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ABSTRACT: Microreactor technology is an important met of process intensification. Liquid—liquid slug flow
capillary microreactors have been used to intensify thetigac with heat and mass transfer limitations. In this type

of reactor, either two liquids flow alternate to each other in a capillary or one liquid flows as a continuous flow while
the other flows in the form of enclosed drops (slugs) depending on the interfacial tension between two liquids and
liquid adhesion with the solid walls. The enhanced massstearis due to the internal circulations within the slugs,
which rise due to the shearing action between the slug axis and the capillary wall or continuous phase. The slug size
and the intensity of internal circulations depend on fetof mixing element and physical properties of the liquids.
The proper understanding of physical behaviour of fluids at the microscale is a challenging issue for the growing
microreactor application demands. This article highlgtite hydrodynamic characteristics of the liquid—liquid slug
flow capillary microreactor. Experimental results on flowineg, slug size and particle image velocimetry along with
corresponding complementary state-of-the-art computdtfbnd dynamics (CFD) simulations are discussed in detail.
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INTRODUCTION processing experience. For large-scale production, the
microreactors can be bundled together which reduces

Microreactor technology offers potential benefits to pro- the risk associated with scale-up. The physical prop-

cessing technology. Some of the benefits are minimalerties of liquids such as viscosity, surface tension and

substances consumption, complex chemical waveformsyall adhesion play a very important role at these small

and significantly reduced analysis or experiment time gcgles.

(e.g. an important concept recently introduced was The |iquid—liquid slug flow capillary microreactor

UTAS, the Micro Total Analysis System, for details conce ; : . : -
' - pt was introduced for chemical engineering appli
of which see Ref. 1). The absence of inertial and tur- cations by Burns and RamshBwand has obtained

bulent effects in microfluidic devices, due to the low m transfer data for th straction of i id
ratio between the inertial forces and the viscous forces 2SS transier data 1o € exlraction of acetic ac

offers new horizons for physal, chemical and biologi- from !<erosene slugs in a glass chlp—based_reactor and
cal applications. Also, the short-length scales gives high€xPlained the performance of the system in terms of
surface-to-volume ratios, small diffusion distances andthe prevailing slug lengths. Further, it has been used
easy temperature profiling where needed, giving thefor different applications such as nitration reactiéfis
opportunity to manipulate substances in a better andand kinetic measurement in enzymatic reactiéhs.
reliable way which provides every molecule the same Dummannet al.l*! elucidated and optimised the nitra-
tion reaction and achieved significant reduction in by-

_ _ _ product formation using a capillary microreactor com-
*Correspondence toM. N. Kashid, Institute for Applied Mathe-

matics, University of Dortmund, Vogelpothsweg 87, 44227, Dort- Pared to conventional process. Easy temperature profil-

gund, Gferénanly ¢ Reaction Engsering (GGRC), Swiss Federal ing along the dimensions of the reactor allowed remov-
roup of Catalytic Reaction Enggering , Swiss Federal : : _
Institute of Technology (EPFL)CH-1015 Lausanne, Switzerland. ing heat generated in the reaction, and low hold-up of

E-mail: Madhvanand.Kashid@epfl.ch; the reactants guaranteed the safety during the reaction.
O 2008 Curtin University of Technology and John Wiley & Sons, Ltd.
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The alternate flow can also be applied in modular syn- it is important to know the suitable model for the inves-
thetic chemistry, particularly in combinatorial chemistry tigation of a particular parameter, and therefore, there is
so far as the reactants and products of the single synthea need to have a short review on modelling approaches
sis steps are compatible with liquid—liquid two-phase available for the study of drops/slug movement through
systemd®! Further reducing the size of the microreac- capillaries, and this is what we present in this article.
tor, this concept can be used for medical applications In the present work, we discuss the hydrodynamic
where nano-litre amounts of samples are involved. Suchcharacteristics of the liquid—liquid slug flow capillary
applications have already been published in the litera-microreactor which were investigated using state-of-
ture such as cell-based asddysmodels for capillary  the-art experimental and cgmtational techniques. The
blood vessels for red cells infected with mal&iadrug ~ main focus of the article is on the movement of the
delivery targeted at specific sites in the body for a lessintérface, internal circulations within the slugs, and
invasive chemotherapy, miniae bio-sample prepara- velocity patterns in the vicinity of the interface.
tions on fully automated bio-chips, for DNA sampling
and other genomic applications.

