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The miscible liquid-liquid two phases based on Taylor flow in microchannels was investigated by high-speed imaging
techniques and Villermaux/Dushman reaction. The mixing based on Taylor flow was much better compared with that
without introducing gas in microchannels, even the ideal micromixing performance could be obtained under optimized
superficial gas and liquid velocities. In the mixing process based on Taylor flow, the superficial gas and liquid velocities
affected the lengths and the velocities of Taylor bubble and liquid slug, and finally the micromixing performance. The
formation process of Taylor flow in the inlets, the initial uniform distribution of reactants and the internal circulations in the
liquid slug, and the thin liquid films all improved the mixing performance. Furthermore, a modified Peclet number that
represented the relative importance of diffusion and convection in the mixing process was proposed for explaining and
anticipating micromixing efficiency. VVC 2011 American Institute of Chemical Engineers AIChE J, 00: 000–000, 2011
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Introduction

Mixing processes of the miscible liquid-liquid two phases are
well-known and widespread in chemical industry. Micromixing
is mixing at the molecular scale, and is believed to play a very
important role in the chemical process when the characteristics
time scale of the chemical reaction involved is at the same mag-
nitude or smaller than the time scale of the mixing process.
Many reaction processes, such as precipitation and crystalliza-
tion,1,2 polymerization,3 self-catalysis,4 enzyme catalytic reac-
tion,5 etc., are determined by the micromixing efficiency. In
these processes, the optimized micromixing performance can
improve the contact of reactants at molecular scale, consequently,
selectivity, yield, and quality of products. The development of
new reactors for better micromixing efficiency is remarkable.
From stirred tanks6,7 to turbulent tube reactors,8 static mixers
with inner construction9 and micromixers, the reactor design for
better mixing performance has developed quickly.

During the last decade, microchemical engineering has
experienced spectacular development as one of the most im-
portant process intensification technologies, which benefits
from the miniaturization of channels and ducts within devices,
where the characteristic lengths reach into the scale of bound-
ary layers thickness.10,11 Many microscale devices such as
micromixers and microreactors have been designed elabo-
rately, and attracted increasing attention in both laboratories
and commercial areas in recent years.12–18 Highly efficient
mixing performance is a general character of these devices,
and most of them are designed to realize rapid mixing.

The values of Reynolds number are usually low in micro-

structure devices, and flows in these devices are generally
within the laminar flow regime. Therefore, the mixing is
mainly driven by the molecular diffusion, and the diffusive
time strongly depends on the diffusion length. A reduction
of the diffusion distance, leads to enhanced macromixing,
and eventually a significant improvement of micromixing.
Moreover, increasing of the interfacial area of fluids and
introducing advection were also proved to be another two
effective methods for the improvement of the mixing in
micromixers.19 Based on these principles, a considerable va-
riety of micromixers have been designed, such as interdigital
micromixer,20 split-and-recombine micromixer,21 micromixer
based on the collision of micro segments,22 static micro-
mixer,23 multifunctional micromixer which made used of
alternating current electroosmotic flow and asymmetric
microelectrodes,24 etc. However, these micromixers are diffi-
cult to manufacture due to the complexity of their structure,
and their practical application usually was scarce. T-shaped
and Y-shaped straight microchannels are easy to design and
manufacture, so the hydrodynamics and the mixing perform-
ance in them are widely investigated. Soleymani et al.25 car-
ried out the numerical and experimental investigations of the
liquid mixing in T-shaped microchannels. Their simulation
results proved that the occurrence and the development of
vortices in the T-junction of the microchannel were benefi-
cial to the mixing performance, which both strongly
depended on the flow rate, the aspect ratio and the throttle
size of the microchannel, and the angle of two inlet chan-
nels. The mixing efficiency was not enough even the vorti-
ces in the T-junction improved the liquid mixing
performance under large flow rates. Based on the results of
the numerical simulations, they designed new micromixers
with two junctions and circular elements in the mixing
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channel, and the experiments showed that the mixing per-
formance of these new micromixers was significantly better
than that of the ordinary T-shaped microchannels. Sullivan
et al.26 used the lattice Boltzmann method to simulate the
flow field and the subsequent analyte diffusion in a Y-
shaped microchannel mixer, and compared the simulation
results with the experimental data provided by magnetic res-
onance imaging. From their results, it was seen that the con-
centration distribution in the cross section of place closed to
the microchannel exit was far away from the uniform condi-
tion; that is, the mixing efficiency in the Y-shaped micro-
channel was not enough. Although T-shaped and Y-shaped
microchannel are usually used as research tools in laborato-
ries, the mixing efficiency in both them is insufficient espe-
cially under low-flow rates.

