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Abstract The length of the gas bubbles as well as of the
liquid slugs in Taylor flow in rectangular microchannels
was studied. At constant flow ratios of the gas and the
liquid phase, we were able to vary the unit cell length, and
therefore the gas bubble length as well as the liquid slug
length by factor 4 solely by changing the inlet geometry.
Based on literature and experimental data, we state a new
correlation to predict the gas bubble length, the liquid slug
length as well as the pressure drop for rectangular micro-
channels. The observed decrease in slug length for the
investigated case corresponds to an increase in the Sher-
wood number and therefore of the mass transfer by a factor
of 1.6. Short unit cell lengths, meaning enhanced mass
transfer within the liquid slug and increased interfacial
area, can be achieved for given flow rates using a small gas
inlet channel compared to the main channel and injection
in flow direction.

Keywords Gas-liquid flow - Gas inlet - Pressure drop -
Mass transfer - Unit cell length

1 Introduction

Multiphase flow is an important aspect in chemical engi-
neering. In microreactors, the so-called Taylor flow is one
of the most often used flow patterns. It is characterized by a
continuous phase (liquid) preferably wetting the wall of the
channel and a second non-soluble phase (gas or a second
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liquid), which forms bubbles or droplets with a diameter
close to the channel diameter and a length between 2 and
20 channel diameters. These bubbles or droplets are
interrupted by slugs of the continuous phase, usually with a
length of about the channel diameter. Important parameters
influencing the mass transfer are the length of both, the gas
bubbles (Lg) and the liquid slugs (Ls) (see Fig. 1) as well
as the thickness of the liquid film at the wall, see (Kreutzer
et al. 2005a). For instance, the Sherwood number, char-
acterizing the total mass transfer versus the mass transfer
due to diffusion, increases by a factor of 1.5 while
decreasing the dimensionless liquid slug length from 2 to
0.8. The following correlation was found by Kreutzer et al.
(2005a):

=\ Jr+ L (1)
with

ox= 40(1 + 0.28(Ls/d)*4/3)

B =90+ 104(Lg/d) ">
GZ = LChannel/(dReSC)

The Schmidt number Sc characterizes the fluid properties:
Sc = n/(pD). According to this correlation, Sh can be
increased in our specific case (Ethanol-Nitrogen) by a
factor of 1.6 due to changes in the dimensionless slug
length Ly/d from 2 to 0.5.

Different literature sources state that the length of the
gas bubbles and liquid slugs strongly depends on the gas
inlet design. In this paper, we investigate different designs,
varying the channel width w at a constant channel height £,
the ratio of w to the width of the gas inlet y and the inlet

angle f.
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Fig. 1 Scheme of the used microreactors

1.1 Gas bubble formation and length

The defined formation of bubbles in microchannels is in the
focus of recent research projects. First work was done
using capillaries in the miniscale. Laborie et al. (1999)
found

Ly (ReL (VB)> 0o

— = 0.0878
dh 302

(2)

to fit the measured data best. dj, is the hydraulic diameter of
the capillary, Re the Reynolds number defined as Re = (p.,
vg dp)/nL (where the subscript L denotes the liquid phase, p
the density, vy the intrinsic bubble velocity and # the vis-
cosity). Bo is the Bondnumber, calculated by Bo = [(p.—
pc)gdil/e with ¢ as surface tension and g as gravitational
constant. In this correlation, important physical parameters
as the inertia forces, viscosity forces and gravity forces as
well as the channel diameter play a significant role. The
geometry of the gas inlet has not been considered. As in
microscale the gravity can be neglected, Eq. 2 has to be
modified. Zheng and Che (2006) observed in a circular
vertical pipe that increasing the superficial gas velocity as
well as decreasing the superficial liquid velocity result in
an increased gas bubble length and a shorter liquid slug
length.

