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ABSTRACT

The effects of operating parameters (capillary and Reynolds numbers) and microchannel aspect ratio (¢ = w/h =
[1;2.5; 4]) on the recirculation characteristics of the liquid slug in gas-liquid Taylor flow in microchannels have been

investigated using 3-dimensional VOF simulations. The results show a decrease in the recirculation volume in the

slugand an increase in recirculation time with increasing capillary number, which is in good agreement with previous

results obtained in circular and square geometries (Thulasidas et al., 1997). In addition, increasing the aspect ratio of

the channel leads to a slight decrease in recirculating volumes but also a significant increase in recirculation times.
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1. Introduction

Over the last decade, micro reaction technology has become of
much interest to both academics and the process industries
for the intensification of chemical processes. Taylor or slug
flow is a commonly encountered flow regime for gas-liquid
microchannel flows and has the advantage of providing high
interfacial area and good liquid mixing in the liquid slug,
thereby enhancing transport processes. These features of
microreactors are particularly interesting for fast and highly
exothermic gas-liquid reactions — amongst other applications
-and allow an increase in reaction performance whilst work-
ing under safe operating conditions (Hessel et al., 2005; Kashid
and Kiwi-Minsker, 2009). A number of studies have focused on
the understanding of hydrodynamics as well as heat and mass
transfer enhancement in these flows (see reviews Kreutzer
et al., 2005; Shao et al., 2009; Gupta et al., 2010) but often
independently. Indeed the transport efficiency appears to be
closely related to the recirculation in the liquid phase, which
depends on the operating conditions, fluid properties and
reactor geometry.

A major feature of gas-liquid Taylor flow is the recirculation
flow pattern generated in the liquid slug in the moving frame
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of reference as shown in Fig. 1 and detailed by Taylor (1961).
The recirculating flow pattern is characterized by the position
of the center of the circulation loop [xo, yo], and the position
of the streamline separating the recirculation zone and the
liquid film at the channel wall [x1, y1]. As the bubble veloc-
ity increases, both the loop center and the outer streamline of
the recirculation zone move towards the center of the channel
(Thulasidas et al., 1997). This leads to a reduction of the vol-
ume of the recirculating zone and an increase in the volume
of liquid in the film region until complete bypass flow occurs
at Up > Upmax. Studies on the recirculating flow in circular and
square capillaries have been conducted previously (Taylor,
1961; Thulasidas et al., 1997), however little information on
the characteristics of the recirculation zone in rectangular
channels is available. Recently, it has been shown theoretically
(Kececi et al., 2009) that the cross-sectional area occupied by
the recirculation zone in the liquid slug is generally smaller
for rectangular channels than for circular channels due to the
increased film thickness in the channel corners.

The recirculation time in the liquid slug in Taylor flow
is defined as the time required for an element of fluid to
complete one revolution in the recirculating slug. This char-
acteristic time is particularly relevant for transport processes

E-mail addresses: dominique.legendre@imft.fr (D. Legendre), joelle.aubincano@ensiacet.fr (J. Aubin).

http://dx.doi.org/10.1016/j.cherd.2013.03.003



Fig. 1 — Streamline pattern in the frame of reference moving with the bubble (Ca=0.06 and Re=16.8). The flow is directed
from the left to the right. The positive part of the recirculating pattern of volume Vj is delimited by the coordinates [xo, yo] in
the channel width and depth; the negative part of the recirculating zone of volume V; =V, — Vj is located between [xo, yo]
and [x4, y1]; and the film region of volume V; = V4 — V. is located between [x1, y1] and the walls.

occurring in the system, such as mass transfer between the
bubble and slug or wall and slug, and heat transfer with the
channel wall. The rate of flow recirculation can be calculated
via the surface integration of the relative velocity profile across
the microchannel cross-section, similarly to what is done in
conventional stirred tanks to calculate circulation induced by
the mechanical impeller Jaworski et al. (1996). The recircula-
tion flow rate through the microchannel can be divided into
three parts (illustrated in Fig. 1):

- a positive flow rate, Qp, in the main flow direction at cen-
tral core of the microchannel occupying a volume V, with a
cross-sectional area Ag,

- a negative flow rate, Q1, with a volume V; and a cross-
sectional area A, that corresponds to the recirculating liquid
in the slug,

- a negative flow rate, Q; of volume V; in area Ajp, that is
close to the channel wall and contributes to axial mix-
ing between slugs instead of radial mixing within the
slug.

