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h i g h l i g h t s

" The diffusion-free liquid RTD in Taylor flow is studied analytically and numerically.
" A model for the unit cell RTD is developed which agrees well with the numerical RTD.
" Determining the multiple unit cell RTD by convolution is shown to be inappropriate.
" This is related to the separation of the liquid in a recirculation and bypass region.
" In absence of diffusion both regions are independent which invalidates the convolution.
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a b s t r a c t

In this paper we study the diffusion-free liquid phase residence time distribution (RTD) of laminar Taylor
flow in square mini-channels numerically and analytically. We evaluate the RTD caused by the non-uni-
form laminar velocity field for co-current upward and downward Taylor flow from detailed numerical
simulations obtained with a volume-of-fluid method by diffusion-free Lagrangian tracking of a set of vir-
tual particles. The numerical RTD curves are used to develop a compartment model for the RTD of a Tay-
lor flow unit cell (which consists of one gas bubble and one liquid slug) in the fixed frame of reference.
While the new model is conceptually similar to models from literature, it is refined with respect to (i) the
delay time (i.e. the residence time of the fastest liquid elements, modeled by a plug flow reactor) and (ii)
the difference in slope of the RTD at small and large residence times (modeled by two parallel continuous
stirred tank reactors with different mean residence time). It is shown that the refined model fits the
numerical unit cell RTD reasonably well for different flow conditions. From the unit cell RTD model,
the RTD for two and three unit cells in series is computed by a convolution procedure. The agreement
between the numerical and the convolution-based RTD for multiple unit cells is not satisfactory and indi-
cates the inappropriateness of the convolution procedure for computing the diffusion-free RTD of multi-
ple unit cells in Taylor flow. The failure of the convolution procedure is attributed to the dividing
streamline, which separates in Taylor flow the liquid phase in two regions, one with recirculating and
one with bypass flow. In the absence of diffusion, the diving streamline is never crossed. As a conse-
quence, locations of tracer particles in neighboring unit cells are not independent which invalidates
the unit cell convolution approach.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Segmented gas–liquid flow is a common two-phase flow pat-
tern in narrow channels. It is also denoted as Taylor flow or bubble
train flow and consists of a sequence of elongated gas bubbles
which almost fill the entire channel cross section (Taylor bubbles).
The individual bubbles move along the channel while they are

separated by liquid slugs. Taylor flow is of technical relevance
e.g. for miniaturized multiphase reactors [1–5] and multiphase
monolith reactors [6–8]. It has been considered for production of
H2O2 [9] and is finding increasing interest for potential use in
Fischer–Tropsch synthesis [10–13].

In Taylor flow, the length of the liquid slugs and the size of indi-
vidual bubbles underlie variations. The variation of the bubble size
results in a variation of the translational velocity of individual bub-
bles. This may lead to coalescence and thus a further change of the
bubble size and slug length distribution. A useful abstraction of
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real Taylor flow is perfect Taylor flow, where the bubbles are as-
sumed to have identical size, shape and velocity and where the
length of all liquid slugs is the same. Then, the hydrodynamics of
Taylor flow is fully described by a unit cell (UC) which consists
of one bubble and one liquid slug.

For the design and optimization of micro-structured chemical
reactors, the ability to reliably predict the RTD is of great impor-
tance. In Taylor flow, the RTD of the continuous liquid phase is of
major interest, since the variation of the residence time of the
gas phase is small and its mean value is given by the ratio between
channel length and bubble velocity. Desirable is a plug flow behav-
ior of the liquid phase with a narrow RTD. Sun et al. [14] recently
investigated the influence of the RTD on the synthesis of biodiesel
in capillary micro-reactors operated with Taylor flow. They found
that the RTD in the micro-channel reactor was remarkably de-
creased compared to the RTD which is required in batch systems
to obtain a high yield under the same reaction conditions. How-
ever, the RTD of the micro-reactors had to be controlled to avoid
the saponification of the biodiesel. While this example demon-
strates the practical importance of the RTD, there are, unfortu-
nately, only very few experimental data on the liquid phase RTD
available in literature for miniaturized multiphase reactors such
as monolith reactors. This may be attributed on one hand to the

difficulties of performing local measurements of the RTD in narrow
channels and on the other hand to the only recently increasing
interest in this topic. As a consequence, reliable and validated gen-
eral models for the RTD in multi-phase micro-structured reactors
are missing. This is in particular true for channels of non-circular
cross-section, which are quite common in monoliths and micro-
structured reactors. In rectangular channels, the film thickness at
the circumference of the bubble is not constant. The resulting so-
called corner flow can be significant [15] and makes the applica-
tion of RTD models for circular channels inappropriate.

In experiments the RTD is often measured by a stimulus–
response technique, where a specific quantity of a tracer is
introduced at the system inlet as a short duration pulse or a step
function and where the time variation of the tracer concentration
is recorded at the outlet. This procedure is well suited for macro-
reactors, where the reactor volume is much larger than the volume
of the tracer measurement device. However, for micro-structured
reactors, the reactor volume is usually smaller than the volume
of the measuring unit. This means that the response of the tracer
may already be influenced by the measurement configuration it-
self. Therefore, for RTD measurements in small channels optical
methods should be preferred which measure directly inside the
channel. Measurements of the liquid phase RTD in two-phase flow

Nomenclature

C tracer concentration (mol/m3)
Ccs ratio between mean and maximum velocity in laminar

channel flow
Ca capillary number
dB bubble diameter at a certain axial position (m)
dB,max maximum bubble diameter (m)
dh hydraulic diameter of channel (m)
D molecular diffusion coefficient of tracer in liquid phase

(m2/s)
E residence time distribution (1/s)
hF thickness of liquid film between gas bubble and channel

wall (m)
J total superficial velocity (m/s)
JG superficial velocity of gas phase (m/s)
JL superficial velocity of liquid phase (m/s)
Lref reference length scale (m)
LS liquid slug length (m)
Ltravel axial traveling distance of particles to determine the

RTD (m)
LUC length of unit cell (m)
n number of CSTRs or unit cells in series
Ncross number of unit cells particles must travel to obtain the

RTD
NP number of particles
Pe Peclet number
Q volumetric flow rate (m3/s)
ReB bubble Reynolds number
t time (s)
tref reference time scale (s)
Dt time step width (s)
Dtclass time interval of classes in the RTD (s)
UB bubble velocity (m/s)
UF mean velocity in liquid film at a certain axial position

(m/s)
UL mean liquid velocity in the computational domain (m/s)
UL,max maximum axial velocity in the liquid slug (m/s)
Ufd

L;max maximum axial velocity in fully developed Poiseuille
flow (m/s)

Uref reference velocity scale (m/s)
V volume (m3)

Dx mesh size (m)

Greek symbols
a weighting factor in PDD model
b pre-factor of maximum bubble diameter in PDD model
d Dirac delta function
e gas volume fraction in the unit cell
k ratio UL;max=Ufd

L;max
l dynamic viscosity (Pa s)
q density (kg/m3)
r coefficient of surface tension (N/m)
s mean residence time (s)
sB bubble break through time (s)
sD delay time (s)
sF mean residence time of liquid film/corner flow (s)
sh mean hydrodynamic residence time (s)
sS mean residence time of liquid slug (s)

Subscripts
B bubble
F liquid film
G gas phase
L liquid phase
p particle
ref reference value
S liquid slug
UC unit cell

Abbreviations
CSTR continuous stirred tank reactor
PD peak-decay
PDD peak-decay-decay
PFR plug flow reactor
RTD residence time distribution
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