + (-7, +7,)) dS (20)
T

wherep, is thez-component of the pressure and
I, and 7, are thez-components of the shear
stress.

The average Sherwood number is the
dimensionless mean mass transfer rate from the
bubble to the liquid. It is calculated from the
dimensionless flux integration along the bubble
surface, as follows:

1
S n(l_a)cﬁua ds

For a solid sphere, a recirculatory wake is
formed at the rear of the bubble wh&e>20
[1,5]. Therefore, the separation angle is also
compared with the literature for the fully
contaminated bubble.

(21)



3.1 Drag coefficients

The comparison of the COMSOL drag
coefficient and the literature correlations is
presented as a function of the Reynolds number
in Figure 3

In the case of the clean bubble, the COMSOL
results are compared with correlations from:

- Hamielecet al. (for 4<Re<100) [1]:

C, =13.725Re™®" (22)
- Hasset al. (for Re>2) [1]:
C, =14.9 Re®™ (23)

For the fully contaminated bubble behaving
as a solid sphere, the numerical results are
compared with correlations from:

- Lappleet al. (for Re<1000) [1] :
C, = §(1+ 0.125Re"')

Re
- Clift et al. [1]:

0.01<Re< 20- C,

(24)
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It is observed that the drag coefficients
computed by the COMSOL model are in

excellent agreement with these correlations.

(]:l- O.lSlBeO'BZ_O‘OSbg“Re) (25)

20< Re< 260 C,

3.2 Separation angle for a solid sphere

For the fully contaminated bubble, the
separation angle calculated by the model is
compared with the correlation proposed by Clift
et al. (for 20<Re<400) [1] :

6, =180- 42.5( lod Re/2))""" (26)

The results, which are presentedFigure 4
show an excellent agreement.

3.3 Sherwood number

The comparison of the COMSOL Sherwood
number and the literature correlations $or500
is presented irFigure 5 as a function of the
Reynolds number.

For the clean bubble, the simulation results
are compared with correlations from:
- Lochiel and Calderbank (f&e>1) [5]:
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Figure 3. Drag coefficient versus Reynolds number
for clean bubble and fully contaminated rigid bbbl
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Figure 4. Separation angle versus Reynolds number
for fully contaminated rigid bubble.
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Figure 5. Sherwood number versus Reynolds number
for clean bubble and fully contaminated rigid bbbl
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NG
For the fully contaminated bubble, the two
following correlations, proposed by Clifet
al.[1], are used:

(28)

- Sh=1+0.724 R4/ (29)
(for 100<Re<2000 andsc>200)
“h= 1+(1+(1/( Re Sc))m Re°"‘1) ok (30)

(for 1<Re<400 and 0.255c<100)
For both cases, a good agreement is observed.



3.4 Preliminary conclusion

The results of this validation step show the
ability of the COMSOL simulations to estimate,
with a good agreement, the hydrodynamic and
the gas-liquid mass transfer parameters for
different bubble cases for which well known data
can be found in the literature. The model is then
considered validated.

4, Simulation Results and Discussion

In this section, the effect of the chemical
reaction kinetics on the mass transfer rate is
studied by varying the values df; andHa,, for
the operating conditions in a BIR column.

The bubbles have an average diameter of 1
mm and a rising velocity of 0.2 m/s. Therefore,
the simulations are realized witRe=200 and
Sc=500. Other parameters have been calculated
using correlations from Vas Bhettal. [3]. Their
values are @ a=0.003 y, =64, x, =0.03
X,=0.025 B =41, B, =0.9,8,=0.7,

Ha, =0.19, Ha, =902.

SinceHa, is much greater thada;, the mass
transfer is not very sensitive to thia, value. It
has been confirmed by a sensitivity analysis.
Therefore, the Sherwood number is computed for
different values oHa;.

The a-concentration fields for differertia;
values and for both clean and fully contaminated
bubbles are presentedHiyure 6

As expected, it is observed that the chemical
reactions deplete the concentration of the
transferred specie in the liquid phase for
increasingHa; number. AtHa;=10, thea-specie
is totally consumed beyond the diffusion
boundary layer. Furthermore, it is observed that
the size of this diffusion boundary layer
decreases whdfla; increases.

In order to quantify the effect of the chemical
reaction rates on the transfer rate, the Sherwood
numberSh and the chemical enhancement factor
E are calculated.