Garstecki et al. (2006) investigated the droplet length
for liquid-liquid flow as well as for gas-liquid flow in
microchannels depending on the flow rates. They high-
lighted a dependence of the breakup of the gas bubbles and
thus of the gas bubble length via the pressure equilibrium.
Assuming a pressure balance of the continuous (liquid) and
the discontinuous (gas) phase showed a strong influence of
the laplace pressure App = a(% + %) with r; equal to half
of the gas bubble height and r, the observed radius at the
neck. At the beginning, the liquid phase is flowing and no
gas enters the main channel. The gas phase has to over-
come the resistance of the gas—liquid interface and of the
liquid flow resistance. Therefore, the pressure in the gas
phase increases. At a certain threshold value, depending on
the system pressure, the gas phase enters the main channel.
First, it has a spherical form, but as soon as the diameter of
the gas circle is close to the channel width, the gas bubble
“grows” towards the reactor outlet. During this procedure,
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the liquid phase is partially dammed, i.e. the liquid pressure
increases. Note, that in rectangular channels as they had
been used in this study a certain amount of liquid can pass
in the corners, see van Steijn et al. (2007). Due to this
pressure, the elongated gas bubble will be shortened on the
neck so that less gas can flow. At a certain neck thickness
(i.e. a maximum of the Laplace pressure), the gas flow is
interrupted and the liquid flows again. This process is
repeated continuously.

The discontinuous phase is injected into the continuous
via a smaller channel, merging into the main channel at a
right angle. The width of the main channel varied between
50 and 200 pum, the height was 33 and 79 um, respectively.
The width of the inlet channel for the disperse phase was
50 and 100 pm, respectively. As characteristic length they
used the droplet length divided by the main channel width.
Using a simple scaling law leads to:

Ls _ 1+ a& (3)
w VL

where w represents the width of the main channel, o a
geometry-dependent constant in the order of one and Vg
and Vi the volume flow rates of the gaseous and the liquid
phase. This model did not fit for gas—liquid flow at higher
gas flow rates (Vg > V), independent of the channel
width.

1.2 Liquid slug length

In this context the liquid slug length in microchannels is of
special interest: Since a strong recirculation occurs in these
slugs (Waelchli and Rudolf von Rohr 2006; King et al.
2007), short slugs are advantageous for a strong mass
transfer and mixing. Furthermore, Bercic and Pintar (1997)
demonstrated that short slugs result in a higher interfacial
area, which is also advantageous for enhanced mass
transfer. For circular capillaries, Laborie et al. (1999)
found

LS 1.2688
— =345 —F— 4
dpn <R€L (i(;)BO) “)

with js as the superficial velocity to fit the measured data
best. Heiszwolf et al. (2001) correlated the dimensionless
slug length Lg/d, in a monolithic structure to the unit
cell (Ls+ Lg)/d, length via the liquid holdup
€L = Vs/(VS + VG).
Ls  Ls+Lp

dy dn

L (5)
They observed a constant dimensionless liquid slug length
Ls/d,, of 2 for typical holdup values in the range of ¢ =
0.2,...,0.5. Based on these results, they obtained the
following correlation:
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Ls _ L
dyn  —0.00141 — 1.556€2 In(er.)

(6)

The effect of the channel size for monolithic reactors has
been investigated by Yawalkar et al. (2005), demonstrating
that larger capillaries lead to elongated slugs. Tice et al.
(2003) showed that in a rectangular microreactor for
liquid-liquid two phase flow the unit cell length as well as
the droplet length are independent of the total flow velocity
but depend strongly on the flow rates of both phases. In
their experiments, the droplet length fitted well with Eq. 5,
using the volumetric flow ratio: € = Vi./(VL + Vi). They
also found that mixing within the slug is faster for short
slug lengths. Liu et al. (2005) pointed out that for given
flow rates the resulting liquid slug length in a circular or
rectangular capillary also depends on the inlet geometry.
For their nozzle geometry, they obtained
JLtJs } 2

B 7
> [0.088Re%72Re%19 )

Akbar and Ghiaasiaan (2006) used the volume of fluid
method to predict the liquid slug length in circular
capillaries and compared the results with experimental
data.

. . 1—0.33
d
UL ti6) 7 g e () pegoan (8)
v/Ls Ls+Lg

with e¢g as gas holdup. Note that Eqgs. 5 and 7 require
knowledge of the unit cell length Lg + Ly to predict the
slug length. In contrast to these correlations where no
influence of the inlet design had been considered, we
propose in this contribution a significant impact of the inlet
design on the gas-liquid flow characteristic in rectangular
microchannels.