Besides designing complex structures, introducing another

immiscible phase to form multiphase flow including gas-liq-
uid and liquid-liquid two-phase flows is also an efficient
method to improve the liquid mixing performance in micro-

channels, which makes the mixing process limited in liquid
slugs. Bringer et al.27 had demonstrated that the mixing of
multiple reagents could be isolated in slugs by introducing

the immiscible organic phase to form multiphase flow in
winding microchannels, and the chaotic advection appeared
in slugs by internal circulations, which could stretch and

fold the fluids striation, eventually the elimination of Taylor
dispersion and the intensification of the mixing in slugs
could be obtained. The potential application of the mixing
based on liquid slugs exists in measure of fast reaction

kinetics parameters,28 protein crystallization,29 synthesis of
nanoparticles,2 separation process,30 improvement of selec-
tivity for fast reaction, etc.31

The hydrodynamic characteristics play a very important

role in the reactor design. Many investigators had character-

ized the gas-liquid two-phase flow patterns in microchan-

nels.32–34 Bubbly, slug, slug-annular, annular and churn flows

are among the observed flow regimes in microchannels. Over

a wide range of operating conditions, the flow in a microchan-

nel is typically the so-called Taylor flow regime. Taylor flow

is a special case of slug flow where bullet-shape gas bubbles

(Taylor bubbles) are separated from each other by liquid

slugs. The elongated bubble has a characteristic capsular

shape with an equivalent diameter larger than the channel

width, and the bubble itself is separated from the channel wall

by a very thin liquid film. Salman et al.35 had carried out the

numerical study on the axial mixing in Taylor flow through

circular microchannels. It was found that increasing film

thickness resulted in larger and more distinct peaks in the unit

cell residence-time distribution (RTD) curve, and the separa-

tion between the peaks increased while their size decreased

with an increase in the length of the liquid slug. However, the

experimental investigation about the mutual relationship

between the hydrodynamics and the liquid mixing perform-

ance during Taylor flow has not been concerned up to now.

Therefore, the strengthen mechanisms of the liquid mixing

based on Taylor flow in microchannels should be systemati-

cally investigated for the operation optimization.
In this article, the main objective is to investigate the

hydrodynamics of Taylor flow and the strengthen mecha-
nisms of the liquid mixing based on Taylor flow in a micro-
channel. The macromixing (or mesomixing) was observed
with high-speed imaging techniques, and the micromixing
performance was studied by using the Villermaux/Dushman

method. The liquid mixing process based on Taylor flow
was compared with the mixing without introducing gas. The
effects of the superficial gas and liquid velocities and the
gas inlet locations on the hydrodynamics and the mixing per-
formance were also studied. Moreover, a modified Peclet
number for the liquid mixing based on Taylor flow was pro-
posed, which could be used for explaining and anticipating
the micromixing ratio (a).

Experimental Section

Villermaux/Dushman reaction

The micromixing performance of the mixers was eval-
uated by the Villermaux/Dushman method using a parallel
competing reaction system.36,37 This method has been used
to study the degree of micromixing in a number of macro
and micro mixers. The reactions involved in this method
include the acid-catalyzed reaction of potassium iodide with
potassium iodate to elemental iodine competing with the
faster neutralization of the acid by a borate buffer-system:

H2BO
�
3 þ Hþ ! H3BO3 ðquasi� instantaneousÞ

(1)

5I� þ IO�
3 þ 6Hþ ! 3I2 þ 3H2O ðvery fastÞ (2)

I2 þ I� $ I�3 (3)

Reaction 1 is quasi-instantaneous, while (2) is fast but much
slower than (1). However, Reaction 3 is an instantaneous equi-
librium reaction. Under perfect micromixing conditions, the
injected acid is instantaneously dispersed in the reactive medium
and consumed by borates according to Reaction 1. Otherwise,
the injected acid is consumed competitively by Reactions 1 and
2, and the formed I2 can further react with I� to yield triiodide
complex (I�3 ) according to Reaction 3. The amount of I�3 pro-
duced depends on the micromixing efficiency and can be easily
measured by a spectrophotometer at 353 nm. The micromixing
performance is less ideal, the more iodine is formed and the
stronger light absorption (Abs) is detected. In our experiment
there was a linear relationship between the light absorption and
the concentration of I�3 , which could be expressed as follows:

Abs ¼ 22:54½I�3 � (4)

Based on the obtained concentration of I�3 , the segregation
index (XS) that is defined to quantify the micromixing effi-
ciency can be obtained:38

Xs ¼ Y

YST
(5)

Y ¼ 2ðVA þ VBÞð½I2� þ ½I�3 �Þ
VB½Hþ�0

(6)

YST ¼ 6½IO�
3 �0

6½IO�
3 �0 þ ½H2BO�

3 �0
(7)

Y is the ratio of the acid mole number consumed by Reac-
tion 2, to the total acid mole number injected, and YST is the
value of Y in the total segregation case when the
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micromixing process is infinitely slow. The value of XS is
within the range of 0 < XS < 1 for partial segregation and
XS equates to 0 for ideal mixing, while XS equates to 1 for
total segregation, respectively. In case of ideal mixing, the
product distribution is solely governed by the kinetics of
the reactions involved, and, thus, no iodine is found in the
resulting mixtures. Based on the calculated XS, the micro-
mixing ratio (a) can be further obtained, which is defined by
the ratio of the perfectly mixed volume to the totally segre-
gated volume in the mixing process:

a ¼ 1� Xs

Xs
(8)

