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ABSTRACT

Experimental results of measurements of the bubble and slug lengths in Taylor (slug) flow are presented. The exper-
iments were carried out using 3 different straight microchannels (microreactor with square cross-section made of
polydimethyloxosilane (PDMS); microreactor with circular cross-section made of glass; microreactor with rectangu-
lar cross-section made of polyethylene terephthalate modified by glycol (PETg)) and 4 different liquids (water, ethanol
propanol and heptane). The results have been compared with the available literature correlations. It is concluded,
that the values obtained from the correlation proposed by Laborie et al. [Laborie, S., Cabassud, C., Durant-Bourlier, L.,
Laine, J.M., 1999. Characterization of gas-liquid two-phase flow inside capillaries. Chem Eng Sci 54, 5723-5735] do not
agree with the results of measurements, while the agreement of these results with the predictions obtained using the
correlation proposed by Qian and Lawal [Qian, D., Lawal, A., 2006. Numerical study on gas and liquid slugs for Taylor
flow in a T-junction microchannel. Chem Eng Sci 61, 7609-7625] is good. New, corrected values of the pre-exponential
constant and the exponents in the Qian and Lawal [Qian, D., Lawal, A., 2006. Numerical study on gas and liquid slugs
for Taylor flow in a T-junction microchannel. Chem Eng Sci 61, 7609-7625] correlation are proposed.
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1. Introduction Closed microchannels are microtunnels through which

both contacted phases flow simultaneously.

Modern structured process equipment usually involves
microstructures. Microstructures ensure significant inten-
sification of mass and heat transfer owing to short
diffusion/conduction paths, large concentration/temperature
gradients and high surface to volume ratio. These features
warrant intensification of physical, chemical and biochemical
processes, especially in multiphase (gas-liquid, liquid-liquid,
gas-solid, liquid-solid or gas-liquid-solid) systems.

The basic elements of microstructures are microchannels.

There are two kinds of microchannels used to contact two
different phases:

e Open microchannels.
e Closed microchannels.

Open microchannels have the form of grooves in a flat
plate, opened from one side to ensure contact with the other
phase.
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Closed microchannels are much more commonly used
in microstructures, the flow structure in these channels is
more complicated and definitely less understood than the
flow structure in the open channels. Consequently, the closed
channels have been chosen as the main object of investigation
in our investigation program.

This paper concerns two-phase gas-liquid flow in closed
microchannels. A number of different flow patterns (regimes)
may be distinguished in the case of such flow. They
include:

e Bubble flow.

Slug (Taylor) flow.
e Annular flow.
Spray flow.

e Foam flow.

and transition regimes between those listed above.
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Nomenclature

A,B,C,D,E constants

Ca = purpo; * capillary number

d channel (hydraulic) diameter (m)
Eo = (p1. — pg)d?go; * Eotvos number

L bubble length (m)

Ly, liquid slug length (m)

Re = utpdpLty 1 Reynolds number for two-phase flow

Re(ug) = qupLufl Reynolds number in Laborie et al.
(1999) correlation

Re(ug) = usdpwil Reynolds number in Laborie et al.
(1999) correlation

u superficial velocity (ms~1)

Uus gas bubble velocity (ms™1)

utp=ug +ur superficial two-phase velocity (ms—?)

We = u2,dpo~! Weber number

Greek letters

e hold-up

u viscosity (Pas)

P density (kgm~3)

o surface tension (Nm~1)
) diameter (m)

Subscripts

G gas

L liquid

The flow pattern depends on the liquid and gas flow rates,
on the properties of the fluids, channel geometry and its
material. Several diagrams, called flow maps, have been pro-
posed in the literature, to depict regions in which a given
flow pattern occurs (e.g. Jayawardena et al., 1997; Triplett et
al., 1999; Waelchli and von Rohr, 2006). An example of such a
map is shown in Fig. 1. There were also numerous efforts to
develop an universal flow map, valid for different microchan-
nels and different gas-liquid systems. Although these efforts
had limited success, they all confirm, that the slug (Taylor)
flow occupies a large part of any flow map, and is obtainable
in the most practically interesting ranges of gas and liquid flow
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Fig. 1 - Flow map (own results obtained for glass
microreactor and ethanol-nitrogen system).

rates. It also seems to be the most suitable regime to carry out
the gas-liquid reactions.

To quote the opinion of Hessel et al. (2005): “Bubble and
sluglengths in microchannels mainly depend on the inlet con-
ditions, as the significance of surface tension forces means
that once the Taylor bubbles form, little change to their size
is expected within the channel as a result of breakup or
coalescence. Although there is abundant literature on the for-
mation of small bubbles, usually in an unconfined liquid, very
little information is available on Taylor-bubble formation in
microchannels”.

Indeed, only a few references describing the bubble and
slug lengths have been found in the literature. Laborie et al.
(1999) measured bubble and slug lengths in vertical glass cap-
illaries of 1, 2, 3 and 4 mm inner diameter. They proposed the
following correlations.

For the bubble length:
Lg [Re(us)]o'63
a°= 0.0878W (1)
where from:
LGNd—O,89 (2)
For the slug length:
L [Re(ug)] %
g =5 — (3)
where from:
LL’Vd_z'Sl 4)

It follows from these correlations, that Lg should be
approximately inversely proportional to d while L;, should be
approximately inversely proportional to the third power of d.

In another study, Qian and Lawal (2006) performed numer-
ical simulations of the Taylor flow, using commercial CFD
package FLUENT (release 6.1.22.2003). In this package the
volume of fluid (VOF) model is used to simulate two-phase
fluid—fluid flows. As a result of 148 numerical simulations for
channel widths ranging from 0.25 to 1 mm, they proposed the
following correlations:

(Lg ;‘ L) _ 1.63760893(1 — e)L05Re 0075 Cq 00687 (5)
L
?G = 1.63762177 (1 — gg) P°Re~0075Cq 00687 (6)
L
EL _ 1.637850.893(1 _ SG)*O»OSRe—OAO75Ca—0A0687 7)

They also concluded, that for bigger channel diameters (2.0
and 3.0 mm) the above correlations are not applicable.

Pohorecki and Kula (2008) tried to explain the mecha-
nism of gas bubble and liquid slug formation in Taylor flow.
They proposed a simple mechanistic “switching” mechanism,
which explains the form of the correlations proposed by Qian
and Lawal (2006).

It should be pointed out, that bubble and slug lengths are
of paramount importance for mass transfer and back mixing
in Taylor flow. The existing experimental or CFD-based cor-
relations usually relate the mass transfer coefficient to the
bubble and/or slug lengths (Bercic and Pintar, 1997; Vandu et
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