2 Experimental setup

Microreactors have been fabricated using standard softli-
thography: a master was fabricated by patterning a
100 mm-wafer with photolithographical methods (SU-8).
This master was molded with Polydimethylsiloxane
(PDMS), which had been cured at 70°C for 4 h in an oven.
After peeling off, the PDMS-reactors were cut, and the
inlet and outlet holes were punched. Then the surfaces of
the reactor and the cover glass were activated in an oxygen
plasma and sealed together. Finally, inlet and outlet tubings
were glued (McDonald 2002).

A total of 24 reactor designs, varying in channel width
w = 200, 300, 400 pum, gas inlet angle f§ = 45°, 90°, 135°
and the ratio of the width of the gas inlet and the channel
diameter y = wgaew = 1:1, 1:2, 1:3 were used (see
Fig. 1). In Table 1 all reactors are characterized and named
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Table 1 Design parameters of the used reactors
p Y w = 200 um w = 300 um w = 400 um
h = 150 pm h =160 pm h =230 pm
90° 1:1 90-200-1 90-300-1 90-400-1
1:2 90-200-2 90-300-2 90-400-2
1:3 90-200-3 90-300-3 90-400-3
45° 1:1 45-200-1 45-300-1 45-400-1
1:2 45-200-2 45-300-2 45-400-2
1:3 45-200-3 45-300-3 45-400-3
135° 1:1 135-200-1 135-300-1 -
1:2 135-200-2 135-300-2 -
1:3 135-200-3 135-300-3 -

with the term used in the following text. Although a
f = 90° inlet is a commonly used design, the other angles
had been chosen arbitrarily.

The liquid phase (Rhodamine B-colored (Fluka) Etha-
nol), was delivered by a syringe pump (Harvard Apparatus,
PHD 2000). The gas phase (nitrogen) was controlled via
mass flow controllers (Bronkhorst). The experiments were
performed with Re = 15,...,40 and We = 0.3,...,0.7. To
characterize the phases, we used Laser Induced Fluores-
cence (LIF). The microreactor was positioned at an
inversed microscope (Zeiss). The Nd:YAG-laser (New-
Wave) with an excitation wavelength of 532 nm and the
camera (LaVision) were triggered by a synchronizer
(LaVision). Double-exposed, double-framed pictures were
taken with a frequency of 5 Hz. The field of view was
1,090 um x 1,300 pm. Optical measurements were done
30 mm behind the gas inlet and 15 mm before the outlet.
Pictures were analyzed using Matlab. The pressure drop
was measured by pressure transducers at the liquid inlet
and the outlet (Endress and Hausser). The temperature was
kept constant at T = 20°C.

3 Results
3.1 Gas bubble length

The gas bubble length for a constant superficial gas
velocity at varying liquid velocities depends on the ratio of
the flow rates as well as on the inlet design. In Fig. 2, the
measured gas bubble lengths as well as their distribution
are plotted versus the volumetric flow ratio (¢f =
Vi/(VL + Vi) for all configurations with an 90°-inlet. In
order to compare the values of different reactor widths, we
divided the gas bubble length by the corresponding reactor
width. For statistical reasons, at least 50 gas bubbles had to
be taken into account. Note that gas bubbles with a length
of more than 1,300 pm exceeded the field of view and
could not be detected by our optical system.
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Fig. 2 Measured gas bubble lengths for all 90°-inlet configurations
versus the volumetric flow ratio. The /ine indicates a bubble length
equal to the channel width. Same tendencies were observed for 45°
and 135°

In general, increasing the liquid flow rate at constant gas
flow rates leads to shorter gas bubbles. The dimensionless
gas bubble length, Lg/w, is constant within the measure-
ment uncertainties at constant flow rates. If the gas inlet
diameter is smaller than the main channel, the gas bubbles
are shorter compared with a ratio of y = 1. Furthermore,
the gas bubble length has less variation in length in this
case for y > 1, which is indicated by a significantly smaller
standard deviation. The coefficient of variation (=standard
deviation/mean value) never exceeds 10% of the gas bub-
ble length and is in the range of 5% for 90% of all
measurements performed in these studies. Increasing the
inlet angle leads to decreased gas bubble lengths. For
constant flow rates, the influence of the inlet angle is less
important compared with the influence of the inlet ratio.
Furthermore, the stability is affected by the inlet angle: at a
constant ratio ), inlet angles of 90° result in a more con-
stant gas bubble length than inlet ratios of 45° and 135°.
This effect diminishes if the width of the gas inlet is sig-
nificantly smaller compared with the width of the main
channel. Figure 3 illustrates the measured gas bubble
lengths depending on the volumetric flow ratios ¢ for
different inlet ratios y and inlet angles . Values for a
reactor width of 300 and 400 pm give the same results. For
a better visualization of the results the standard deviation,
which has the same values as described earlier, is not
plotted in Fig. 3.