Experimental procedure

The microchannel was fabricated in the transparent
PMMA substrate by the micromachining technology
(FANUCKPC-30a) in our CNC Machining Center. The
depth, the width, and the length of the main channel were
0.8 mm, 0.8 mm and 48 mm, respectively. Three inlet chan-
nels were connected to the main channel. The depth, the
width, and the length of the inlet channels were 0.8 mm, 0.8
mm, 26.4 mm, and the two included angles between these
inlet channels were both 30�. Another PMMA plate was
used as a cover plate. The two plates were compressed each
other by bolts. The schematic diagram of the main channel
and the three inlet channels is shown in Figure 1.

The schematic diagram of experimental setup is shown in
Figure 2. Aqueous solutions A and B were fed into the

microchannel through two inlets by two high-precision pis-
ton pumps (Beijing Satellite Manufacturing Factory, measure-
ment range: 0–5 mL/min, precision: 6 3%), and the volume
flux ratio of solution A to solution B was fixed at 1. A solu-
tion was a mixture of potassium iodate (0.00234 mol/L), po-
tassium iodide (0.0115 mol/L), sodium hydroxide (0.125 mol/
L), and boric acid (0.25 mol/L). B solution was a dilute sulfu-
ric acid solution, and its concentration was 0.0197 mol/L.
Nitrogen was introduced into the microchannel from the inlet-
2 or the inlet-3 by a mass flow controller (Beijing Sevenstar
Electronics Co., measurement range: 0–50 mL/min, precision:
61%), and directly emitted in the outlet of the microchannel.
After collecting enough solution in a sample cell (ca. 3 mL),
the light absorption of the effluent was measured within 30 s
by a spectrophotometer (4802UV–VIS). Each experimental
run was repeated at least three times, and each data point rep-
resented the mean value of at least three measurements of the
light absorption, and the relative deviation did not exceed 5%
in all the experiments. The flow patterns and the mixing pro-
cess could be observed with a high-speed CCD camera that
was connected to a personal computer. The solutions A and B
were both replaced by deionized water, and a minute amount
of methylene blue was dissolved in solution A for better visu-
alization of the mixing phenomena. All experiments were
conducted at room temperature (27-28�C).

Results and Discussion

Hydrodynamics and mixing in microchannels for
single-phase flow without introducing gas

The transport processes such as mixing or heat transfer
are greatly relevant to hydrodynamics in devices. The flow
in microchannels is generally regarded as laminar flow
because of low Reynolds numbers. Figure 3 shows the flow
characteristics of the miscible liquid-liquid two phases in the
microchannel without introducing gas. It is seen that there
was a distinct diffusion boundary layer between the two mis-
cible phases, especially for the extremely low Reynolds
number (ReL ¼ 25). This diffusion boundary layer indicated
that the mixing process was inefficient for these Reynolds
numbers. For lower Reynolds number (ReL ¼ 0.8), Gunther
and his coworkers39 had reported that two streams containing
10-fold different concentrations of a fluorescent dye mixed
by diffusion in the micochannel, the required mixing length
was substantially longer than 1.0 m.

Figure 1. Schematic diagram of microchannel.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 2. Schematic diagram of experimental setup.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Hydrodynamics and liquid mixing process in the
formation of Taylor flow

Garstecki et al.40 thought the formation mechanism of
Taylor flow in microchannels was mainly dependent on the
relative magnitude of forces involved in this process, i.e.,
interfacial stress caused by surface tension, shear stress
exerted on the tip of the gas by the liquid phase, resistance
of flow to the liquid phase resulted from the partially block-
age of the cross section of the main channel by the gas
phase. Figure 4 shows a series of images taken during Tay-
lor bubble formation in the microchannel, where the inlet-1
and the inlet-2 were used for the miscible liquid-liquid two
phases, and the inlet-3 for the gas phase. The formations of
Taylor bubble were all in the squeezing regime for our
experiment, and the process was very typical (a) step 1, the
gas-liquid two phases formed an interface at the inlets of
the microchannel, and the gas continued to penetrate into the
flowing liquids with a growing nearly hemispherical bubble
tip, (b) step 2, the bubble was elongated and began to block
almost the entire cross section of the microchannel when the
diameter of the bubble tip approached the width of the
microchannel, (c) and (d) step 3, the liquid pressure
increased dramatically due to less available space for the
flow of the liquid phases, which led to the squeezing of the
gas neck, and (e) step 4, a Taylor bubble was produced after
the rupture of the gas neck and a new cycle repeated again.
The formation of Taylor bubble in the squeezing regime was
also described in detail by other researchers.34,41

