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ABSTRACT

The characteristics of mass transfer from gas to liquid during Taylor flow in capillaries with diameter less
than 1 mm with and without chemical reaction were investigated with Computational Fluid Dynamics
modelling using 5 vol.% CO,/N, mixture and 0.2 M NaOH or water as the gas and liquid phases, respec-
tively. The effects on mass transfer of chemical reaction and of bubble velocity, bubble geometry and
capillary size were studied. For the simulations a unit cell was used (a Taylor bubble and a liquid slug)
with periodic boundary conditions at the inlet and the outlet of the unit cell, while the CO;, concentration
at the gas-liquid interface was dynamically updated to reflect the decreasing amount of CO; in the gas
phase. The numerical model was able to predict well experimental data on the chemical absorption of
CO; in a NaOH solution. The mass transfer performance for the various cases studied was evaluated using
the CO, absorption fraction X% (the percentage of CO, transferred from the gas to the liquid phase) and
the liquid utilization index ¥ (mole of CO, absorbed per unit volume of NaOH). Both these parameters
were significantly higher in the case of chemical absorption compared to the physical one. The volumetric
mass transfer coefficients, kia, for the physical absorption were found to vary between 0.3 and 1.5s~!
in line with literature values for Taylor flow but higher than in normal gas-liquid contactors while the
specific areas achieved varied between 1000 and 10,000 m?/m?3. Interestingly, for the conditions investi-
gated, k.a was found to increase with channel size as did X% during physical absorption. The absorption
fraction, however, increased with decreasing channel size when reaction was present. When reaction
was present, CO, absorption was found to be enhanced between 3 and 12 times compared to physical

absorption.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Gas-liquid two-phase flow in microchannels has been the sub-
ject of increased research interest in the past few years [1-3]. It
is encountered in many important applications, such as minia-
ture heat exchangers, microscale process units, research nuclear
reactors, materials processing and thin film deposition technol-
ogy, biotechnology systems and potential space applications. One
of the most common two-phase flow patterns in microchannels
is Taylor flow that consists of elongated bubbles with equivalent
diameter usually many times that of the channel diameter, sepa-
rated by liquid slugs. The bubbles adopt a characteristic capsular
shape and can either completely or nearly completely fill the chan-
nel cross-section where at most a thin liquid film separates them
from the channel wall. A significant advantage of Taylor flow is the
large gas-liquid interfacial area, which improves interfacial mass
transfer; this feature becomes more important as the size of the
microchannel decreases [4]. In addition, the improved radial mix-
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ing because of the recirculation patterns that appear in the liquid
[5] enhances mass transfer within the liquid slugs [6] while the
separation of the bulk liquid by the bubbles significantly reduces
axial mixing [7]. As a result, Taylor flow has attracted a lot of atten-
tion and its characteristics have been discussed in a large number
of publications, e.g. Kreutzer et al. [8], Garstecki et al. [9], and
Haverkamp et al. [10].

The characterisation of mass transfer during Taylor flow is nec-
essary for the design of microreactors that operate under this flow
regime. A number of investigators have attempted to calculate the
mass transfer coefficients for physical gas absorption. Irandoust
et al. [11] studied experimentally oxygen absorption into water,
ethanol and ethylene glycol and used penetration theory and the
correlation by Clift et al. [12] to develop a model for mass trans-
fer that included contributions from the bubble cap and from the
film side of the bubble to the liquid. A correction factor needed to
be applied to match the theoretically derived ki a with the experi-
mental data while the results indicated that both bubble caps and
the film side of the bubble contributed to mass transfer. Ber¢i¢ and
Pintar [13] studied methane absorption in water and developed
an equation for the mass transfer coefficient using a CSTR by-pass
model (Eq. (1)). kpa was found to depend on slug length only, which
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Nomenclature

a specific area (m?/m3)

A interfacial area (m?)

C concentration (mol/l)

cr interfacial concentration (mol/l)

d diameter (m)

D diffusivity (m?2/s)

F mole flowrate (kmol/s)

h parameter

He Henry’s constant kmol/(m?3/atm)

I ionic strength (kmol/m?3)

k reaction rate constant (m?3/(kmol s))

ke liquid side mass transfer coefficient (mol/s)

| reactor length (m)

P pressure (atm)

Q volumetric flowrate (m3/s)

r reaction rate

R gas constant (0.082 m3 atm/(K kmol))

t time (s)

T temperature (K)

U velocity (m/s)

Ug,, Uy superficial gas and liquid velocities (m/s)

u velocity (m/s)

1% volume (m3)

X radial coordinate (m)

X% CO, absorption fraction

z axial coordinate (m)

Greek symbols

" dynamic viscosity (Pas)

0 density (kg/m?3)

o surface tension (N/m)

8 film thickness (m)

v liquid utilization (mol CO,/ml NaOH solution)

e volume fraction (-)

Dimensionless numbers

Ca capillary number, Ca = u Ug /o

Reg superficial gas Reynolds number, Reg=
pcUcdu/ e

Rey. superficial liquid Reynolds number, Re; =
pLULdy /g

Sc. liquid Schmidt number, Sc; = ur/prDco, )