Microreactor technology is a relatively new area and S| UG FLOW GENERATION AND
very few mathematical models have been developedcHARACTERISATION
to study hydrodynamics of two-phase flow (mostly

g_as—liquid) in small geome_tries. In one of our pre- Slug flow generation and flow regimes
vious works?! we have carried out single-phase flow

simulations to study the internal circulations, while in .o experimental set-up used to study the hydrody-
another study’® we carried out free-surface simula- amics of liquid—liquid slug flow is shown in Fig. 1.

tions to understand the mechanism of slug flow genera—,5 immiscible liquids (aqueous and organic from
tion. In connection with this, there is a need to develop 4 reservoirs) were introduced by continuously oper-
a numerical model which can give detailed information ating high-precision piston pumps (throughput range of
about the two-phase liquid—liquid flow in small chan- 1_999 mi/h) to a symmetric 120v-piece mixing ele-
nels, and complex flow in the vicinity of the interfaceé ment made of Teflon. Digital photos to investigate the
which requires powerful modelling techniques. Mathe- fiow regimes and slug size were taken using a commer-
matical models describing the movement of drops, or in cjal camera fitted at a distance of 0.5 m downstream of
general, multi-phase flows developed so far, are not ablethe mixing element and a light source (2000 W). Sev-
to predict or quantify properly all the important particu- eral combinations of Y-junction and capillary sizes were
larities of this complex system (capillary microreactors). tested. In order to distinguish the two phases, the water
Hence, a deeper knowledge of the physical problem,phase was stained with a blue dye to appear darker
complex hydrodynamics in the vicinity of the interface than the colourless cyclohexane. The snapshots show
between two slugs of liquid—liquid slug flow is manda- that the water phase forms convex-shaped slugs, while
tory. Different modelling approaches are available, but cyclohexane exhibits a concave geometry as would be
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Figure 1. Experimental set-up: P1, P2 -pumps, Y-jn- Y-junction,
CM - capillary microreactor, L — light and CC — camera.
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expected with the hydrophobic PTFE (polytetrafluo- sizes of the slugs of both phases in the presence of a

roethylene) wall material. The exact form of the slug wall film. Experiments were also carried out for unequal

depends on the inlet flow ratios, physical properties of flow rate of both phases by keeping one of the flow

both liquids, and the capillary and Y-junction dimen- rates constant while varying the other. The results from

sions. Fig. 3(b) show that with an increase in the flow veloc-
The flow patterns in the capillary depend on several ity of a particular phase, the slug size also increases,

factors such as interfacial tension, wall adhesion andand vice versa. Thus, the slug size does not show any

angle of contact between two liquid inlets at the Y- significant difference in the presence of a wall film.

junction. When two immiscible liquids are introduced

into the Y-junction, one liquid initially flows down-

stream through the junction, while the other penetratescFp modelling

over to the opposite side of the junction. This mutual

displacement process generates the alternating slug flown immiscible liquids, the movement of interface is
Struct!.]re. The ﬂOW regimes of two |mm|SC|b|e |IqUIdS in important in eva|uating the performance of the reac-
a capillary are defined on the behaviour of the aqueoustor, and therefore, free-surface modelling is necessary.
phase in the two-phase flow. One can easily recognisgn the small-scale channels, the wall adhesion (interac-
three distinct flow regimes, well-defined slug flow, drop tjon of liquid with solid wall) effects are dominant and
flow and deformed interface (inverted) flow which is they govern the flow patterns_ Different methods are
explained in detail in Kashid and Agé#! available to model immiscible fluids such as level set,
The slug size observed shows the influence of combi-yolume of fluid (VOF), marker particle, Latice Boltz-
nation of different Y-junction and capillary dimensions. mann, front tracking and so on. A short review of these
For a Y-junction with different capillaries, the slug size methods can be found in the work of van Sint Annaland
increases with increase in the capillary ID for all slug et al'2 VOF and level-set approaches belong to the
flow (Fig. 2) velocities. The same effect was observed most common implicit free-surface reconstruction meth-
with increased Y-junction diameters with the same cap- ods, while, particularly, VOF is relatively simple to treat
illary dimension—it yields larger slugs in comparison topological changes of the interface and is naturally con-
to smaller Y-junctions. An advantage of slug flow over servative. This method was extensively used for many
parallel flow is that it can alter the interfacial area with applications (e.g. Refs 13—16). This method solves the

change in the flow velocity—slug size decreases with anNavier-Stokes equations for velocity and pressure as
increase in the flow velocity and thus increases inter- given in the following equation:

facial area. This is due to the rapid penetration of one

phase into the other, which segregates the stream into /du

a higher number of segments. An alternative method to (ﬁ T (u.V)u)
change the interfacial area is to vary the ratio of inlet

flow rates. In our experiments with variable flow rate V-u=0
ratios, which were carried out by keeping one liquid . . @
flow rate constant and varying the other, the volume of where p and u are the density and viscosity of

the slug phase with constant liquid flow rate decreases“qu'ds’ respectively. The common interfacial boundary

and the slug volume of a varying flow rate increases conditions, continuity of velocity across the interface
with an increase in the flow rate and jump in the normal stresses are given by:

As mentioned before, due to superior wetting prop-
erties of one of the liquids with solid materials, a wall

film formation takes place. In one of our previous stud- Whereo is the surface tensiom, is the curvature of

ies on pressure drop in liquid—liquid slug flow capillary the interface andh is the normal vector to the surface

microreactor, it was revealed that cyclohexane forms an. . ;
organic wall film with the PTEE capillary materiét! interface (for more details see Ref. 17). The interface

In this case, the enclosed slug moves with relatively between two fluids is tracked by using a pure convection

higher velocity than that of average slug flow velocity. equation of the volume fraction of a phase.

The film thickness calculated by Bretherton’s Law was a

in the range of 1-2@m for all capillaries under the m +Uu.Va =0 ©)

slug flow regime. Slug lengths were measured and film

thickness calculated using Bretherton's Law was con- The other method, the level-set method, solves similar
sidered in the investigation of slug volume. The slug types of equations. However, the interface is tracked by
size as a function of superficial velocity of both phases a function that is zero at the interface, positive in phase
for equal flow rates is plotted in Fig. 3(a). As expected, one and negative in the other. The evolution of this

slug volume decreases with increase in the superficialfunction can be posed as a general transport problem,
velocity. It also shows no significant difference in the i.e. convection equation similar to volume fraction in

=—Vp+V-u(Vu+vu') + pg

[ullr =0, —[-pl +x(Vu+VvuH)]|r - =okh
(2
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Figure 2. Flow regimes observed in the capillary microreactor (a) (i) slug flow, (ii) a drop flow
and (iii) deformed interface flow; and (b) graphical representation for different volumetric flow
rates. (Y-junction ID = 1 mm, Capillary ID = 1 mm).

the VOF method (Eqgn (3)). As mentioned earlier in the In the liquid—liquid slug flow, if the surface tension
liquid slug flow the flow patterns are governed by sur- between one of the liquid phases and the wall material is
face tension and wall adhesion forces and therefore théhigher than the interfaciakhsion between two liquids,
surface tension modelling is very crucial. It is usually liquid flow in the form of an enclosed slug, while
done by using the continuum surface force (CSF) modelthe other phase flow in the form of a continuous
proposed by Brackbilet al.'® The addition of surface  phase forming a thin wall film of a few micrometres
tension to the calculation results in a source term in thein size. If the flow does not satisfy these conditions
momentum equation. then both liquids flow alternatively. In this case, rather
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@ 1; and fluid around it), there are two different approaches
L 5 Warer at hand. On one hand, a specific number of cells are
1 [} Cyclohexane . . : .
0.8 used for the integration of the level-set function, which
= ] ¥ makes possible the simple volume integration at a low
‘© 061 : n computational cost, but less accurate. On the other hand,
E ] n direct line integration technique is used in which the
g 041 interface line is reconstructed exactly from where the
2 ] surface tension forces are integrated, i.e. exactly on the
02} lines, although it is computationally more expensive.
T For the time discretisation, a Crank-Nicholson scheme
] was used. The results obtained are plotted in Fig. 4(b).
0 20 40 60 80 It also shows the well-defined slug flow. However,
Superficial velocity [mm/s] the back interface of the slug is deformed due to
the lack of wall adhesion phenomenon, which is the
(b)y 2 subject of future work. The flow rate range in the
® Constant water, 6.28 mm/s tudy was 100 ml/h for all capillaries of diameter 0.5
1 A Constant cyclohexane, 6.28 mm/s S Yy . P . =
1.6 1 R 0.75 and 1 mm. The fine mesh size for all free-surface
= ] simulations was 0.001 times slug diameter (capillary
2 1.2 ] diameter) and a time-step of 1-5610-5 s was used.
= ] = A
Sl ot
CH ]
) 1 a (- INTERFACE BEHAVIOUR AND INTERNAL
0.4 . CIRCULATIONS
- Particle image velocimetry
0 10 20 30 40
Superficial velocity [mm/s] Particle imaging velocimetry (PIV) measurements were