From this typical formation process of Taylor bubble, it
was observed that the diffusion boundary layer between the
miscible liquid-liquid two phases became more unclear. This
phenomenon visually demonstrated that Taylor flow could
dramatically intensify the liquid mixing in the microchannel.
The space for the flowing of the miscible liquid-liquid two
phases decreased quickly as the bubble grew up at the inlet,
which led to much shorter diffusion distance between the
miscible liquid-liquid two phases. The diffusion boundary
layer was disturbed due to the increased liquid pressure at
the inlets of the microchannel. These two aspects both effec-
tively improved the liquid mixing in the microchannel inlets.
After the rupture of the gas neck, the whole unit of Taylor
bubble-liquid slug was formed. There were internal circula-

tions in liquid slugs27,42 due to the difference in the direction
of motion of the fluid relative to the walls of the microchan-
nel, hence, the radial mixing was improved, and the mixing
process of the miscible liquid-liquid two phases was intensi-
fied. In addition, except for the formation of liquid slugs, a
small part of the miscible liquid-liquid two phases was
squeezed to the walls of the microchannel by Taylor bub-
bles, thus extremely thin liquid films were formed. The thin
liquid films indicated that the diffusion distance was
extremely short, and the large effective interfacial area (a),
and the excellent mixing performance were obtained in these
zones.

Effect of superficial gas velocity on hydrodynamics and
liquid mixing process

The superficial gas velocity is one of most important
operational parameters in Taylor flow in microchannels. Fig-
ure 5 shows the effect of the superficial gas velocity on Tay-
lor flow and the liquid mixing in the microchannel at a fixed
superficial liquid velocity. From these photographs, it is seen
that the length of Taylor bubble increased with the

Figure 3. Flow characteristics of the miscible liquid-liq-
uid two phases in the microchannel without
introducing gas (a) jL 5 0.0313 m/s, ReL 5 25,
(b) jL 5 0.104 m/s, ReL 5 83.3, and (c) jL 5
0.208 m/s, ReL 5 166.7.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 4. Typical pictures of Taylor bubble formation
process in the squeezing regime in the
microchannel (gas from inlet-3, jL 5 0.104
m/s, jG 5 0.118 m/s); (a) step 1, (b) step 2, (c)
and (d) step 3, and (e) step 4.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 5. Effect of superficial gas velocity on hydrody-
namics of Taylor flow in microchannels, jL 5
0.104 m/s, jG (m/s); (a) 0.0148, (b) 0.0296, (c)
0.0592, (d) 0.237, and (e) 0.889.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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increasing of the superficial gas velocity (Figure 5a–d),
whereas the length of the liquid slug was just the opposite.
As the superficial gas velocity was large enough, the gas
occupied most of the space in the microchannel, and Taylor
flow transformed into the slug-annular flow (Figure 5e).

For quantitative research, the lengths of Taylor bubbles
and liquid slugs in the microchannel were measured from
the corresponding images. Under each operational condition,
a series of at least 10 images were analyzed and finally the
average value was obtained (Figure 6a). As shown in Figure
6b, the lengths of Taylor bubbles in the squeezing regime
could be approximately predicted by the simple scaling rela-
tion proposed by Garstecki et al.:40

lB
W

¼ 1þ b
jG
jL

(9)

where b could be treated as a fitting parameter and its value
depended on the inlet structure of the microchannel. Here, b
was determined by the linear least square regression method,
and its value was 1.718. According to the analysis of Garstecki
et al.40 b could be roughly treated as the ratio between the
characteristic width of the neck when the gas phase fully
entered the main microchannel and the width of the main
microchannel. When nitrogen was introduced from the inlet-3,
the inlet structure with three inlets could not be simplified as
the inlet structure with two inlets, as shown in Figure 7. That
is, the inlet structure with three inlets was not the equal of the
T-shaped inlet structure used in the experiment of Garstecki
et al.40 In addition, the gas neck was thought to be a circular
cross section and its diameter was comparable to the width of
the main channel when the bubble began to span almost the
entire cross section of the main channel (see Figure 4c). If
these operations were carried out in T-shaped microchannels,
the value of b in Eq. 9 should be close to 1. However, the
fitting value (1.718) was larger than 1, and the reason may be
as follows: the squeezing effect of the liquid phase was weaker
as it was converged by two tributaries from the different inlets
(inlet-1 and inlet-2).