The recirculation time is then defined as t. = Vy/Qyc, Where
the recirculating volume V,. corresponds to the volume of
liquid within the limit of the separating streamline and Q.
is the recirculation flow rate equal to Qp (and |Q1]). tc can
be made non dimensional by dividing it by the time taken
for the bubble to travel a distance equal to the slug length:
Tye = tre/(Ls/Up).

In our previous work we have explored the effects of fluid
properties, operating conditions and microchannel geometry
on the size of Taylor bubbles (Abadie et al., 2012) and the
flow patterns in the liquid slug using micro Particle Image
Velocimetry (u—PIV) (Zaloha et al,, 2012). The objective of
this work is to explore the effects of operating parameters
(capillary, Ca, and Reynolds numbers, Re) and microchannel
aspect ratio (@ = w/h = [1;2.5;4]) on the mixing and recircu-
lation characteristics of the liquid slug in gas-liquid Taylor
flow in microchannels. To do this, 3-dimensional VOF sim-
ulations of gas-liquid Taylor flow in microchannels have
been performed. Using an approach that is analogous to
the determination of circulation rate in stirred tanks, the
recirculation rate in the liquid slug, as well as the size
of the recirculating zone have been evaluated from the 3-
dimensional numerical data. An attempt has been made to
relate these characteristics of the recirculating liquid slug
to the enhanced transport phenomena observed in Taylor
flow in microreactors. Finally, recommendations on the design
and operation of microreactors employing Taylor flow are
given.

2. Methodology

2.1.  Theoretical developed velocity profile in
rectangular capillaries

In the limit of infinite slug length, the analytical solution of
the velocity profile in a cross-section of a rectangular capillary
can be derived. The corresponding velocity profile in a rectan-
gular capillary with a cross-section 2w x 2h is given by Egs.
(1) and (2). This theoretical velocity profile has been used to
evaluate the effects of aspect ratio and dimensionless bubble
velocity on characteristic parameters of recirculation motion
in gas-liquid Taylor flow: recirculating volumes and recircula-
tion times. Under the assumption that the slug is long when
compared with development lengths of velocity profile at the
rear and the nose caps of the bubbles, the recirculation volume
can be approximated by the cross-sectional area of the recir-
culating zone multiplied by the slug length: V1~ A1 x Ls.
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Numerical integration of the profiles (1) and (2) for aspect
ratios «=[1;2.5;4] have been performed on fine uniform grids
of 400 x 400, 1000 x 400 and 1600 x 400, respectively, to calcu-
late the area Ay where the velocity in the moving coordinate
system is positive. Following this, an iterative integration of
A, (cross-section of the negative part of the recirculating lig-
uid) has been performed until the flow rates in the positive
and negative parts of the recirculating zone are balanced. Inte-
gration of these profiles allows the prediction of recirculating
volumes and recirculation times as a function of the aspect
ratio and the dimensionless velocity W = (U — Urp)/Up assum-
ing long liquid slugs.

2.2. Numerical simulations

The numerical code used for this study is the JADIM code,
which has been developed to simulate dispersed two-phase
flows and used to simulate various multiphase flows systems
(Bonometti and Magnaudet, 2007; Dupont and Legendre, 2010;
Sarrazin et al., 2006a,b; Abadie et al., 2012). The interface cap-
turing technique implemented in this code is the Volume of
Fluid method (VOF), which consists of a Eulerian description of
each phase on a fixed grid. Under the assumptions that (i) the
fluids are Newtonian and incompressible, (ii) there is no mass



transfer at the interface, (iii) the flow is isothermal and (iv) the
surface tension is constant, the fluid flow can be described
by the classical one fluid formulation of the Navier-Stokes
equations:

V-U=0 (3)
au
p(EJr(UV)U)=7VP+V.E+pg+F(,,S (4)

where X is the viscous stress tensor, gis the acceleration due to
gravity, Fq s = —o (V- n) né; is the capillary contribution whose
calculation is described below, o is the surface tension, n the
normal to the interface, §; is the Dirac distribution localizing
the interface, and p and u are the local density and dynamic
viscosity, respectively. The density and viscosity are deduced
from the volume fraction of one phase (or color function) C by
linear interpolation:
p=Cp1+(1-C)p2, u=Cui+(1-Cus (5)
where the volume fraction is C=1 in cells filled with fluid 1,
C=0in cells filled with fluid 2 and 0<C<1 in cells that are cut
by the interface. Additionally, the transport equation of the
color function is solved to capture the interface between the
phases:

aC

S HU-vC=0 (6)
In many VOF methods employed to capture a fluid-fluid
interface, a reconstruction technique is used to control the
thickness of the interface. In the JADIM code, the location
and thickness of the interface are both controlled by an accu-
rate algorithm based on Flux-Corrected Transport schemes
(zalesak, 1979; Bonometti and Magnaudet, 2007).

The equations are discretized on a staggered grid using
a finite volume method and all spatial derivatives are
approximated using second-order centered schemes. The
time scheme used to compute the advective terms in the
Navier-Stokes equations is a third-order Runge-Kutta type
scheme, while the viscous stresses are solved using a semi-
implicit Crank-Nicolson method. The incompressibility is
ensured using a projection method, which consists in split-
ting the velocity field into two contributions: a rotational
one, which gives a predicted velocity field calculated semi-
implicitly, and a potential one, obtained from a pressure
correction solution of a pseudo-Poisson equation, whose
divergence is null.

In these capillary flows, care needs to be taken in the calcu-
lation of the capillary force Fq 5. The numerical method used
to solve the interfacial force is the Continuum Surface Force
(CSF) proposed by Brackbill (1992). The localization of the inter-
face is available through a non-zero gradient of the volume
fraction and the curvature is calculated from the volume frac-
tion gradient. Thus, the surface force Fq 5 is transformed into
a volume force Fq y, by distributing its effects over grid points
in the vicinity of the interface in a region that is a few cells
thick: Fey=—0 V- (VC/||VC|) VC.

Throughout this study, only a quarter of the channel is con-
sidered since the effects due to gravity in microchannels can
be neglected (Bo<0.1). The bubble is placed in the domain
and a pressure gradient between two periodic boundary con-
ditions is imposed to induce the motion until the flow reaches
a steady state. No-slip wall conditions are imposed on the

planes x = w and y=h while a symmetry boundary condition
is set at x=0 and y=0. The grids used consist of 32 x 32 x 256,
48 x 32 x 256 and 64 x 32 x 256 cells for microchannels with
aspect ratios of 1, 2.5 and 4, respectively. In order to correctly
resolve the thin liquid film between the bubble and the wall,
these grids are refined at the walls using a geometric evolu-
tion that decreases cell size in the last 32 cells in the x and
y directions. In the axial direction, a regular grid spacing is
used and the length of the unit cell is 17 x h. The parameters
considered in this study have been chosen so that the Laplace
number La=Re/Ca = p.Dyo/p? is constant in all the geometries
and equal to La=280. The ratios of liquid to gas densities and
viscosities have been set to p1/pg =103 = ur/pc.

3. Results and discussion

In this section, the results concerning global observations
about recirculation patterns, shapes of the recirculation zone
in a cross-section of the slug, recirculating volumes, as well
as recirculation times are given. As shown theoretically in
circular channels (Thulasidas et al., 1997), the recirculation
characteristics of infinite slugs can be related to one parame-
ter, which is the slip velocity W= (Ug — Utp)/Up. Many studies
dealing with the dynamics of gas-liquid Taylor flow relate W to
the capillary number (Bretherton, 1961; Aussillous and Quéré,
2000). In this study, the flow conditions were modified by vary-
ing the capillary number in the range 0.04 < Cap <0.5 and the
corresponding Reynolds number in the range 11.2 <Rep < 140
whilst keeping the gas void fraction constant at 31%.