Figure 3. Slug volume as a function of superficial velocity conducted fo gain insight of the internal circulations

for equal flow rate of both phases (capillary ID = 0.75 mm); V¥||th|n the slugs ((jFlg. 5)1‘%' Th(.:’; Imatges of the Wagard

(a) equal flow rates and (b) unequal flow rates. (fluorescence) and paraffin oil system were recorde
for PIV in a Caliper 42 Microfluidic Workstation,

than imposing the boundary conditions at the wall Which uses microfluidic glass chip (LabChip NS145)
itself, the contact angle that the fluid assumed toWith T-contactor to a capillary width of 70m and
make with the wall is used to adjust the surface depth of 12um. The detailed experimental set-up is
normal in the cells near the wall. The contact angle Presented in Kashicet al®! The experimental PIV
values are taken from experimental measurements andneasurements were carried out at very low flow rates
no-slip boundary conditions (zero velocity on walls) due to experimental limitations, while CFD simulations
are used. The liquid—liquid—solid contact line moves Were carried out to study internal circulations over a
along the wall, presenting a kind of singularit§. In wide operating window. The experimental snapshot of
this case, the velocity of the faces adjacent to thefluorescence particles with PIV investigations in terms
wall is kept at zero, and the other parts (cell centre Of velocity vectors at an average flow velocity of
and other faces) have non-zero velocity. Such non-0.086 mm/s is shown in Fig. 5. From the experimental
zero velocities influence the volume fraction field, and snapshots it is clear that part of the liquid in the
therefore, also the position of the interfaces. Thus, Vicinity of the slug walls shows the backflow, while the
such implementation realises the movement of theliquid in the middle of the slug shows flow in forward
liquid—liquid—solid contact line despite specifying no- direction showing the internal circulations. Several
slip boundary conditions at the solid surface. The Videos recordings were taken sequentially during this
simulated results using this methodology are depictedexperimental study, and it was observed that the wall
in Fig. 4(a). It shows well-defined slug flow for a three- film provides lubricating action to the enclosed slug,
phase contact angle of 90 whereby the slug surrounded by film moves with higher
Further, the 2D simulations were carried out using Speed as compared to the average velocity.
in-house-developed CFD code FEATFLOW. This code
uses an implementation of surface tension effects in
interfacial flow combining two techniques: the CSF Free-surface modelling
method and a finite element discretisation together with
the Laplace-Beltrami operatBf]l For the integration  Further, the level-set methodology presented in the
of the level-set function (interface between the slug above section is used to carry out simulations to study
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Figure 4. Simulated snapshot of the well-defined slug flow (u; = 10 mm/s,
u; = 10 mm/s); (a) volume of fluid method and (b) level-set method. This figure
is available in colour online at www.apjChemEng.com.

the interface behaviour and the flow patterns within the experimental snapshots. The parabolic profile was
the slugs of liquid—liquid slug flow. To follow flow given at the inlet, and atmospheric pressure was defined
patterns within the flowing slug in a capillary we have at the outlet. The numerical mesh generated with the
taken a long pipe and three slugs were placed as arhelp of the in-house-developed Design and Visualisation
initial condition as shown in Fig. 6(a). The physical Software Resource, and the level-set function defined
properties of the liquids were defined corresponding to represent the interface is shown in Fig. 6(b). The
to the properties of water—cyclohexane system, andsimulations were carried out without wall adhesion
the geometrical shapes of the slug were retrieved fromeffect.
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(@) zones. As can be seen in Fig. 7, there are four stagnation
regions that can be identified within each slug on the
upper and lower parts, and at the front and rear ends.
In some slugs, the stagnant rear zone does appear if the
rear side is a perfect hemisphere. Moving in a reference
system with the slug’s average velocity, the geometry of
this configuration provides a symmetrical line along the
axis of the capillary. The centre line of the slug flows
in the direction of the slug’s movement and is formed
by the convergent streams of two eddies that separate at
the nose, and then go in opposite directions to reunite at
the tail. This internal convective movement is generated
by the shear stress deformation acting on the interface
of the slug and the carrier and can be also extrapolated
to the internal movement of the carrier. In Fig. 7, the
black colour stands for the minimum velocity (stagnant
zone) and the white colour between the two lateral
stagnant zones shows the maximum velocity. It was
seen that increasing the average carrier velocity leads
to an increase in the internal circulation within the slugs.