The liquid slug length is an important hydrodynamic pa-
rameter which has been reported to have a very significant
influence on the mass transfer process between the gas-liquid
two phases in microchannels.43 The liquid slug length of Tay-
lor flow in microchannels is determined by the system param-
eters such as the superficial gas and liquid velocities, the fluid
properties and the surface properties of the microchannel.44,45

In general, increasing the gas velocity at a constant liquid ve-
locity leads to shorter liquid slugs, and our experimental
results demonstrated this principle, as shown in Figure 8a.
Moreover, some researchers46–48 had proposed empirical cor-
relations for predicting the length of liquid slug of Taylor
flow in microchannels due to its importance. In these correla-
tions, the liquid slug length was correlated by considering
Reynolds number, capillary number and gas holdup, and the
Reynolds number was most emphasized. The following corre-
lation based on the multiple linear regression analysis was
found to predict the lengths of liquid slug well, which was
similar to the correlation proposed by Liu et al.:48

ls
dh

¼ 0:3694Re0:585L Re�0:483
G (10)

Figure 8b demonstrates the experimental values of dimen-
sionless liquid slug lengths vs. the predicted values by Eq.
10. It can be seen from Figure 8b that most of the relative
deviations between the experimental and predicted values of
dimensionless slug lengths were within 620%. From these

Figure 6. (a) Effects of the superficial gas and liquid
velocities on the bubble length, and (b) Com-
parison between the measured Taylor bubble
lengths and those predicted by the empirical
correlation of Garstecki et al.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 7. Schematic diagram of different inlet structures (gas from inlet-3).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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correlations 9 and 10 it is validated that the superficial gas
and liquid velocities are both controllable parameters, which
affect the hydrodynamics of Taylor flow when the fluid sys-
tem and microchannel have been determined.

From Figure 5 it can also be seen that the concentration
of methylene blue in the liquid slug tended to be homogene-
ous with the increasing of the superficial gas velocity, which
demonstrated the liquid mixing process was strengthened. As
the superficial gas velocity increased, shorter liquid slug was
obtained. Therefore, the intensity of the internal circulations
in the liquid slug became more drastic, the radial mixing and
finally the liquid mixing process were improved. In other
cases, as the superficial gas velocity was large enough
(Figure 5e), the slug-annular flow or the annular flow was
predominate in the gas-liquid two-phase patterns in our
experiment. At that time, most part of the miscible liquid-
liquid two phases was squeezed to the walls of the
microchannel and formed extremely thin liquid films. The
diffusion distance was reduced and the effective interfacial
area was increased dramatically, and the whole mixing pro-
cess was excellent.

Effect of gas inlet locations on hydrodynamics and
liquid mixing process

Zheng et al.49 had experimentally demonstrated that the
mixing rate in the liquid slug with alternant distribution of
reactants was faster than that with parallel distribution for the
immiscible liquid-liquid two-phase system in microchannels.
In order to investigate the effect of the gas inlet locations on

the hydrodynamics and the liquid mixing process in Taylor
flow, nitrogen was introduced into the microchannel from the
inlet-2. As shown in Figure 9, the formation of Taylor bubble
was also in the squeezing regime. However, the formation
process of Taylor bubble when the gas was introduced from
the inlet-2 was a little different from that when the gas from
the inlet-3. The formation process was comparatively free
when the gas was introduced from the inlet-2, and the misci-
ble liquid-liquid two phases from the inlet-1 and the inlet-3,
that is, the confined room became larger and the total force
from the miscible liquid-liquid two phases was weakened.
Therefore, the formation frequency of the unit of Taylor bub-
ble and liquid slug decreased, and the lengths of Taylor bub-
bles (Figure 10a) and the liquid slugs (Figure 10b) became
larger at the same superficial gas and liquid velocities.

In addition, it is seen from Figure 9 that the formation of
Taylor bubble was axisymmetrical when the gas was intro-
duced from the inlet-2, and there was an obvious diffusion
boundary layer between the miscible liquid-liquid two phases
in the initial liquid slug. The diffusion boundary layer indi-
cated that the initial distribution of substances in the liquid
slug was far from the homogeneous condition. Although the
diffusion boundary layer also became more and more indis-
tinct as the liquid slug flowed through the microchannel, the
intensity was not evident enough, which illustrated the rela-
tively weaker effect of the internal circulations on the radial
mixing. These phenomena indicated the liquid mixing pro-
cess based on Taylor flow when the gas was introduced
from inlet-2 was not as efficient as the gas from inlet-3.

Micromixing in microchannels for single-phase flow
without introducing gas

The hydrodynamics in microchannels can be photographed
by the high-speed CCD camera, thus, the mixing process of
the miscible liquid-liquid two phases can be visually
observed. However, these high-speed imaging techniques can
only provide information in macroscale or mesoscale. In the
following sections, the micromixing performance in micro-
channels with and without introducing gas was investigated
by using the ‘‘Villermaux/Dushman’’ method.

As discussed previously, the flow of the miscible liquid-
liquid two phases in the microchannel without introducing
gas was laminar flow because of low Reynolds numbers.
Also, there was a distinct diffusion boundary layer between
the two miscible phases. The inefficient macromixing (or

Figure 9. Typical pictures of Taylor bubble formation pro-
cess in the squeezing regime in themicrochannel
(gas from inlet-2, jL5 0.208m/s, jG5 0.118m/s).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 8. (a) Effects of the superficial gas and liquid
velocities on liquid slug length, and (b) com-
parison between experimental values of
dimensionless liquid slug lengths vs. the pre-
dicted values.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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mesomixing) must result in low-micromixing efficiency. As
shown in Figure 11, the light absorption decreased with an
increase in ReL due to the weak interface disturbance, how-
ever, the minimum value of the light absorption still reached
0.725. These large values of the light absorption indicated
that the micromixing performance in the microchannel for
single-phase flow was far from the ideal micromixing
condition.