The reason for the decreasing gas bubble lengths at
increasing inlet angles f§ might be caused by the interfacial
pressure: as pointed out by Garstecki et al. (2006), the neck
of the dispersed phase diminishes to a minimal value where
the breakup occurs. Since the interfacial pressure increases
with decreasing radii, a faster thinning of the neck results

@ Springer

Fig. 3 Measured gas bubble lengths for a width of 200 um. The /ine
indicates a bubble length equal to the channel width

in a faster breakup. This thinning was documented in
Garstecki et al. (2006) for 5 = 90°: at the beginning, the
width is equal to the width of the gas inlet. When the
incoming gas covers the complete channel width, the gas
bubble is deflected in the main channel in flow direction
due to the incoming liquid. The width of the neck decreases
approximately to the half of the inlet width and remains at
this value for a certain time. As the pressure due to the
incoming liquid increases, the width finally decreases
sharply until breakup and the gas flow is interrupted.

In Fig. 4 instantaneous images of the gas bubble for-
mation are given for f = 135° and f§ = 45°. For f§ < 90°
the gas flows towards the liquid inlet. Due to the initial
flow direction of the gas phase, the initial width at the neck
will be larger than that for a § = 90° inlet; therefore, the
interfacial pressure is smaller. Since the neck width reaches
its critical value for the breaking off later, the gas bubbles
are longer. The same is valid for > 90°: since the gas
flow has the same direction as the incoming liquid, the gas
bubble moves toward the flow direction. The thinnest
position of the gas bubble moves into the main channel,
resulting in a faster breakup (“shearing”) and therefore in
shorter gas bubbles. This breakup mechanism also explains
the decreased gas bubble length for increased ). Since the
initial total width at the neck is smaller, the critical width
causes a faster breakup.

In order to predict the gas bubble length, we have
modified Eq. 3. Based on literature, o is assumed to be
close to one. Since a strongly depends on the inlet geom-
etry, we need to find a correlation to fit this geometrical
value. Starting with

o =f(y,B) = a)’ 9)

and using the least square fit method, we obtained the
following values with a correlation coefficient of 0.96:
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Fig. 4 Gas bubble breakup for Flow direction
different inlet angles. 200 um

Volumetric gas flow
rate = 0.3 ml/min, volumetric
liquid flow rate = 0.1 ml/min

(a) Reactor 135-200-3

a=17.2131
b=-1
c=-0.5

Using the geometrical design parameters from Garstecki
et al. (2006), o can be calculated to o = 0.91, which is
close to the assumed value of o = 1. The discrepancy
might be caused by different aspect ratios and the mea-
surement uncertainties.

In Fig. 5 the measured values for the dimensionless gas
bubble length are plotted versus the values predicted by
Eq. 9. Taking the measurement uncertainties into account,
we state that the model matches experiment satisfactorily.
Therefore, at a constant geometry, the gas bubble length

(b)Reactor 45-200-3

increases with an increasing ratio of gas to liquid flow
rate.

3.2 Liquid slug length

Since pressure drop and mass transfer strongly depend on
the liquid slug length, detailed knowledge on the resulting
slug length is mandatory. In Fig. 6, the measured dimen-
sionless slug lengths are plotted versus the volumetric flow
ratio ¢ for all inlets with f = 90°. The volumetric flow
rates were kept constant so that the corresponding veloci-
ties of the flow are higher for small channels.

As for the gas bubble length divided by the channel
width, the dimensionless liquid slug length depends for a

@ Springer
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Fig. 6 Dimensionless slug length for all reactors with a 90° inlet

constant inlet angle of f = 90° on ¢/ as well as on the inlet
ratio ). Increasing the liquid flow rate compared to the total
flow rate results in an increase of the liquid slug length,
which corresponds to literature results. If the width of the
gas inlet is smaller than the width of the main channel, the
liquid slug length decreases. This is the same trend as it
was observed for the gas bubble length: for a given inlet
angle and flow rate, an inlet design with increasing y leads
to decreasing unit cell lengths.