To study the effects of slug length on the recirculation
characteristics, the geometry with an aspect ratio «=2.5 has
been considered and the capillary number has been set to
Ca=0.14/-0.0005 that leads to W=0.3303 +/—0.0021. Five dif-
ferent cases have been simulated by varying slug length from
2.90 x h to 20.06 x h and the corresponding volume fraction of
gas phase ranges from 50% to 12.5%.

3.1. Recirculation pattern and local velocity field

The recirculation patterns in a rectangular channel with
aspect ratio o =2.5 with varying capillary numbers are shown
in Fig. 2. The local velocity field is shown in terms of local lig-
uid Peclet number Pe; =Re x Sc=|U;|Dy,/Dy, where |Uj| is the local
velocity magnitude in the frame of reference moving with the
bubble, Dy, is the mass diffusivity in the liquid and Sc is the
Schmidt number and is set to 1.

It can be seen in Fig. 2 that the maximum value of the
local Peclet number is found in the liquid film between the
bubble rear cap and the wall. Whatever the capillary number,
the maximum value of the local Peclet number in the liquid
slug is found close to the wall, decreases to zero at the center
of the recirculation loop and then increases whilst approa-
ching the center of the channel. Furthermore, as the Reynolds
number increases, the boundary layer close to the bubble caps
(where the Peclet number is very low) decreases in size. It can
also be seen that recirculation loops through both the channel
width and depth are formed. However, as the capillary num-
ber increases, the recirculation pattern in the less confined
direction (channel width) diminishes until the closed loop is
entirely lost. These changes in the streamline patterns are
mainly observable in the wake of the bubble where the flow is
particularly disturbed and the streamlines do not follow the
shape of the rear of the bubble in the less confined direction.



Fig. 2 - Local liquid Peclet numbers and streamlines through the channel width and depth for channel aspect ratio of 2.5. (a)
Ca=0.06, Re=16.8; (b) Ca=0.1, Re=28; (c) Ca=0.2, Re=56; (d) Ca=0.4, Re=112. The bold line represents a Peclet number of 2

for (a)—(c) and 10 for (d) where Ca=0.4 and Re=112.

These observations also depend strongly on the cross-
sectional shape of the channel and it can be seen in Fig. 3
that the detachment of the streamlines is enhanced when
the aspect ratio increases. Indeed, although the recirculation
loop in the square geometry seems qualitatively similar to
that in a circular geometry, strong 3-dimensional effects of
the rectangular geometry on the velocity field in the wake of
the bubble are observed. In addition to the streamline pattern
in the wake of the bubble, the same phenomenon is observed
at the front cap of the bubble in the very wide shallow channel
(aspect ratio a=4). This is in agreement with previous works
on semi-infinite bubbles at low Reynolds numbers (Hazel and
Heil, 2002) in rectangular channels.

The effects of the capillary number and the aspect ratio
on the dimensionless velocity at the channel centerline is
illustrated in Fig. 4 and 5 respectively. It is seen that close
to the bubble caps, the velocity at the channel centerline
increases from the bubble velocity to the maximum velocity
expected in the liquid slug that depends on the mean velocity
(from Egs. (1) and (2), Umax ~[2.10;1.92;1.77] x Urp for channel
cross-sections of aspect ratios « =[1;2.5;4]). It is also observed
(Figs. 4 and 5) that as the capillary number increases or the
aspect ratio increases, there is a region in the wake of the
bubble where the liquid velocity is greater than the maximum
velocity of a laminar single-phase flow close to bubbles caps.

These observation suggest that the recirculation character-
istics are not only governed by the dimensionless slip velocity

W but also by the slug length and this will be discussed in
detail in Sections 3.3 and 3.4. The influence of slug length is
expected when the development lengths at the rear and front
caps of the bubbles are non negligible in comparison with the
sluglength, as illustrated with the streamlines and local Peclet
numbers in Figs. 2 and 3.