Effect of superficial gas velocity on micromixing
performance

Figure 12 shows the effect of superficial gas velocity on
the micromixing performance in the microchannel for two
different superficial liquid velocities. It is seen that the val-
ues of the light absorptions were large without introducing
gas, and quickly decreased with the increasing of superficial
gas velocity, and finally tended to extremely low values. For
the superficial liquid velocity (jL ¼ 0.104 m/s), and the su-
perficial gas velocity (jG ¼ 1.325 m/s), the light absorption
was as low as 0.0013, which was close to the range of appa-
ratus detection error (0.001). The extremely low light
absorptions demonstrated that the micromixing performance
based on Taylor flow was much better compared to that
based on the single-phase flow without introducing gas, even
the ideal micromixing performance could be obtained under
optimized superficial gas and liquid velocities. The parallel
flow of the miscible liquid-liquid two phases could be easily
transformed to Taylor flow by introducing the gas in micro-
channels. As the superficial gas velocity increased, the
length of the liquid slug was decreased and its velocity was
increased (US ¼ jL þ jG). Therefore, the internal circulations

in liquid slugs were enhanced, which were beneficial to the
radial mixing and the micromixing process.

Moreover, the zones of thin liquid films provided
extremely short diffusion distance and large effective interfa-
cial area for the mixing process. The thickness of the liquid
film around a Taylor bubble in rectangular microchannels is
nonuniform, which varies in both lateral and axial directions
from the bubble nose to its tail. It is difficult to determine
the liquid film thickness from the 2-D optical images of
Taylor flow in our experiment. In a review Kreutzer et al.50

pointed out that the following correlation proposed by Aus-
sillous and Quéré51 could predict well the thickness of the
liquid film for round microchannels:

d
d
¼ 0:66Ca2=3

1þ 3:33Ca2=3
(11)

where d, d and Ca were thickness of liquid film, diameter of
microchannel and capillary number (lUS/c), respectively.
Here, we use this correlation to approximately calculate the
thickness of the liquid film around a Taylor bubble in the
rectangular microchannel. The value of Ca was in the range of
1.41 � 10�3�1.83 � 10�2 as the superficial gas velocity
increased, so the thickness of the liquid film was in the range
of 6.38–29.77 lm. It is well known that the mixing time
depends on the diffusion distance. Consequently, as
the diffusion distance was reduced from several hundreds

Figure 10. Effect of the gas inlet positions on the
lengths of Taylor bubbles (a), and liquid
slugs (b), jL 5 0.208 m/s.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Figure 11. Effect of ReL on micromixing performance in
microchannel (without introducing gas).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Figure 12. Effect of superficial gas velocity on micro-
mixing performance (gas from inlet-3).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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micrometers to several tens micrometers even to several
micrometers, the mixing time was significantly shortened, and
the micromixing performance in these thin liquid film zones
was improved obviously. Some researchers also had demon-
strated that the mass transfer and reaction process were further
improved in these thin liquid films between Taylor bubble and
microchannel wall.52,53

From Figure 12 it is also seen that the light absorptions
for the lower superficial liquid velocity were somewhat
lower compared to those for the higher liquid velocity at the
same superficial gas velocity, that is, the micromixing per-
formance was better for lower superficial liquid velocity.
This may be attributed to the different hydrodynamics in the
microchannel. As shown in Figure 8a, the length of the liq-
uid slug in Taylor flow was shorter for the lower superficial
liquid velocity at the same superficial gas velocity; accord-
ingly the internal circulations in the shorter liquid slug were
more intense.

Effect of gas inlet locations on micromixing
performance

As mentioned before, the gas inlet locations had great
effects on the formation frequencies of Taylor bubble and
the liquid slug and their lengths, and the initial concentration
distribution of reactants in liquid slugs in the microchannel.
Therefore, the micromixing performance based on Taylor
flow must be influenced by the gas inlet locations. Figure 13
shows the effect of the gas inlet locations on the micromix-
ing performance under different superficial gas and liquid
velocities. As expected, the micromixing performance when
the gas was introduced from the inlet-3 of the microchannel
was superior compared with that when the gas from inlet-2,
especially at low superficial gas velocities. It is well known
that there are two symmetrical internal circulations in the
liquid slug of Taylor flow in the straight microchannel, and
the two internal circulations are beneficial to the radial mix-
ing in the liquid slug.27 As the gas was introduced from the
inlet-3, the formation of the unit of Taylor bubble-liquid
slug was asymmetrical. Under the circumstances, the initial
distribution of reactants in the liquid slug was comparatively
uniform, which could be observed in the formation process
of Taylor flow. Moreover, the strength of internal circula-
tions is relevant to the length of the liquid slug, and the
shorter liquid slug leads to more effective internal circula-
tions. As the miscible liquid-liquid two phases were intro-
duced from inlet-1 and inlet-2 and the gas from inlet-3, the
squeezing action of the liquid phases on the gas was more
effective, thus shorter Taylor bubbles and liquid slugs were
obtained. Therefore, better micromixing performance could
be obtained when the gas was introduced from inlet-3.