In Fig. 7 the influence of the inlet angle for a given
channel width and different inlet ratios is plotted versus the
volumetric flow ratio. For illustration reasons the standard
deviation was left out. Note that in most experiments the
measured standard deviation is below 5%. For all inlet
ratios and €], increasing f results in decreasing liquid slug
lengths, whereas this effect overlaps with the influence of
y. The reason for this observed effect can be found in the
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Fig. 7 Dimensionless slug length for all reactors with w = 200 um

interfacial pressure. As described earlier, inertia of the in-
flowing gas affects the width of the gas bubble at the neck
and thus the breakup mechanism: if the gas bubbles are
short due to the geometry at given flowrates, less liquid is
hindered to flow into the channel and thus the liquid
pressure is not as high as for long gas bubbles. Therefore,
the momentum of the flowing liquid is smaller resulting in
a slower initial velocity and thus in shorter liquid slug
lengths.

For all geometries, an increase of the liquid flow rate
(and therefore of ¢ ) results in an increase of the liquid slug
length. If the ratio of the main channel to the gas inlet
channel width increases, the liquid slug length decreases.
The standard deviation of the liquid slug length is affected
by the inlet ratio y; small values of y lead to greater
deviations in the liquid slug length. If y = 1, the dimen-
sionless liquid slug length is in the range of 2-3 for all
investigated channel diameters. For y = 2, the slug length
is 1 to 2 times of the hydraulic diameter, whereas for y = 3
slug lengths in the range of the hydraulic diameter were
observed.

Based on Figs. 6 and 7, the dimensionless liquid slug
length depends on ¢, f and ). As known from literature,
the surface, viscous and inertia forces, expressed by

Re inertia forces x surface forces

(10)

Ca (viscous forces)®

have a significant influence on the liquid slug length.
Correlating

Ls

S _k-l-n

w

Re 0.33 &
L
(@) s+ “”

and using the least square method, we obtained
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parameters constant) results in an elevated slug length by
factor (Ine}). Since ¢ takes values between 0 and 1, the
increase due to changes in ¢ can be assumed to be linear.
Changes of y are also very significant: increasing y from 1
to 2 leads to a decrease of the dimensionless slug length by
33%. In our experiment the factor (Re/Ca) was in the order
of 1,000 and influences the slug length: increasing inertia
forces caused by increased flow rates or the density of the
liquid used leads to increased liquid slug lengths. A
decrease of the surface tension forces which can be realized
using surfactants results in a decreased liquid slug length.
Increasing the viscosity while keeping all other parameters
constant leads to decreasing liquid slug lengths.

3.3 Liquid holdup and unit cell length

An important parameter of Taylor flow is the dimen-
sionless unit cell length (Ls + Lg)/w. In Fig. 9 the
dimensionless unit cell length is plotted for all designs with
a 90°-inlet versus ¢ . The unit cell length increases with
decreasing ¢ and increases proportionally with the channel

200-1
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Fig. 8 Dimensionless slug length for all reactors versus (Re/
Ca)**(Re/Ca)" e /()

g []

Fig. 9 Dimensionless unit cell length for f = 90°

width. A decrease of the unit cell length and thus enhanced
mass transfer can be achieved by decreasing the gas inlet
width at a constant channel width.

The influence of the inlet angle is not plotted, but
according to the results earlier we state as follows: if the
gas flow is injected into the main channel in the same
direction as the two-phase flow occurs, the unit cell length
decreases.

The ratio of gas bubble to liquid slug length versus ¢ is
plotted in Fig. 10 for all inlet configurations with f§ = 90°.
The ratio is enhanced compared with the ratio of the cor-
responding flow rates, which is most pronounced for a
channel width of w =400 um and less important for
w = 200 um. This is due to the two-dimensional analysis
of a three-dimensional shape: since the bubble front as well
as the bubble tail consist of a ellipsoid-like shape, whose
detailed volume is difficult to determine (starting with
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Fig. 10 Dimensionless unit cell length for f = 90°
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Fig. 11 Measured pressure drop for all 90°-designs versus the total
superficial velocity

rotational cross section at the front to a rectangular cross
section), we plotted only the maximum bubble length and
minimum slug length.