Shy liquid Sherwood number, Shy = k;dy/Dco, 1)

Subscripts

B bubble

cap bubble caps

CO, related to carbon dioxide

CO32~  related to carbonate

film film region

G gas

H hydraulic

i chemical species

L liquid

OH- related to hydroxide

S slug

uc unit cell

vol volume
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can probably be attributed to the relatively large bubble lengths
(overall unit cell length is up to 0.22 m) used in the study where
the film becomes quickly saturated and unable to contribute fur-
ther to gas absorption. AComputational Fluid Dynamics (CFD) study
for mass transfer in capillaries under Taylor flow was carried out
by van Baten and Krishna [5], who confirmed that both the bubble
caps and the film side of the bubble contribute to mass transfer.
A correlation was developed for ki a (Eq. (2) after modification by
[14]) using penetration theory which compared favourably with
the CFD results. For rather short unit cells (with most Lyc <0.025 m)
Vandu et al. [14] developed a ki a correlation (Eq. (3)) based on the
ki s1m suggested by van Baten and Krishna [5] where a value of C;
of 4.5 fitted best the experimental data of air absorption in water in
1-3 mm diameter capillaries of circular and square cross-sections.
For short contact times, i.e. short bubble length at the same bub-
ble velocity, mass transfer was found to be a function of channel
dimension (Egs. (2) and (3)). Yue et al. [15] investigated CO, phys-
ical and chemical (into NaHCO3/Na,CO3 buffer solution and NaOH
solution) absorption in a rectangular microchannel (dy =667 wm)
and derived a correlation for the mass transfer coefficient under
slug flow (Eq. (4)).

(Ug +Up)""

ka=0111—""F—"—— (1)
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k]_a = C] E a (3)
Shy - a- dy = 0.084Re2?13ReD-9125c0-5 (4)

The above studies reveal that many parameters, such as bubble
velocity, bubble length, slug length, unit cell length and capillary
size, affect mass transfer in Taylor flow. However, there are no para-
metric studies reported when chemical reaction is also present,
despite the common use of Taylor flow in applications that involve
reactions.

In this paper, parametric studies on the mass transfer during
CO, absorption into aqueous alkaline solutions with and with-
out reaction under Taylor flow in microchannels are carried out
numerically. This particular system is chosen because it involves
a fast reaction that would particularly benefit from the improved
mass transfer in microchannels but is also very relevant industrially
in applications such as CO, removal from synthesis gas [16], CO,
removal from flue gases [17] and some environmental applications
[18]. The simple and periodic morphology of the Taylor bubbles and
the laminar flow characteristics in microchannels make the system
suited to investigations by Computational Fluid Dynamics (CFD)
simulations. Numerical simulations are particularly beneficial for
carrying out parametric studies because the effects of the differ-
ent parameters can be easily isolated, which is not always possible
with experiments (for example, in this case bubble length from slug
length). There have been a few CFD studies on Taylor flow, e.g. on
hydrodynamics [19,20], on bubble formation [21,22] and on mass
transfer without reaction [5,23]. In the approach by van Baten and
Krishna [23] the liquid domain was only modelled while the Taylor
bubble was treated as a void and a constant tracer concentration
was applied at the gas-liquid interface to solve the mass transfer.
When reaction is present, however, this modelling approach will
lead to physically incorrect CO, absorption fractions, i.e. >100%,
because the CO, amount is continuously supplied from the gas and
consumed by the reactant in the liquid. The correct interfacial CO,
concentration is therefore necessary to solve the problem.
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A CFD model is formulated in this study for mass transfer in
Taylor flow where both the gas and the liquid domains are solved
so that the interfacial CO, concentration is varied during the sim-
ulation. The effect of a fast reaction on mass transfer is initially
considered. This is followed by parametric studies on the effect on
mass transfer and mass transfer coefficient of the flow geometry
such as bubble length, slug length and unit cell length and of the
channel dimension. These results would help to design Taylor flow
microreactors with improved performance.

2. Model formulations
2.1. Reaction system
CO, absorption into aqueous alkaline solutions is an intrinsi-

cally very fast and homogeneous reaction [24], making it a suitable
system to study in small channels. The absorption follows the steps:

COZ(G) <~ COZ(L) (1)
COZ(L) +OH™ < HCO3~ (ii)
HCO3~ + OH™ < CO3%~ +H,0 (iii)

The overall reaction can be written as
COy(1)+20H™ < CO3% +H,0

Step (i) represents the process of physical dissolution of gaseous
CO, into the liquid solution. As the rate of this process is compar-
atively very high, the equilibrium at the interface can be described
by Henry’s law:

CéOZ(L) = HePc02 (5)

where C(’E_OZ(L) is the equilibrium concentration of carbon dioxide at

the gas-liquid interface, Pco, is the partial pressure of CO in the
gas phase and He is the equilibrium solubility of CO, in the liquid
phase. The value of He can be calculated using Eq. (6) [25], where
C; and h; are the concentration and a parameter characteristic to
each ion in the solution, while hg is the absorbed gas in the liquid
phase. The values of h; and h¢ are given by Schumpe [25]. At 293 K,
the equilibrium solubility of CO, in water is 0.039 kmol/(m3 atm).

log ( H:;er) == i+ ho)G (6)

1

Reaction (iii) is an ionic reaction whose rate is significantly higher
than that of reaction (ii). Therefore, reaction (ii) governs the overall
rate of the process and follows second-order kinetics [26]:

r = —kou-Cou-Ceo, ) (7)

The equilibrium constant of reaction (ii) at ambient temperature is

about 6 x 107 m3/Kmol [27] and it can be considered as practically

irreversible. The rate constant koy~ for reaction (ii) was given by

Pohorecki and Moniuk [26] as:

log(koy-) = 11.916 — g +0.2211 - 0.0161> (8)
The solution ionic strength, I, can be calculated from the ion

concentration C and its valence z for the various ions present (Eq.

(9)):
[= o.SZqzi2 (9)

The reaction rate can be calculated by solving simultaneously
Egs. (5)-(9) [28].

x A 3
' | Lye / |

Ly
Gas Bubble

| Downstream half slug ‘ Upstream half slug |

Fig. 1. Geometry and boundaries of the computational domain.

2.2. CFD model formulation

In the model development it is assumed that gravity, surface
tension gradient (Marangoni effect) and gas compressibility have
negligible effects. The bubble is assumed to have a cylindrical body
with spherical caps at the ends for the low Capillary numbers
encountered in this study (Ca<10-3) [29], as shown in Fig. 1. The
bubble volume decrease due to CO, absorption is assumed to be
negligible because of the small initial concentration of CO; (5 vol.%).
The solution domain consists of two sub-domains, depicted in Fig. 1
by the white and shaded areas, representing the gas and the lig-
uid, respectively. By solving both phases, the CO, concentration
at the gas-liquid interface is dynamically updated. The governing
equations are the Navier-Stokes and continuity equations for the
liquid phase velocity field (Eqs.(10)and (11)), convection-diffusion
equation for the liquid phase mass transfer (Eq. (12)) and diffusion
equation for the gas phase mass transfer (Eq. (13)). Initial simu-
lations showed that convection in the gas phase can be omitted
because of the large CO, diffusivity in the gas that leads to small
CO, concentration gradients. The reaction term in Eq. (12) refers to
both reactants as shown in Egs. (14) and (15).

8V (o (V- (VE)) = VP (10)
V.i=0 (11)

T

0 (12)

a _
&Ci +V. (uCi - DiVCi) = {
where

r; is used for the reaction scenario with i=CO,(L)and OH~; O is used
for the physical absorption scenario

d

Eccoz(c) + V- (=Dco,(6)VCco,(c)) =0 (13)
rco,) = —kon-Con-Ceo, 1) (14)
Ton- = —2kon- Con-Ceoy(n) (15)

The simulations were carried out in the two-dimensional
domain using axisymmetric cylindrical coordinates, in which the
bubble was kept stationary while the wall moved with the bubble
velocity in the direction opposite to the flow. For the boundary con-
ditions of the hydrodynamic equations, the axial and radial velocity
at the outer tube wall were set to u, =—Up and uy =0, respectively
where z and x are the axial and radial coordinates. Along the bubble
surface, free slip boundary was used, i.e. du/dn = 0 where du is the
velocity component in the direction of the bubble surface and n is
the normal direction to the bubble surface. For the mass transfer
equations, along the bubble surface Henry’s law was used to take
into account the discontinuous concentration of CO, in the gas and
liquid phases. Periodic boundary conditions were applied to the
front and the back of the computational domain for velocity, pres-
sure and concentrations, assuming that the inlet to the liquid slug
is taken equal to the outlet. This assumption is only correct when
the mass transferred during a time step is very small. van Baten and
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Table 1
Parameters used in the simulated cases. T=298 K, atmospheric pressure, yco, in% = 5%, Cnaot,in =0.2 M, t=0.05s.

d[mm] Ug[m/s] Lsmm Lg[mm] Lyc[mm] §[pm] Vgx10"m®  Vycx109m® &g Ax10%m? a[m?/m?] ka[s'] E-=0.05s
0.5 0 0.26 0.25 1 5 1.09 1.96 0.554 1.14 5800 0.68 10.7
0.5 0.01 0.26 0.25 1 5 1.09 1.96 0.554 1.14 5800 0.93 7.5
0.5 0.05 0.26 0.25 1 5 1.09 1.96 0.554 1.14 5800 1.41 4.9
0.5 0.1 0.26 0.25 1 5 1.09 1.96 0.554 1.14 5800 1.49 4.6
0.5 0.05 0.26 2 2.75 5 439 5.40 0.813 3.83 7100 0.86 8.9
0.5 0.05 0.26 5 5.75 5 10.0 113 0.89 8.45 7490 0.52 11.6
0.5 0.05 2 0.25 2.74 5 1.09 538 0.202 1.14 2120 0.73 34
0.5 0.05 5 0.25 5.74 5 1.09 113 0.097 1.14 1010 0.35 35
0.5 0.05 0.443 0.5 143 5 1.56 2.81 0.554 1.53 5420 1.30 9.6
0.5 0.05 1.54 2 4.03 5 4.39 7.92 0.554 3.83 4840 0.83 5.0
0.25 0.05 2.12 1.63 4 2 1.09 1.96 0.554 1.83 9330 0.86 7.1

Bold numbers indicate the cases that are compared.