3.2. Shape of the recirculation zone

The cross-sectional area occupied by the recirculation zones
as approximated by the theoretical fully-developed velocity
profile (see Section 2.1) has been calculated and is shown in
Fig. 6 for the three aspect ratios: «=[1;2.5;4]. It can be seen
that the recirculation areas follow the shape of the channel
for low dimensionless velocities and reduce to circular and
elliptical shapes as the velocity (or Ca) increases.

When the channel aspect ratio increases, the aspect ratio of
the recirculation zone also increases. Furthermore, the center
of the recirculation loop and the separating streamline both
move faster towards the center of the channel in the less con-
fined direction. As a result, the slug film thickness is greater
in the width of the microchannel than in the height.

Mass transfer between the film and the recirculating
regions will occur by molecular diffusion through the interface
separating these regions. In a 2-dimensional representa-
tion through the channel cross-section, the perimeter that
separates the recirculating and film regions can be used to



Fig. 3 — Local liquid Peclet numbers and streamlines through the channel width and depth for Ca=0.1 and Re=28. (a) a=1;

(b) «=2.5; (c) «=4. The bold line represents a Peclet number of 2.

understand transport processes between the recirculating and
film regions. Fig. 7 shows the evolution of the perimeter that
separates the recirculating and film regions in Fig. 6 as a
function of the dimensionless slip velocity. To compare the
three aspect ratios with circular channels, the perimeters are
normalized by the perimeter of a circular channel with an
equivalent hydraulic diameter Dy,. It is clearly seen that the
perimeter that links the recirculation zone and the film region
is greater in square channels than in circular channels. As
the aspect ratio increases, the perimeter that separates the
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Fig. 4 - Dimensionless liquid velocity along the centerline
of the channel between two bubbles for an aspect ratio of
2.5 and various capillary numbers. Legend: (—) Ucenterline/Us;
(——) Umax/Ug evaluated from Urp and Egs. (1) and (2); (black)
Ca =0.06; (gray) Ca=0.1; (light gray) Ca=0.2.

recirculating and film regions also increases until a certain
velocity W above which the opposite trend is observed. The
velocity at which the transition occurs decreases as the aspect
ratio increases. As a consequence, it is expected that when
dealing with wall to slug mass transfer, channels with a
high aspect ratio will typically provide better mass transfer
than channels with square or circular cross-section. How-
ever, mass transfer from the recirculation zone to the film will
also depend on the time needed for a fluid element to travel
the slug distance and more generally, mixing efficiency will
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Fig. 5 - Dimensionless liquid velocity along the centerline
of the channel between two bubbles for Ca=0.1 and for
aspect ratios 1, 2.5 and 4. Legend: (—) Ucentertine/Us; (——)
Umax/Ug evaluated from Urp and Egs. (1) and (2); (black) «=1;
(gray) « =2.5; (light gray) « =4.
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Fig. 6 - Cross-sectional shape of the recirculating zone for
aspect ratios « =[1;2.5; 4] for different dimensionless
velocities W. Legend: (—) center of the recirculating loop;
(—-) streamline separating the circulation loop and the
film. From the walls to the center (green; blue; red; black):
W=[0.1;0.2;0.3;0.42]. (For interpretation of the references
to color in this figure legend, the reader is referred to the
web version of the article.)

depend on the total recirculation time, as well as the size of
the recirculating volume.

3.3. Characteristic recirculating volumes

A characteristic parameter of the recirculation motion in Tay-
lor flow is the volume of fluid recirculating in the slug. Unlike
in cylindrical tubes where the volumes of positive flow and
negative flow of the recirculation region are equal, it is not the
case in square and rectangular ducts. Indeed, in the channel
cross-section the ratio of total recirculation area over positive
recirculation area increases with the aspect ratio and tends to

1.5 |

PTCAfilm/ (ﬂ'Dh)

