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Gas-liquid microreactors find an increasing range of applications both in production, and for
chemical analysis. The most often employed flow regime in these microreactors is Taylor flow. The
rate of absorption of gases in liquids depends on gas-side and liquid-side resistances. There are
several publications about liquid-side mass transfer coefficients in Taylor flow, but the data about
gas-side mass transfer coefficients are practically non existent. We analysed the problem of gas-side
mass transfer resistance in Taylor flow and determined conditions, in which it may influence the
overall mass transfer rate. Investigations were performed using numerical simulations. The influence
of the gas diffusivity, gas viscosity, channel diameter, bubble length and gas bubble velocity has
been determined. It was found that in some case the mass transfer resistances in both phases are
comparable and the gas-side resistance may be significant. In such cases, neglecting the gas-side
coefficient may lead to errors in the experimental data interpretation.
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1. INTRODUCTION

Gas-liquid Taylor flow in microreactors finds an increasing range of applications both in production,
and for analysis. As examples one can cite: direct synthesis of hydrogen peroxide (Hessel et al., 2005),
direct fluorination (Chambers et al., 2001), photochemical gas-liquid reactions (Ehrich et al., 2002),
automated screening of reaction conditions (Churski et al., 2010), fast determination of solubility and
diffusivity (Abolhasani et al., 2012; Lefortier et al., 2012), etc. In most cases mass transfer in gas-liquid
Taylor flow is a liquid-side controlled process, and authors of papers concerning this problem use the
liquid-side volumetric mass transfer coefficient, k;a for characterisation of the mass transfer rate. While
absolutely correct in the case of poorly soluble gases, or when a pure gas is used, this approach may
lead to errors if gas-side mass transfer resistance becomes appreciable.

The liquid-side mass transfer coefficients in the gas-liquid Taylor flow have been extensively studied,
as well as the active mass transfer area (Dietrich et al., 2013; Sobieszuk et al., 2008; Shao et al., 2010;
Sobieszuk et al., 2012; van Baten and Krishna, 2004; Yue et al., 2007). However, there are practically
no data on the gas-side mass transfer coefficient, and therefore it is not clear whether and when
neglecting the gas-side mass transfer resistance is justified.

*Corresponding author, e-mail: p.sobieszuk@ichip.pw.edu.pl
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In this work data on the gas-side mass transfer coefficient in the Taylor flow in a closed microchannel
are determined using numerical simulations, and discussion of the contribution of liquid- and gas-side
mass transfer coefficients to the overall mass transfer coefficient in Taylor flow in a microreactor is
presented.

2. CFD SIMULATIONS

3-D numerical simulations were performed using COMSOL 3.5, a commercial CFD package. Mesh
was generated automatically, and contained depending on the case, from about 40000 to 200000
tetrahedral elements. A schematic view of the microreactor channel is shown in Fig. 1. The channel had
a circular cross section of internal diameter 0.4 mm. Simulations were performed in the coordinate
system fixed to the bubble. The modelled domain included a sector of the channel filled with liquid

with a single gas bubble (Fig. 1).
d
DIGHED] €
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Fig. 1. Scheme of Taylor flow

The aim of this study was to determine the values of the gas-side mass transfer coefficient, and not to
simulate the performance of a particular microreactor. We therefore pre-determined the shape of a
bubble (on the basis of earlier studies), and neglected any phenomena other than mass transfer (like
heat transfer accompanying mass transfer, or bubble shape changes caused by gas compressibility).
These effects may of course appear in a real process, but they do not change the value of mass transfer
coefficient (although they do influence the mass transfer rate). The following assumptions were
therefore made:

A1l The shape of the bubble was defined as a cylinder with two hemispheres at both ends. This was
based on high-speed photographs of the Taylor flow, taken in a previous study (Ilnicki et al.,
2009).

A2 Mass transfer takes place by evaporation of a liquid into the gas bubble. The physicochemical
parameters of the gas (unless stated otherwise) were those of nitrogen, and of the liquid — those
of ethanol.

A3 No mass transfer limitations in the liquid phase (zero mass transfer resistance in the liquid
phase).

A4 Liquid and gas are incompressible.

A5 The thickness of the liquid layer between the gas bubble and the reactor wall has been chosen
arbitrarily 6 =10 um (Aussillous and Quéré, 2000; Bretherton, 1961). This value corresponds to
the capillary number values in the range from 3-107 to 26:107.

The process of forming of the bubble was not considered in this work.

2.1. Model description

To analyse mass transfer between a gas bubble and the surrounding liquid it is necessary to determine
the velocity field in the domain considered by solving the Navier - Stokes (N-S) equation system (1):
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pU-VU=V-[-pl+u(VU+(VU)")]
V-U=0

(1)

Considering that the analysis is performed in a coordinate system linked to the bubble, the velocity
field must be generated by the interaction of the moving side wall of the channel with an initially
stationary liquid, and extended into the fixed bubble. In the problem considered, the hydrodynamic
study can be performed separately for the liquid phase and the gas phase.