The enhancement factd, is defined as the
ratio [8] of the transfer rate when reactions are
coupled with diffusion on the transfer rate in
purely diffusive regime. It is calculated by
dividing the Sherwood number with reactions by
the Sherwood number without reaction. The
Sherwood number and the enhancement factor
results are presented in Figure 7.
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Figure 6. Surface concentration fields afspecie for
both fully contaminated (left) and clean (right)
bubbles for several values ldf;.

It is observed that the chemical reactions
increase the Cptransfer rate, especially when
the Ha; number is higher than 1. The effect of
the chemical reactions is more important in the
fully contaminated bubble case, but the
Sherwood number remains larger in the case of
the clean bubble.

A commonly-used approach to estimate the
gas-liquid transfer rate in a chemical reactor is
the uni-dimensional Higbie model [9].

In this approach, the liquid flow is idealized
as a mosaic of liquid elements slipping around
the bubble. Each element stays in contact with
the bubble the same time, there is no shear stress
in the liquid and the diffusion is normal to the
interface. Therefore, the evolution of the
concentrations in these elements is modeled by a



1-D equation system. The dimensionless form of
the mass transport equations writes as:

da_10d%a

ot Peox’ !

ob_ 5, 0%

E—FZQJUG(_H —r2) (31)
dc _ B dc

a “peae He(n )

ad _ B, 0%d

o peax

wherex is a dimensionless axis (normalized by
dy), normal to the interface and oriented towards
the bulk of the liquid phase, ant is the
dimensionless time (normalized dyG).

At x=0 (corresponding to the interface), a
concentration condition is imposed for tlae
specie and an isolation condition is imposed for
the other species:

a:l, &@:0,&@: 0 ,&@: ( (32)
Pe 0x Pe dx Pe 0x

For x>« (bulk of the liquid), a no flux
condition is imposed for each species:
Loa_y Bob_

Pedx ' Peox (33)
Bde_o Bod_g
Pe ox Pe ox
The initial condition is:
a=qg ,b=1,c=1,d=": (34)

The Sherwood number is calculated by the
time integration fromt=0 to t=1 of the
instantaneous dimensionlessflux at x=0, as
follows:

1 ri0a
Sigpie :_E 0%

As the Higbie approach is based on the
assumption that the liquid in contact with the
bubble slips on the interface, the simulation
results for the clean bubble case are then
compared to the numerical resolutions of these
equations, which has been realized in a previous
work [10].

The comparison is presented #igure 8 An
excellent agreement between these two
approaches is observed. Concerning the
enhancement factor, the Higbie approach
provides an excellent estimation fHia;<1. For
Ha;>1, the Higbie approach tends to slightly
underestimate the effect of chemical reactions.

(35)
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5. Conclusions and Futures Plans

In this paper, COMSOL Multiphysics is used
successfully to model a 2-D spherical bubble
rising in a liquid. Two cases are investigated: a
clean bubble and a fully contaminated bubble
behaving as a solid sphere.

This model is developed to estimate the,CO
transfer rate from bubble to the brine in a BIR
bubble column. In this system, chemical
reactions are coupled with the mass transport.

The model is first validated in the case
without reactions by comparing successfully the
computed drag coefficient, separation angle (for
the fully contaminated bubble only) and
Sherwood number (dimensionless transfer rate)
with correlations from the literature.

The model is used to estimate the Sherwood
number and the enhancement factor as a function
of the Ha; number (dimensionless reaction rate
of the reaction 1) for both clean and fully
contaminated bubble.

The results show the increase of the mass
transfer rate with increasing chemical reaction
rate. The enhancement effect of the chemical
reaction rate is more important in the fully
contaminated bubble case than in the clean
bubble case.

More, the simulations results related to the
2-D clean bubble are compared with a 1-D
Higbie model results computed in a previous
work. An excellent agreement is observed until
Ha;=1. For higher value, the 1-D model tends to
slightly underestimate the enhancement effect of
the reactions.

This result tends to validate the approach 1-D
modeling, commonly wused in chemical
engineering to estimate the interfacial mass
transfer rate.

The future plan is to extent this model to a
larger bubble case, with diameter from 2 to 6
mm that have an ellipsoidal shape and a
Reynolds number frorRe=400 toRe=1200. The
shape of the bubbles will be provided from data
of an experimental device which is currently on
operation.
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