057

0 0.1 0.2 0.3 0.4 0.5 0.6
W

Fig. 7 - Perimeter of the recirculation zone through the
channel cross-section (as depicted by dashed lines in Fig. 6)
normalized by the perimeter of a circular channel with an
equivalent hydraulic diameter Dy, in a cross-section of the
slug as a function of the dimensionless velocity W. Legend:
(gray) circular channels; (red) « =1; (black) « = 2.5; (blue) « =4.
(For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the
article.)
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Fig. 8 - Dimensionless cross-section of the recirculating
areas at the center of the slug versus the dimensionless
bubble velocity. Legend: (—) Ao/Ay,, infinite slug length
assumption; (——) Ayc/Aq, infinite slug length assumption;
(gray) circular channels; (light gray) 2D channels; (filled
symbols) Ap/A.y; (open symbols) Ay/Ag; (O, red)a=1,
numerical; (>, black)a =2.5, numerical; (0, blue)a =4,
numerical. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version
of the article.)

/3 for the asymptotic behavior of an infinite aspect ratio. In
addition, for a fixed geometry, the ratio of recirculation areas
also varies with the dimensionless velocity W.

The size of the recirculation area at the center of the slugs
for channel aspect ratios [1;2.5;4] are shown in Fig. 8. Ay
(cross-section of the recirculating liquid) and Ao (cross-section
of the positive part of the recirculating liquid) are normalized
by the channel cross-section area Ay,. The results integrated
from the analytical velocity profile corresponding to infinite
slug length and the results obtained from the numerical sim-
ulations with finite slug length are compared and very good
agreement between the computational and theoretical results
is observed, as long as the liquid velocity profile is fully-
developed at the center of the slug. The computations that
show a slight deviation from the theory correspond to cases
where the velocity profile is not entirely fully-developed at the
center of the slug. For short slugs, the laminar velocity pro-
file is not fully-developed and the region where the flow is
disturbed by the bubble is not negligible; therefore the recir-
culating volumes and times cannot be approximated by the
theoretical velocity profile. In such cases, the recirculating
volume is obtained from direct numerical simulations by inte-
grating small slices of recirculating zones along the slug.

Fig. 9 shows the influence of the slug length on the recir-
culating volume V,. and the positive part of the recirculating
volume Vo normalized by the slug volume V4. In every sim-
ulation, care has been taken that the bubble is long enough
and the dimensionless bubble velocity is constant whatever
the slug and bubble lengths. From this data, it is clear that the
regions close to bubble caps do not affect the ratio of recircu-
lating volume over slug volume significantly.

Fig. 10 shows the ratio of the recirculating volumes Vj
and Vi, over total slug volume Vg, as a function of the
capillary number for the three rectangular microchannel
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Fig. 9 - Dimensionless recirculation volumes as a function
of dimensionless slug length. Legend: (filled symbols)
Vo/Vsug; (open symbols) Vye/Viy,-

geometries. The recirculating volume for the infinite aspect
ratio and axisymmetrical cases are also given using the rela-
tion W=f(Ca) from Aussillous and Quéré (2000) for the tubes
and Abadie et al. (2012) for 2D cases; both assume long liquid
slug in order to neglect the changes in the flow close to the
bubble caps. It should also be kept in mind that axisymmet-
rical and planar cases are given as an indication only since
the relations W=f(Ca) for these cases are valid for negligi-
ble inertia, which is not the case in the present work since
Re > 10. Experimental data obtained by x — PIV in Zaloha et al.
(2012) (obtained for a Laplace number La=Re/Ca~ 1000) are
also presented. As expected, the recirculating volumes are
close to the slug volume at low capillary numbers (Cag ~ 10~3)
due to the fact that the bypass flow is negligible compared
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Fig. 10 - Dimensionless recirculating volume as a function
of the capillary number. Legend: (—) Vo/Vyy,g4, infinite slug
length assumption; (——) Vyc/Vgyyg, infinite slug length
assumption; (gray) circular channels; (light gray) 2D
channels; (filled symbols) Vo/Vg,g; (0pen symbols) Vyc/Vijyg;
(<, black)ae =2.5, experimental (Zaloha et al., 2012); (O,
red)a = 1, numerical; (>, black)e = 2.5, numerical; (0,

blue)« =4, numerical. (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of the article.)