Krishna [23] reported that error from this assumption was at most
0.03%.

The equations were solved using a commercial finite element
software (Comsol Multiphysics 3.3a). A free mesh with triangular
elements was used, while along the bubble interface the mesh was
refined to capture the steep concentration gradient in that region.
Simulations were carried out in an Intel Pentium CPU processor
with 3.20 GHz, 2.0 GB of RAM and the operating system was Win-
dows XP x64 edition. Sensitivity studies on time step showed that
a time step equal to 0.01s was satisfactory, i.e. there was little
concentration discrepancy when a smaller time step, e.g. 0.005s,
was used. Standard 2nd order elements were used for the velocity
fields, 1st order elements for the pressure field and 3rd order ele-
ments for the mass transfer. The simulations were initially run in
a steady-state mode to solve hydrodynamics in the liquid domain.
The converged velocity field was then used as a starting point to
solve the mass transfer in the liquid and in the gas domains simul-
taneously. Mass transfer was solved transiently to represent Taylor
bubble movement downstream the reactor. Sensitivity analysis
showed that the grid size should be less than 20 wm in the sub-
domains and <2 pm along the gas-liquid interface to achieve CO,
absorption fraction independent of grid size.

2.3. Simulation conditions

Taylor flow was investigated in tubes <1 mm in diameter with
bubble and slug lengths ranging from 0.5d to 10d based on previous
experimental findings. The geometric characteristics of Taylor flow
and the volume fraction for each scenario are listed in Table 1. The
study is carried out at atmospheric pressure and 298 K. 0.2 mol/l
NaOH or water is used as liquid phase and 5 vol.% CO,/N, mixture
as gas phase. These values are chosen so that the model assumption
of negligible gas volume change due to CO, absorption is satisfied
and there is enough liquid reactant (Fyaon/Fco, > 10) even under
the highest gas to liquid volume ratio in the reaction scenario. The
liquid phase properties are taken equal to those of water, i.e. den-
sity p.=1000 kg/m3, viscosity p1 =0.001 Pas, for both physical and
chemical absorption. Although the presence of NaOH is expected
to affect the viscosity of the liquid phase and perhaps recirculation,
as will be discussed later, the recirculation in the liquid does not
play an important role in mass transfer. Therefore, the use of water
properties in the chemical absorption case is not going to affect the
trends observed. The diffusivities of CO, and of NaOH in the liquid
phase are calculated by using Eqs. (16) and (17) [28]. Mass trans-
fer in the different cases was compared through CO, absorption
fraction, X%, defined as the percentage of CO, transferred from the
gas to the liquid phase at time t, as shown in Eq. (18), where vol
is the volume of the grid (using the option of computing volume
values for axisymmetric modes) and V; is the bubble volume that
remains constant during the simulation. One drawback in using

absorption fraction to assess mass transfer is that large absorption
fractions can be achieved in an uneconomic way, e.g. by using a
large amount of liquid reactant. To assess the performance of the
reactor in each case, a liquid utilization index, ¥, defined by Eq.
(19) [28] is also used for comparison. In Eq. (19), the gas to liquid
volumetric flowrate ratio can be substituted by the bubble volume
fraction using Eq. (20) [30], which can be calculated from the Tay-
lor flow geometric information (Table 1). Because the liquid volume
has been taken into account in the equation, the interfacial area A
will be used for comparisons hereafter where appropriate rather
than the specific area. A residence time t of 0.05s was selected
for all simulations that ensured that in all cases the CO, absorp-
tion fraction was less than 100% while there were still significant
differences between the various cases in each parametric study.

For physical absorption, a plug flow model was used to estimate
the mass transfer coefficient k a (Eq. (21)) from the simulations,
where the ratio of liquid superficial velocity Uy to bubble velocity Ug
canbe obtained from Egs. (20)and (22)[30]. An enhancement factor
at time t, E; (Eq. (23)) is also calculated in each case to compare the
CO, chemical absorption with the physical one.