To determine the concentration field it is necessary to solve the mass transfer Eq. (2):

% +V.-(=DVe)=U-(-Vc) 2)

However, considering assumptions A2 and A3, it is sufficient to do it for the gas phase only. The
boundary conditions for the liquid phase are explained in Fig. 2 and Tab. 1. For the gas phase the
boundary conditions are explained in Fig. 3 and Tab. 2. Initial conditions used in calculations are
shown in Tab. 3.

Table 1. Liquid phase boundary conditions for Eq. (1)

Liquid phase boundary conditions for Eq. (1)

B1 - moving (sliding) wall U=
— moving (sliding) wa U, -t =u,
B2 — inlet/outlet ,u(V u +vu,) )n =0
n-U=0

B3 — bubble surface liquid-side

t, - pr+ ulvu, + U, ) )n=0

Fig. 2. Gas phase boundary conditions for Egs. (1)-(2)

Fig. 3. Gas phase boundary conditions

Table 2. Gas phase boundary conditions for Egs. (1)-(2)

Gas phase conditions boundary for
Egs. (1) and (2)

) _ nUg=0
B4 — moving bubble surface gas-side, Eq. (1)
¢ t.=UL
B4 — concentration, Eq. (2) c=c
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Table 3. Initial conditions for Egs. (1)-(2)

Initial conditions

Eq. (1) t=0=>U,=0and U, =0

Eq. (2) t=0=c=0

Fig. 4 shows exemplary velocity field.

0 0.05 0.1 0.15 02 [m/s]

Fig. 4. Sample simulation results, velocity field;
Lc=2.25'10" [m,] d=5-10"* [m], Dc=10" [m?/s], u,=0.26 [m/s], v=1.5-10" [m?/s]

At the beginning of the vaporisation process the vapour concentration in the bubble equals zero. The
concentration increases with time until saturation concentration is reached. The simulations give the
vapor concentration values for different points within the bubble and different time values. From these
concentration fields the average (integrated over the bubble volume) concentration of the liquid vapour
in the nitrogen bubble was calculated as a function of time c(z). Fig. 5 shows sample simulation results -
vapour liquid concentration fields for six different values of time.

[mol/m®]

2
. 1.5
1

Fig. 5. Sample simulation results - concentration fields of the vapour of evaporating liquid for six different values
of time; L5=2.25-10" [m,] d=5-10"* [m], Dg=10" [m?/s], us=0.26 [m/s], vg=1.510" [m%/s]
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Fig. 6. Concentration profiles for all simulations

Five series of simulations were carried out. The influence of gas phase diffusivity (Dg), gas phase
kinematic viscosity (1), microchannel diameter (d), bubble slug length (Ls) and bubble velocity (uy)
on the gas-side mass transfer coefficients was determined. The ranges of the variables were:
D=1-10"+6-10" [m%s]; vg=110°:2.2-10" [m%/s]; d=0.2:10"+10" [m]; Ls=8-10"*+2-10" [m];
1;=0.06+0.5 [m/s]. These ranges are limited to the region where Taylor flow is obtainable. The results
of simulations are shown in Fig. 6. Fig. 7 shows the way the saturation time 5 has been determined. It
was defined as the time when ¢=0.999c¢".

2.5
0.999¢|

2 —

0 I I I | 1 I 1 I I
0 00054001 0015 0.02 0025
t[s]

Fig. 7. A sample concentration profile
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A mass balance of the vapour contained in the bubble was made:

V‘G’Z —ko(c" —c(t))F 3)

and, using c(?) profile, the gas-side mass transfer coefficient was found:

0.999 "

V dc

kG:F 0 lc —c(t) @
N

As may be seen from Fig. 6, the time necessary for saturation is very low (of the order of 0.01 [s]). For
the bubble velocity of the order of 0.5 [m/s], one can expect saturation to occur at the distance of about
5 [mm] from the inlet channel.

3. RESULTS AND DISCUSSION

Figs. 8a-8e show kg values as functions of a single variable: Dg, vg, 4, Lg, d respectively. One can see
that the values of the gas-side mass transfer coefficient depend significantly on gas diffusivity and
microchannel diameter, whereas the influence of bubble length, gas viscosity and bubble velocity on
the k¢ values is much weaker. In order to estimate the relative importance of gas-side mass transfer, one
has to recall the classical equation:

1 HRT

. )
KL kL kG

for physical absorption, and

I __1 | HRT ©
K, Ek, Kk,

for absorption accompanied by a chemical reaction. In the above equations H denotes the Henry’s
constant, and FE is the enhancement factor. The enhancement factor £ can assume values of the order of
10° to10* (Danckwerts, 1970).