3.4 Pressure drop

In Fig. 11 the measured pressure drop for the 90° designs is
plotted versus the sum of the liquid and gas superficial
velocity. The pressure drop is influenced by the superficial
velocity and the ratio of the gas inlet 5. The influence of the
channel width can be neglected, because all measured data
points show a straight line for all investigated channel
widths at the corresponding gas inlet. Due to an increase in
Re, the pressure drop increases with increasing total
superficial velocity. For the same volumetric flow rates in
the gas and in the liquid phase, the pressure drop increases
with decreasing channel width and thus an increasing Re.
Note that the design of the gas inlet influences the pressure
drop: Ap,—1 <Ap,—» <Ap,—3. This is mainly due to the
resulting liquid slug length.

The gas-liquid pressure drop in microchannels consists
mainly of a frictional pressure drop and can be calculated
by

.22
Apfric :pr(]L +]G) d_heLLRv (]6)
whereas the friction factor f is determined by Kreutzer
et al. (2005b) as

d R 0.33
1+ aL—‘S‘ (C—Z> ] (17)

The parameter a was found to be dependent on the flow
conditions and was found to be a = 0.17 for a circular
capillary with d, = 2.3 mm and Re < 50. In our case
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Fig. 12 (f Re) as a function of the dimensionless slug length for all
designs. Points are the measured values, the dotted line represents the
calculated friction factor according to Eq. 16

(rectangular PDMS-glass microchannels), the least square
method gave a = 0.225 for w = 200 um, a = 0.21 for
w=300 um and a =0.185 for w =400 pm. The
decrease of a for an increasing channel width corresponds
to the influence of the wall effects. The correlation coef-
ficient amounts 0.98. In Fig. 12 the pressure drop is plotted
versus the dimensionless slug length for all reactors
designs. For the experimental data, f was calculated from
the measured pressured drop using Eq. 16. With the
adapted a for different channel widths a dependence of the
friction factor of the liquid slug length is visible. Liquid
slug lengths in the range of 2-3 dj,, obtained by y = 1,
result in a small frictional pressure drop compared with
short liquid slug lengths in the range of d}, and less. This is
valid for all channel widths. Note that f-Re depends only on
Lg/dy,, independent of the geometry. Since all experiments
were performed at the same flow rates, Lg/d, obviously
depends only on the flow rate and on f. According to
Kreutzer et al. 2005b) the single phase limit of f Re = 16
is obtained asymptotically for Ls/d;, > 20. Since we never
obtained such large liquid slug length in our experiments,
we cannot validate this value experimentally; nevertheless,
extrapolating our measurements results supports this
information.

4 Conclusion

In this article we discussed the influence of the gas inlet on
gas—liquid flow characteristics in rectangular microchan-
nels. Varying the ratio of the gas inlet width compared to
the main channel width as well as changing the angle of the
gas inlet showed different characteristics of the gas-liquid
flow. While the gas-slug ratio is not affected by the
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geometry at a given volumetric flow ratio, the lengths of
the gas bubble as well as of the liquid slug and thus the
pressure drop change with the geometry. We observed
variations of the unit cell length for a given flow ratio of
factor 4.

If the gas phase is injected in the flow direction of the
liquid phase (f < 90°), gas bubbles are shorter than that in
the contradictious case. This observation can be explained
using the interfacial pressure at the breakup point.
Decreasing the gas inlet width at a constant main channel
width also results in decreased gas bubble lengths.

The liquid slug length was found to increase with
increasing liquid flow rates at constant gas flow rates. If the
gas inlet has a smaller width than the main channel, the
liquid slug length is shorter compared to a gas inlet with the
same width as the main channel. At a constant flow rate
and constant 7y, the liquid slug length divided by the
channel diameter is constant.

Increasing Re either by increasing the flowrate and/or by
decreasing the channel diameter results in an increasing
pressure drop. Due to the recirculation in the slug, the
pressure drop is also correlated to the slug length. Since the
liquid slug length varies with the inlet geometry, the
pressure drop increases with smaller gas inlets. With a
small adjustment of one parameter, necessary due to the
enhanced influence of wall roughness in microchannels,
pressure drop correlation obtained for circular mini-
channels describe the experimental results of this study
sufficiently.

This study demonstrates, that enhanced mass transfer
within the liquid slugs by a short slug length (Sh = fils/
w)) can be obtained by injecting the gas phase in the flow
direction of the main channel and to build a gas inlet with a
smaller channel width than the one of the main channel.
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