Deoy(t) = 1.97 x 10-°(1 = 0.129Coy- — 0.261Ccgz-) (16)
Dyaomry = 1.7D133 (17)
Z voliCeo,(cy,¢/ Ve
x%-|1- i,gasdomain % (18)
Cco,(c),0
1 0 1
F&o, —F,  Fio,Xco, QI n
T T el
&8 In
= Crh X 19
1-0.61Ca%33 — g5 02702 (19)
U
ep = U—g (20)
kg — UL In C* = Ceoy(Ly,in _ U In C* — Ceo,(1),0
I C*—Ceoywyour Ust  C* —Ceoyuye
_ 033 _ cr—C
_ 1-0.61Ca £R In CO,(L),0 1)
t C* — Ceo,),t
1
Us = T —061c0m U (22)
E_ ANco,(1),chemical \ _ Nco,(1),0 = Nco,(1),t,chemical (23)
ANco, (), physical /,  Neoy(1),0 = Neo, (L), tphysical
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Table 2
Experimental conditions and the derived geometric values used in simulations for model validation. T=293K, atmospheric pressure, yco,.in% = 23%, Cnaonin=0.2M,
Chclin =0.2 M.

dy [mm] [ [mm] Q¢ [ml/min] Qu [pl/s] Lyc [mm] Lg [mm] 6 [pm] « [m?/m?3] X%, experiment X%, simulation

0.577 15 1.407 5 20.88 16.64 3.684 5638 44.60 49.20

0.577 15 1.407 20 9.63 4.63 4.835 3676 70.80 69.93

0.577 20 1.407 5 20.88 16.64 3.684 5638 53.95 56.05

0.577 20 1.407 20 9.63 4.63 4.835 3676 80.32 79.35

0.577 25 1.407 5 20.88 16.64 3.684 5638 58.02 61.50

0.577 25 1.407 20 9.63 4.63 4.835 3676 82.13 85.88

0.577 40 1.407 5 20.88 16.64 3.684 5638 72.98 77.00

0.577 40 1.407 20 9.63 4.63 4.835 3676 89.13 95.65

0.345 20 1.407 10 10.276 6.87 4.316 7918 64.82 70.63

0.345 20 1.407 20 7.304 3.61 5.077 6068 68.09 68.92

0.577 20 1.407 10 13.583 8.95 4,088 4788 67.16 72.12

0.577 20 1.407 20 9.632 4.63 4.835 3676 80.52 79.36

0.816 20 1.407 10 16.804 10.97 3.749 3404 58.23 57.09

0.816 20 1.407 20 11.900 5.61 4444 2616 76.24 80.59

3. Results and discussion
3.1. Model validation

The model developed in Section 2.2 is validated against exper-
imental data obtained in a similar system. The experiments were
carried out at atmospheric pressure and a constant temperature of
292 K. The microchannels were fabricated on acrylic sheets using
an engraving machine (Roland EGX-400) and bonded through dif-
fusion bonding. The microchannel cross-section was of trapezium
shape, which corresponded to the cutter tip profile. In the inlet the
gas feed was smoothly flanked between two identical liquid feed
channels. The gas mixture of nitrogen and carbon dioxide (CO, 23
vol.%) was regulated with a Bronkhorst EL-FLOW F-110C mass flow
controller for flows between 0.01 and 1 ml/min. The liquid phase,
0.2M sodium hydroxide solution, was regulated through a Mili-
Gat pump (0-6 ml/min). At the end of the absorption channel the
fluids separated by gravity in a separator chamber. A quenching
hydrochloric acid stream was introduced in the separation chamber
to terminate the reaction by consuming the remaining NaOH. This
was found to effectively reduce further adsorption in the separation
chamber from 29% to below 0.77%. The CO, volume fraction before
and after absorption, yco, in and Yco, out, respectively was analyzed
with gas chromatography, from which the absorption fraction, X%,
was obtained (Eq. (24)). The bubble and slug lengths used in the CFD
simulations, were based on experimental measurements while the
film thickness was calculated using Eq. (25) [31] from experimental
operating conditions. These data along with the experimental and
numerical CO, absorption fractions are given in Table 2.

X% = (yCOZ,in —J’coz,out) %

(1= ¥co,.0ut) ¥cop.in

0.66Ca?/3
8=1 +3.33Ca2/3 di (25)

From the comparisons shown in Fig. 2, it can be seen that the
simulations predict well the experiments and can therefore be used
for the parametric investigations of the current study. The small
discrepancy could be attributed to the differences between the
experimental (trapezium) and numerical (circular) channel cross-
section. In addition, the initial high CO, concentration would have
resulted in the experiment in a decrease in the bubble volume and
consequently the interfacial area which is not taken into account in
the simulations. The larger interfacial area used in the simulations
would explain the slightly higher CO, absorption fractions found
numerically compared to the experiments.