with the total flow rate. In other words, almost all the liquid
contributes to the recirculation motion. Then, as the capil-
lary number increases, the recirculating volume significantly
decreases in all the geometries. Although the volume of the
positive recirculating flow is hardly dependent on the geome-
try, the total recirculating volume decreases as the aspect ratio
increases.
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Fig. 11 - (a) Dimensionless recirculation times 7o and 71 versus the dimensionless bubble velocity. Legend: (—) 7o, infinite
slug length assumption; (- .—) 71, infinite slug length assumption; (light gray) 2D channels; (filled symbols) 7o, numerical (O,
red)a =1; (>, black)a =2.5; (0, blue)x =4. (b) Dimensionless total recirculation time 7, versus the dimensionless bubble
velocity. Legend: (——) 7y, infinite slug length assumption; (light gray) 2D channels; (open symbols) z,., numerical; (I,

red)a =1; (>, black)a =2.5; (0, blue)a =4. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of the article.)



3.4. Characteristic recirculation times

The characteristic recirculation times ¢ for the positive recir-
culation flow, r1 for the negative flow and 7, for the total
recirculation as a function of the dimensionless velocity are
plotted in Fig. 11 in comparison with the infinite slug length
assumption. The effects of sluglength on positive (ro) and total
(zrc) recirculation times are represented in Fig. 12 and the recir-
culation times as a function of the capillary number are then
plotted in Fig. 13.

Although the recirculation areas show very good agree-
ment with the theoretical predictions, the recirculation times
7 are greater than those determined using the infinite slug
assumption (Fig. 11), and mainly for aspect ratios 1 and 2.5 at
low capillary numbers. Indeed, close to bubble caps where the
flow is disturbed, the axial flow rate is reduced and the recircu-
lation time is increased. However, as the capillary number or
the aspect ratio increase, the velocity in the wake of the bubble
increases (see Figs. 4 and 5) and balances the lower velocities
in the vicinity of the interface. It can be seen in Fig. 11 that
the recirculation time for the channel with aspect ratio of 4
(represented with diamonds in blue) is lower in our calcula-
tions compared with the infinite slug assumption. The trends
observed for all geometries are qualitatively similar and an
increase in the aspect ratio leads to an increase in both the
positive and negative recirculation times and thus in the total
recirculation time until divergence when complete by-pass
flow is attained.

Although the recirculating volume only depends on the
dimensionless velocity W, it is shown in Fig. 12(a) that the
dimensionless recirculating times vary with the slug length.
Indeed, whilst the disturbed flow around the bubble does not
change the recirculating volume, it does cause an increase
in the recirculation time when the slug length decreases, as
mentioned in the previous paragraph. As expected, the recir-
culation times tend towards the value evaluated from the
theoretical laminar single-phase flow representing the case of
an infinite slug length. For the shortest slug considered here,
the total recirculation time is 20% longer than the asymptotic
value. Leungetal. (2010) studied the effect of sluglength on the
Nusselt number with a constant heat flux on the wall of a cir-
cular tube and found an increase in the Nusselt number as the
slug length decreases. Indeed, fluid elements will refresh the
interface separating the recirculating and film regions more
frequently in short slugs. The evolution of the mean time
for a fluid element to complete a cycle can be represented
in a dimensional form to illustrate this decrease in recircu-
lation time as the slug length decreases. It is seen in Fig. 12(b)
that although the recirculation time is slightly underestimated
with the infinite slug length assumption due to the increased
time taken for a fluid element to travel the development length
close to bubble caps, the recirculation time decreases as the
slug length decreases.

In the cases presenting a recirculation motion in the liquid
slug, the bubble velocity is lower than the liquid velocity at
the centerline of the channel. Thus, around the bubble caps,
there is a region where the velocity on the channel centerline
decreases to the bubble velocity, as shown in Figs. 4 and 5.
This explains the increase in recirculation time when the slug
length decreases since the ratio of development length over
slug length increases.