In the following discussion an average value of gas-side mass transfer coefficient kc = 0.4 [m/s] was
assumed. Liquid-side mass transfer coefficient was estimated based on the Higbie’s model (Higbie,

1935):
kL =2 DL (7
V TT

where 1 is the so-called “Higbie’s contact time”, i.e. the time of the contact of both phases. The same
Higbie’s time values for both phases are assumed, thus:

-5
k. _ |Ds _ 109:100 (8)
k, \\D, V10

where D¢ and D, are diffusivity of gas and liquid phase respectively. Thus, for k6=0.4 [m/s], coefficient
k; equals k;=0.004 [m/s] (experimental values of &, range from 0.2:10° to 1.3:107 [m/s] (Yue et al.,
2007; Sobieszuk et al., 2011)). Fig. 9 shows the influence of both mass transfer coefficients, for
different H values, on the absorption rate in the case of physical absorption (Eq. (5)).
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Fig. 8. Dependences of the gas-side mass transfer coefficient on: (a) diffusivity, (b) kinematic viscosity, (c) gas

bubble velocity, (d) gas bubble length, (¢) microchannel diameter
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Fig. 9. The contributions of liquid- and gas-side mass transfer coefficients to the overall mass transfer coefficient
in physical absorption
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For gases having low solubility in liquids (e.g. O,), liquid-side resistance predominates. However, an
increase in gas solubility causes an increase of the contribution of the gas-side mass transfer resistance
which, in the end, can be even higher than the liquid-side resistance. This situation is observed for
ammonia-water system. It should therefore be remembered that in such cases of physical absorption
and diluted gas systems the gas-side mass transfer resistance should be taken into account.

Situation is similar when we are dealing with chemical absorption. Fig. 10 shows dependencies of both
resistances as functions of the enhancement factor (£) for low and high Henry’s constant values.

o
on
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1000 —= —
3 H=0.1x10° [mol/(m*Pa)] 3 H=0.2 [mol(m*Pa)]
L R - _. 1000 —
£ 3 S £ =
0, 10 = ~ o D, 1 <
K 3 ~ & 100 o s
~ — ~ ~ = ~
~ 1 ~ = 3 ~
x E: ~ x ] ~ .
= ] 1/EK S0 RS
0.1 --- & 7
d E HRTK 4 ] RN
~ - G ~ — -~
0.01 — T3 - - -1k S
3 3 HRT/ks
0.001 T T T T T T 0.1 T T T T T 77T
10° 10’ 10° 10° 10° 10 10? 10°
E E

Fig. 10. The contributions of liquid- and gas-side mass transfer coefficients to the overall mass transfer coefficient
in chemical absorption for low (a), and high values of Henry’s constant (b)

As can be seen, for slightly soluble gases, even for fast reaction, the contribution of gas resistance is
small (Fig. 10a). On the other hand, for highly soluble gases and chemical absorption the gas-side mass
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transfer resistance contribution is always predominant (Fig. 10b). The situation is more complicated for
gases of medium solubility (Fig. 11a).
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Fig. 11. The contributions of liquid- and gas-side mass transfer coefficients to the overall mass transfer coefficient
in chemical absorption, (a) average values of Henry’s constant, (b) absorption of CO,, H=3.4x10™* [mol/(m’Pa)]
(Fogg and Gerrard, 1991)

A gas commonly used for absorption rate investigations, carbon dioxide, belongs to this category. It is
usually absorbed into different reactive solutions (e.g. NaOH or amine water solutions). Because of the
relatively low CO, solubility, the gas-side mass transfer resistance is usually neglected. As can be seen
from Fig. 11b this approach in not always correct. For fast chemical reactions, mass transfer resistances
are comparable and the gas-side resistance may be significant. Therefore, neglecting the gas-side
coefficient may lead to errors in experimental data interpretation.

4. CONCLUSIONS

The gas-side mass transfer from gas bubbles during the Taylor flow in a microchannel was investigated
using the 3D numerical simulation method. The influence of gas diffusivity, gas viscosity, channel
diameter, bubble length and bubble velocity was independently determined. The results revealed
a strong influence of gas diffusivity and channel diameter on the value of the gas-side mass transfer
coefficient and weak influence of the gas viscosity, bubble length and bubble velocity on this value.
The problem of gas-side mass transfer contribution in the overall mass transfer coefficient has been
discussed. It has been shown that in some cases the gas-side resistance to mass transfer may be
significant, and neglecting it may lead to errors in the interpretation of measurement results of the mass
transfer rate.

This work was in part supported by the budget sources for The National Centre for Science (Poland),
Grant No. N N209 026140.

SYMBOLS

c liquid vapor concentration, mol/m’
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¢ saturation concentration, mol/m’

D diffusivity, m*/s

E enhancement factor,-

F gas bubble surface, m*

H Henry’s constant, mol/(m’ Pa)

I unit vector,-

K overall mass transfer coefficient, m/s
K overall mass transfer coefficient witch chemical reaction, m/s
kg gas-side mass transfer coefficient, m/s
kr liquid-side mass transfer coefficient, m/s
L¢ gas bubble length, m

Ly liquid slug length, m

n normal vector,-

)2 pressure, Pa

R gas constant, J/(mol K)

T temperature, K

t time, S

t, tangential vector,-

t “saturation” time, s

U velocity vector, m/s

up bubble velocity, m/s

V gas bubble volume, m’

d channel diameter, m

Greek symbols

0 liquid film thickness, m

u dynamic viscosity, Pa s

v kinematic viscosity, m*/s

p density, kg/m’

T Higbie’s contact time, s

Subscripts

G gas phase

L liquid phase
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