3.2. Effects of fluid flow and chemical reaction

Three scenaria, mass transfer in a static system (diffusion only,
Ug =0 m/s), mass transfer with flow and mass transfer with flow and
fast reaction present (CO, absorption into NaOH), are compared to
show the effects on absorption fraction and liquid utilization of
recirculation in the slugs of Taylor flow and of chemical reaction.
The simulations are performed for three bubble velocities, 0.01,
0.05 and 0.1 m/s and the results are shown in Fig. 3. In the phys-
ical absorption scenaria, the utilization index, ¥, and absorption
fraction, X, are found to be larger in the cases with flow than in the
static system and to increase with bubble velocity because at higher
Ug the recirculation frequency is increased which improves mixing
in the slug. However, the increase in X and ¥ with Ug becomes
less significant from Ug > 0.05 m/s. It is expected that mass transfer
between the bubble and the slug will be more significant in the first
recirculation of the liquid in the slug when there is still no CO; in
the liquid and a large concentration difference exists between the
interface and the liquid. Interfacial mass transfer is expected to be
less efficient in the following recirculations of the liquid when there
will already be CO, in the liquid phase, particularly close to the
interface, and the concentration gradient, necessary for the mass
transfer, is reduced compared to the initial recirculation cycle. For
the residence time examined (0.05 s), the number of recirculations
in the liquid for bubble velocities of 0.01, 0.05 and 0.1 m/s is about
0.5, 2.5 and 5, respectively (the recirculation path is approximately
2(Ls+d[2) in these calculations). For Ug =0.01 m/s the first recir-
culation cycle is not complete and the mass transfer performance

100

90 4

80

70

X % _Simulation

60 4

501 —— Parity Line

40 T T T T T
40 50 60 70 80 90 100
X % _ Experiment

Fig. 2. Comparison of CO, absorption fraction between simulated and exper-
imental results. For both experiments and simulations: channel (hydraulic)
diameters =0.345-0.816 mm, [=15-40 mm, t=0.06-0.52s.
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Fig. 3. Effect of bubble velocity on liquid utilisation index and CO, absorption frac-
tion. d=0.5 mm, Ls =0.26 mm, Lg =0.25 mm, Lyc =1 mm, §=5 pum, t=0.05s.

can be improved by increasing the recirculation frequency, which
is achieved by increasing Ug (Fig. 3). Since the first recirculation is
the most effective, any further increase in Ug does not improve sig-
nificantly the mass transfer (see Fig. 3) despite the increase in the
recirculation frequency.

The utilization index and absorption fraction are significantly
improved in the presence of reaction (Fig. 3) because in this case
the absorbed CO, in the liquid is converted, thus maintaining the
CO; concentration difference between gas and liquid necessary to
drive the mass transfer. However, when reaction is present, bub-
ble velocity and liquid circulation have only a small effect on X or
Y. The results in Fig. 3 show that compared to the static scenaria,
X increases by 145% at Ug =0.1 m/s in the physical absorption sce-
naria while the increase is only 5% in the reaction scenaria. The
small improvement in the reaction scenaria with bubble velocity is
probably due to the better mixing in the liquid slug that allows more
concentrated NaOH to approach the gas-liquid interface. Although
bubble velocity has a minor effect on liquid utilization in the reac-
tion scenaria, higher bubble velocity at the same residence time
means longer reactor, which is not appealing in terms of reactor
cost.

The values of the mass transfer coefficient, ki a, for physical
absorption and the absorption enhancement factor, E, when a
chemical reaction is present are shown in Table 1. It can be seen
that k a increases with bubble velocity (see Table 1). Examples of
CO, concentration in the gas and liquid phases are given in Table 3.
Within the liquid slugs, there are concentration gradients in the
physical absorption case while during chemical absorption there
is no CO, which explains the higher mass transfer in this case.
The concentration gradients in the gas phase are very small in
both physical and chemical absorption. The lack of symmetry in
the physical absorption case seems to reflect the direction of the
velocity.

3.3. Effects of bubble length

By increasing the bubble length, the interfacial area of the bub-
ble is increased together with the amount of CO, available in the
gas phase for transfer. The mixing in the liquid bulk and the amount
of NaOH remain the same due to the same slug size. It can be seen
(Fig. 4) that longer bubbles lead to significantly higher utilization
index in both scenaria, which is attributed to two phenomena:
larger gas to liquid volume or flowrate and larger interfacial area. As
aresult more CO, can transfer to the liquid within a certain time and
react with NaOH. The utilization index is increased by 858% when
bubble length extends from 0.25 to 5 mm in the reactive case, but
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Fig.4. Effectofbubblelengthonliquid utilizationindex and CO, absorption fraction.
d=0.5mm, Ug =0.05m/s, Ls =0.26 mm, Lyc =1 mm, §=5 pm, t=0.05s.

only by 300% during physical absorption probably because in this
case the interface becomes quickly saturated with CO, and further
mass transfer is slowed down. The absorption fraction, on the other
hand, for both scenaria shows a decrease with Lg. This is because the
increased amount of CO, that is transferred is offset by the larger
amount of CO, present in the gas with increasing Lg. From Table 1
it can be seen that the mass transfer coefficient, k. a, also decreases
with bubble length. Although the specific area per unit volume, a,
increases, in longer bubbles the film becomes saturated with CO,
and the film size part of the bubble does not contribute further to
mass transfer.