Here, it has been observed that in the development region
close to the bubble caps, the centerline velocity can be greater
than the expected velocity on the axis (e.9. Umax =1.92 x Urp
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Fig. 12 - (a) Dimensionless recirculation times as a function
of dimensionless slug length. Legend: (——) asymptotic
values 7o and 7y; (filled symbols) 7¢; (open symbols) 7. (b)
Dimensional recirculation times tp and t,. (with D, =571 pm
and Ug =0.5m/s) as a function of the time taken for a bubble
to travel the slug length Ls/Ug. Legend: (——) asymptotic
values to and ty; (filled symbols) to; (open symbols) ty..

for the 2.5 aspect ratio channel, Fig. 4 for Ca> 0.1) before sta-
bilizing if the slug is long enough. This local increase in the
velocity can lead to a decrease in the recirculation time as the
sluglength decreases. This phenomenon is accentuated as the
aspect ratio increases and it can be seen in Fig. 11 that recircu-
lation times evaluated in the numerical simulations are lower
than that for an infinite slug length with the aspect ratio 4 and
W>0.3.

Fig. 13 reports the evolution of the recirculation times as a
function of the capillary number. It is shown that an increase
in the capillary number also leads to an increase in the recircu-
lation time for all the geometries considered. Thus, when the
capillary number increases, the volume involved in the recir-
culation motion is reduced but the dimensionless time needed
for a fluid element to travel the slug length is increased. It is
also observed that the 2D theory is not a good approximation
for high aspectratios. In addition, it can be seen that even if the
recirculating volume shows a weak dependency on the chan-
nel geometry, the effect observed on the recirculation time is
more significant. Indeed, at fixed operating conditions (Ca, Re
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Fig. 13 - Dimensionless recirculation times versus the
capillary number. Legend: (—) o, infinite slug length
assumption; (——) ty, infinite slug length assumption; (gray)
circular channels; (light gray) 2D channels; (filled symbols)
70; (open symbols) 7; (<1, black)a =2.5, experimental
(Zaloha et al., 2012); (O, red)a =1; (>, black)a =2.5; (0,

blue)a =4, numerical. (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of the article.)

and Lg), an increase in the aspect ratio leads to significantly
longer recirculation times.

4. Concluding remarks

Direct numerical simulations of gas-liquid Taylor flow in
microchannels have been performed. The effects of channel
cross-section and operating conditions on mixing and recircu-
lation in the liquid slug have been investigated. The results of
the numerical simulations have been compared with theoreti-
cal approximations for the case of infinite slug length in terms
of cross-sectional recirculation area, recirculating volume and
recirculation times. It has been shown that as long as the slug
is long, the recirculation area in the slug can be well predicted
using the fully-developed velocity profile. Whatever the geom-
etry, increasing the capillary number leads to a decrease in
recirculating volume and an increase in recirculation time,
which means that transport processes will be hindered. Radial
mixing is then reduced while axial dispersion is enhanced
with increasing the capillary number. It has been shown that
when the aspect ratio increases for a given capillary number,
the recirculating volume decreases slightly and the recircula-
tion time increases while the exchange surface between film
and recirculating regions is enhanced at low slip velocities,
which is the case for capillary numbers lower than approxi-
mately Ca ~0.1.Indeed, high aspect ratio channels may appear
attractive for heat transfer in plate microreactors, however the
decrease in the recirculation rate and effective recirculation
volume is disadvantageous for both heat and mass transfer
operations. It is therefore expected that some intermediate
aspect ratio geometry would be most effective. This would
require a systematic study that investigates the effects of pro-
cess parameters (aspect ratio, void fraction, capillary number,
Reynolds number) on the efficiency of the gas-liquid system

that could be expressed by a cost-function integrating global
parameters (pressure drop, circulation volumes and times,
mass transfer, heat transfer).

The disturbed flow close to the bubble caps has shown to
generally increase recirculation time. It has also been shown
that for certain cases in rectangular channels, the bubble wake
causes a local increase in the velocity at the center of the
channel and this phenomenon is enhanced in high aspect
ratio channels and high capillary number flows. Although this
increase in the axial velocity can lead to a slight decrease in
the recirculation time, these wake effects do not balance geo-
metrical effects and the recirculation times in wide shallow
channels remain greater than the ones obtained in channels
of lower aspect ratio.
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