As the superficial gas velocity was enough, the effect of
the gas inlet locations on the micromixing performance was
relatively weak. This situation was more obvious at the low-
superficial liquid velocity (Figure 13b). At that time, the
gas-liquid two-phase pattern tended to form the slug-annular
flow whenever the gas was introduced from inlet-2 or inlet-
3, and most of the miscible liquid-liquid two phases was
squeezed to the walls of the microchannel to form thin liquid
films. Therefore, the extremely short diffusion distance and
the large effective interfacial area and almost the ideal
micromixing performance were obtained for the two differ-
ent gas inlet locations.

Modified Peclet number for micromixedness ratio

As discussed in the earlier sections, the micromixing per-
formance in microchannels was intensified dramatically by
the Taylor flow approach. The micromixing efficiency in the
liquid slug was dependent on the length and the velocity of
the liquid slug, and the initial distribution of reactants. These
experimental results were similar to the numerical simulation
results of Tanthapanichakoon et al.54 They reported the mix-
ing characteristics inside a microfluidic liquid slug of immis-
cible liquid-liquid two phases using the computational fluid
dynamics (CFD) simulations. Their simulation results pro-
vided insights into the influences of operating parameters on
the rate of slug-based mixing (such as initial arrangement of
reactants in liquid slugs, slug velocity and slug diameter),
and Peclet number of liquid slugs (Pe ¼ USd

2
Diff /lSD) for

estimating mixing rates and designing liquid slugs was pro-
posed based on the simulation results. However, it deserves
to be noted that the situation of introducing gas to form mul-
tiphase flow is different from that of introducing organic
phase, in which the gas phase is dispersed phase and the
aqueous phase is continuous. That is, the liquid slugs are
connected with each other by the liquid films, and the mix-
ing process of the miscible liquids occurs both in liquid
slugs and the liquid films for the gas-liquid two-phase sys-
tem in the microchannel. Furthermore, the separation of the
gas-liquid two phases after the outlet of microchannel is
much easier than that of the immiscible liquid-liquid two
phases because of larger density difference between the gas-
liquid two phases.

Figure 13. Effect of the gas inlet locations on micromix-
ing performance (a) jL 5 0.208 m/s, ReL 5
166.7, (b) jL 5 0.0313 m/s, ReL 5 25.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Actually, the Peclet number proposed by Tanthapanicha-
koon et al.54 was the ratio of the diffusive time scale (tDiff ¼
d2Diff /D), to the convective transport time scale (tConv ¼ lS/
US) in liquid slugs, where dDiff was the diffusion distance
and considered to be equal to the hydraulic diameter of the
microchannel. When the Peclet number was less than a con-
stant value, the mixing in liquid slugs was controlled by the
molecular diffusion, or else, it was determined by the con-
vective transport. The internal circulations can be considered
as a way of convective transport, which quicken the distribu-
tions of reactants in liquid slugs. Here, we investigate the
relationship between Peclet number and the micromixing ef-
ficiency in liquid slugs for gas-liquid two-phase systems,
and use the micromixing ratio to represent the micromixing
efficiency. Although the flow in liquid film zones of Taylor
flow in microchannels is considered as laminar flow, the
micromixing performance is excellent due to extremely short
diffusion distance and large effective interfacial area. There-
fore, the diffusive time scale is determined by two zones,
one is the liquid slug zone, and the other is the liquid film
zone. The diffusive timescale is reduced due to the liquid
film zone, that is, it can be expressed as the function of liq-
uid film (f (d, lF)):

tDiff ¼
d2Diff
D

� 1

1þ f ðd; lFÞ (12)

where d and lF are the thickness and the length of the liquid
film, respectively. As discussed previously, the thickness of
liquid films was less than 30 lm in the operating range of
superficial gas and liquid velocities, so the mixing could be
considered to be finished instantaneously in the liquid film
zone, and the contribution of the liquid film was determined by
its length. The function of liquid film can be further expressed
as the following equation:

f ðd; lFÞ ¼ f ðlFÞ (13)

For dimensionless treatment, f (d, lF) is expressed as the
following:

f ðlFÞ ¼ lF
lF þ lS

¼ lB
lB þ lS

(14)

where the length of the liquid film (lF) is considered to be
approximately equal to the length of Taylor bubble (lB). The
physical meaning of f (lF) is the ratio of the length of Taylor
bubble to the length of the whole unit of Taylor bubble-liquid
slug. Based on aforementioned analysis, a modified Peclet
number (Pe*) in microchannels for gas-liquid two-phase
systems is proposed, as given in the following:

Pe� ¼ USd
2
Diff

lSD
� 1

1þ lB
lBþlS

¼ lB þ lS
2lB þ lS

� USd
2
Diff

lSD
(15)

As the mixing of the miscible liquid-liquid two phases is
carried out in microchannels without introducing gas, lB, lS,
US are considered to be equal to 0, the length of the micro-
channel (l), and the mean velocity of the miscible liquid-liq-
uid two phases (UM or jL), respectively. At that time, the
modified Peclet number (Pe*) can be further simplified as
the following equation:

Pe� ¼ UMd
2
Diff

lD
(16)

Figure 14 shows the relationship between Pe* and the
micromixedness ratio, where D was set at 10�9 m2/s. It is
seen that a increased with the increasing of Pe*, and they
approximately satisfied the power function:

a ¼ 0:0015ðPe�Þ1:30 (17)

The results demonstrated that Pe* is an important parame-
ter in microchannels for the liquid mixing processes, it must
increase Pe* to obtain higher micromixng efficiency. In Fig-
ure 14, the whole zone was divided Zone-1 (Pe* <104) and
Zone-2 (Pe* > 104). In Zone-1, the micromixing efficiency
was determined by the diffusion, and all operations without
introducing gas into the microchannel were in this zone.
Most of operations based on Taylor flow were in Zone-2,
where the micromixing efficiency was mainly controlled by
the convection caused by internal circulations in liquid slugs.

Conclusion

The mixing of the miscible liquid-liquid two phases based
on Taylor flow in microchannels was investigated by high-
speed imaging techniques and the Villermaux/Dushman reac-
tion system. It was found that the mixing and the micromix-
ing performances based on Taylor flow were much better
compared with those without introducing gas. The formation
model of Taylor flow was in the squeezing regime in our
experiment. The restricted flow of the liquid phases, the in-
ternal circulations in the liquid slug, and the thin liquid film
all improved the liquid mixing in the formation process of
Taylor flow. The lengths of Taylor bubbles and liquid slugs
depended on the superficial gas and liquid velocities, which
could be predicted by empirical correlations. Higher superfi-
cial gas velocity led to shorter liquid slug and longer Taylor
bubble, which was beneficial to the mixing and the micro-
mixing performances in the microchannel. The ideal micro-
mixing performance could be obtained under optimized
superficial gas and liquid velocities in the microchannel. In
addition, the gas inlet location affected the lengths of Taylor
bubble and the liquid slug, the initial distribution of reactants

Figure 14. Effect of Pe* on micromixing ratio in
microchannels.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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in the liquid slug, and finally the micromixing performance.
Based on experimental results, a modified Peclet number
that represented the relative importance of diffusion and con-
vection in the mixing process was proposed for explaining
and anticipating micromixing ratio. It must increase the
value of Pe* to obtain higher micromixing efficiency in
microchannels for the liquid mixing.
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Notation

Abs ¼ light absorption, 1
a ¼ effective interfacial area, m2/m3

Ca ¼ capillary number, 1
Cj ¼ concentration of species j, mol�L1

Cj0 ¼ environmental concentration of species j, mol�L1

d ¼ diameter of microchannel, m
dh ¼ hydraulic diameter of microchannel, m

dDiff ¼ diffusion distance, m
D ¼ diffusivity, m2/s
jL ¼ superficial liquid velocity, m/s
JG ¼ superficial gas velocity, m/s
l ¼ length of microchannel, m

lB ¼ length of Taylor bubble, m
lF ¼ length of liquid film, m
lS ¼ length of liquid slug, m
Pe ¼ Peclet number, 1

Pe* ¼ modified Peclet number, 1
Re ¼ Reynolds number, 1
ReL ¼ liquid-phase Reynolds number, 1
ReG ¼ gas-phase Reynolds number, 1
tDiff ¼ diffusive time scale, s
tConv ¼ convective transport time scale, s
US ¼ liquid slug velocity, m/s
VA ¼ volumetric flow rate of A solution, mL/min
VB ¼ volumetric flow rate of B solution, mL/min
W ¼ width of microchannel
Xs ¼ segregation index, 1
Y ¼ ratio of acid mole number consumed by Reaction 2 to the total

acid mole number injected, 1
YST ¼ value of Y in the total segregation case, 1

Greek letters

� ¼ thickness of liquid film, m
� ¼ micromixedness ratio, 1
� ¼ fitting constant in Eq. 9
� ¼ liquid phase viscosity, Pa�s
� ¼ surface tension, N/m

Subscripts

B ¼ Taylor bubble
F ¼ liquid film
L ¼ liquid phase
G ¼ gas phase
S ¼ liquid slug
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