3.4. Effects of slug length

The reactor performance for various slug lengths is shown in
Fig. 5, which demonstrates that short slugs significantly improve
the liquid utilization index for both scenaria because of the reduced
amount of liquid used, i.e. reduced gas to liquid volume (Table 1).
In contrast in both scenaria, the CO, absorption fraction decreases
or remains the same with decreasing slug length as shown in Fig. 5.
In the reaction scenaria there is hardly any change in X because the
bubble interfacial area available for mass transfer does not change
while the amount of NaOH is in all cases in excess. The change
in absorption fraction is more noticeable in the physical absorp-
tion scenaria particularly when comparing Ls=0.26 mm with the
longer slugs. In the short slug more than one recirculation cycles
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Fig. 5. Effect of slug length on liquid utilization index and CO, absorption fraction.
d=0.5mm, Ug =0.05m/s, Lg =0.25 mm, Lyc =1 mm, § =5 pm, t=0.05s.
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Table 3
CO, concentration profiles. d=0.25mm, Ls =0.26 mm, Lg =0.25 mm, Lyc =1 mm, § =5 um, Ug =0.05m/s, t=0.05s.
Physical absorption Chemical absorption
. " : 5
Concentration, CCO2(G) [mol/nii] LA ELTER Concentration, CCO2(G) [mol/n?] Max: 0.80°
-4 -4 0.804
7
4 x10 1.784 " x10
0.802
3 1.783 3
2 2 0.8
1.782
1 1 0.798
N 1.781 N
C 0.796
CO2(G) 1 -1
1.78
0.794
=) o
1.779
3 . 0.792
-4 1.778 -4 0.79
-3 -2 -1 0 1 2 3 4 5 6 -3 -2 -1 0 1 2 3 4 5 6
r x10™ Min: 1.778 r x10™ Min: 0.789
bubble bubble
Concentration, CCO2(L) [mol/n%] MaT:61.62 Concentration, CCO2(L) [mol/u'l;] S
4 i -4
x10 x10 0.7
I 1.4
4 4 0.6
(12
2 1 2 0.5
i o L 0.4
Ceo2a) - 03
-2 -2
0.4 0.2
-4 -4
0.2 0.1
-4 5 0 2 4 6 0 -4 -2 0 2 4 6 0
r %10} Min: -4.366¢-3 r x10?  Min: -8.029¢-5
liquid slug liquid slug

take place within the residence time while in the long ones (Ls =2
and 5 mm) the first recirculation cycle is not complete which means
that for the entire time of the simulation fresh liquid with no CO,
comes in contact with the interface. The mass transfer coefficient,
kia, decreases with slug length following the reduction in specific
area (see Table 1).

3.5. Effects of unit cell length

Bubble and slug lengths were found to be dependant on the inlet
geometry [32]. In this section the unit cell length is varied and with
this the bubble and slug lengths in order to maintain the same gas
to liquid volume ratio (eg), see Table 1.

As can be seen in Fig. 6, ¥ decreases with increasing Ly for both
the reaction and the physical absorption scenaria. Since g remains
the same, the only parameter that can affect ¥ is CO, absorption

fraction (Eq. (19)). For both scenaria, the amount of CO; increases
with increasing unit cell size as larger bubbles are present. In addi-
tion, the interfacial area also increases that would improve mass
transfer (Table 1) but at a lower rate than the bubble volume. For
example, the interfacial area increases by 336% when Lyc changes
from 1 mm to 4 mm, while the respective increase in bubble vol-
ume is 403%. The overall result is a lower absorption fraction in the
longer unit cell length for both chemical and physical absorption
(Fig. 6). In the physical absorption case, the first recirculation cycle
in the slug takes longer time in a longer unit cell (longer slugs),
which would have improved the mass transfer (see discussion in
Section 3.2). However, this improvement in mass transfer does not
balance the increased amount of CO, present and the absorption
fraction is still lower than in the shorter unit cells. From Table 1
it can be seen that k;a decreases moderately with unit cell size in
accordance with the decrease in specific area.




880

20

N. Shao et al. / Chemical Engineering Journal 160 (2010) 873-881

90
r 80 4 A

r70

i L 60

r 50

X%

L 40

W x 10° [mol CO./ It solution]

0.5

1 1.43 4.03

-
- v

0
= O‘ X% Physical absorption

ro
A% Cpemicat absorption

Physical absorption

Chemical absorption -V

Fig. 6. Effect of unit cell length on liquid utilization index and CO, absorption frac-
tion. d=0.5mm, Ug =0.05m/s, eg =0.554, § =5 pm, t=0.05s.

3.6. Effects of channel dimension

To investigate the effect of channel size on mass transfer, a
channel size of 0.25 mm is used in addition to the 0.5 mm chan-
nel studied before. In order to keep the unit cell volume constant
in the two channels, the unit cell length is extended in the 0.25 mm
channel by four times which means longer bubbles and slugs. The
bubble and slug lengths are adjusted so that the gas to liquid vol-
ume ratio remains the same in the two cases (see Table 1). As can
be seen in Fig. 7, the absorption fraction and utilization index for
the reaction scenaria are higher in the small channel compared
to the large one which is attributed to the larger interfacial area
(Table 1). The opposite, however, is seen for the physical absorp-
tion scenaria. This is because in the small channel the interfacial
area of the bubble caps is much smaller than in the 0.5 mm channel.
When there is only physical absorption, the interfacial mass trans-
fer through the bubble caps is more significant than that through
the film because the film becomes saturated in CO,. Because of
that, the increase in interfacial area in the small channel at the film
region does not contribute significantly to mass transfer. Although
the longer slug (longer recirculation cycle) in the small channel
helps the mass transfer (Section 3.2), the effect is limited. There-
fore, better absorption fraction and liquid utilization are obtained
in the large channel.

kLa decreases as channel size decreases probably because the
film which becomes quickly saturated and does not further con-
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Fig. 8. Comparison of mass transfer coefficients calculated in this study against
those predicted by literature correlations.

tribute to mass transfer is extended in the small channel. Although
k. from the bubble cap increases in the small channel the corre-
sponding specific area is small and the k a associated with the
bubble cap does not contribute sufficiently to the overall mass
transfer coefficient.

3.7. Comparisons of mass transfer parameters with literature

The mass transfer coefficients from the current simulations (see
Table 1) are compared with those from literature correlations (Egs.
(1)-(4)) in Fig. 8. In general, k; a from this study fall within the pre-
dictions of literature correlations. Better agreement is seen with
Eqgs. (2) and (3). It is possible that higher k; a values were predicted
by Eq. (2) compared to the current data because in this work nar-
row channels are used where the contribution of mass transfer from
the bubble caps is not as significant as that from the film. When the
mass transfer coefficient based only on the film size of the bub-
ble is used, as in Eq. (3), the agreement is improved (see Fig. 8).
Eq. (1) by Ber¢i¢ and Pintar [13] underpredicts the mass transfer
possibly because it was developed using long bubble lengths. Eq.
(4) also underpredicts the current results probably because it was
obtained at much higher gas and liquid velocities (10-300 times of

25 100 those used in this study)[15]. The k a from physical CO, absorption
found here vary from 0.3 to 1.5 s~! and the specific areas vary from
T 20 lag 1000 to 7500 m2/m3. These values are within the range reported
E - by Yue et al. [15] for similar gas-liquid contactors, i.e. k;a from 0.3
a e to 215! and a from 3400 to 9000 m?/m3, and outperform other
5«« 1.5 1 6o . contactors (see Table 2 in [15]).
© i The enhancement factors at t=0.05s for all the cases studied
£ 40 L 40 here are calculated using Eq. (23) and the results are shown in
! Table 1. With the presence of chemical reaction, CO, absorption
= improves by 3-12 fold.
> 05 L 20
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0.0 -
023 ) 03 @ [mm] The effects of bubble velocity, bubble geometry and chan-
- WM.y.mufaJ\.m;-mm: —O' A7 Physical absorption

w - 0
W ¥ mical absorption V= X% Chemical absorption

Fig. 7. Effect of channel dimension on liquid utilization index and CO, absorption
fraction. Ug =0.05 m/s, eg =0.554, Viyc =0.196 p.l, t=0.05s.

nel dimension on the mass transfer performance of a Taylor
flow microreactor for CO, absorption in a NaOH aqueous solu-
tion were studied numerically in the presence and absence
of reaction. The reactor performance was evaluated using the
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CO, absorption fraction X%, the liquid utilization index ¥, the
mass transfer coefficient in the case of physical absorption
and the mass transfer enhancement factor when a chemical reac-
tion is present.

CO, absorption was found to be significantly higher when reac-
tion was present than when there was no reaction because the
transferred CO, was consumed which led to a constantly large
driving force across the interface for mass transfer. The simula-
tion results showed that the CO, absorption fraction increased
with increasing bubble velocity and slug length, while it decreased
with increasing bubble length and unit cell length. Interestingly,
decreasing the channel size improved CO, absorption fraction
for the reaction scenaria but decreased it in the physical absorp-
tion scenaria. The effects of bubble velocity and slug length were
relatively small while generally the effects on X% of the above
parameters were more significant in the physical absorption cases.

Together with CO, absorption, the amount of gas and/or liquid
present affects the liquid utilization index Y. Similar to X%, ¥ was
found to be higher in the reaction cases than in the physical absorp-
tion ones. When there was reaction, ¥ was found to increase with
increasing bubble velocity and bubble length, and with decreasing
slug length, unit cell length and channel dimension. The effect of
bubble and slug length was significant. With physical absorption,
the effects of various parameters were found to be more moderate.
Results showed that ¥ increased with increasing bubble velocity,
bubble length and channel dimension and decreasing slug length
and unit cell length.

The mass transfer coefficients in this study were found to be
between 0.3 and 1.5s71, in line with literature values for Taylor
flow but higher than in normal gas-liquid contactors. The enhance-
ment factor of chemical over physical absorption varied between
3 and 12. Enhancement was more significant at low bubble veloc-
ity, long bubble length, short unit cell length and small channel
dimension.

The above suggest that it is important to establish bubble and
slug lengths in a Taylor flow reactor that improve mass transfer
through appropriate inlet configuration.
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