Particle tracing

Figure 5. Internal circulation information from PIV mea- o ] ]
surements (Vav = 0.086 mm/s); (a) experimental snapshot, When considering mass transfer and reactions in a

and (b) velocity distribution of PIV. This figure is available microreactor, the transport of the species within the

in colour online at www.apjChemEng.com. phases will be determined strongly by the hydrodynamic

flow pattern. CFD particle tracing is a powerful flow-
The obtained results are plotted in Fig. 7. As can field visualisation tool that gives qualitative information
be seen from the Figure, the slug changes its shapebout the flow patterns.
considerably compared to the initial shape. Due to For the particle-tracing study we took one snapshot
the shearing action between the slug axis and theof the moving slug and considered it as stationary. This
continuous phase/wall axis each slug shows intenses done by subtracting the average velocity at which
internal circulations. The closed look at the internal the slug is moving (from left to right in this case)
circulation within a slug shows the presence of stagnantto every node x-component value. Using the GMVPT

@
i

(b)

Figure 6. Initial conditions and numerical mesh; (a) initial shape of three slugs in a
capillary, and (b) numerical mesh and initial interface shape. This figure is available in
colour online at www.apjChemEng.com.
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Simplified modelling-single phase

In the liquid—liquid slug flow, both liquids exert con-
siderable shear on each other, and therefore, the flow
patterns are very well defined (Fig. 9(a)). The above
methodology, free-surface modelling, requires more
computational resources, and therefore, the model can
further be simplified assuming the fixed interface posi-
tion retrieved from the experimental snapshots. The
CFD simulations were carried out for each individ-
ual slugs and the re-circulation time and position of
the stagnant zones was from the obtained data. Sim-
ulations were carried out for two cases: without film
and with film. The length of the aqueous phase domain
) ) ) _ _ with and without film was assumed to be the same,
Figure 7. Internal circulations with slugs using free-surface while the radius was modified with film thickness
modelling. g . .

for aqueous slug with film. For organic slugs without

module (developed by FEATFLOW group, Institute film, the domain was considered as a closed geom-
for Applied Mathematics, University of Dortmund), etry, W_hereas Wlth_ film there were inlet a_md outlet
initially a distribution of particles is placed in the back flows via the wall film. The front and rear interfaces
(Ieft) part of the slug, and as the slug moves to the right of @l slugs were assumed to be symmetric at all

(increasing the time-step), and the behaviour described!OW Velocities even with the convective flow in or
above is exactly obtained (Fig. 8). out of the organic slug via the film. The FEATFLOW

In the above figure it can be seen how the parti- W8S used for simulations which solves the follow-
cles follow the centre stream and divide forming the M9 unsteady-state incomgssible Navier-Stokes equa-

two eddies referred to above. The stagnation zones aréion with velocity constraints by projected and coupled

20]
clearly spotted after a few time-steps. Comparing theapproacH.
particle-tracing numerical solution with the experimen-

tal PIV measurements, both results are, qualitatively au +U.VU — vAU + Vp = f
speaking, the same and also coincide with the internal ot (4)
circulation expected flow pattern. V-u=0

(@)

Figure 8. Particle-tracing evolution at different times inside a slug; (@) T = 0.08 s,
b)T=0.27s,(c) T=0.74sand (d) T = 0.97 s.
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(b)

Figure 9. (a) Snapshots of CFD simulations and particle tracing using simplified CFD simulations for
internal circulations; (b) CFD simulations; and (c) particle tracing (Vav = 5.64 mm/s, D = 0.75 mm).

The structured two-dimensional coarse grid was gen-CONCLUSIONS
erated and was refined near the wall and corner of
the geometry to improve the resolution. The Dirichlet- In this article, the experimental and simulation results
type boundary conditions were used for the aqueousOn the slug flow generation, flow patterns, interface
slug with and without film. The same boundary con- movement and fluid flow within the slugs (internal cir-

ditions were used for the organic slug without film as Culations) are presented. Three flow regimes, slug flow,
there was no inflow and outflow. For organic phase drop flow and deformed interface flow were observed

d in with film. i ith film inl q let 1 in the capillary microreactor. The methodology pre-
omain with film, 1.e. with film inlet and outlet flows,  gsenteq for the slug flow can capture slug flow gener-
Neumann-type boundary conditions were used. A neg-ation which shows that the processes relevant to the

ative x-velocity was given to the capillary wall, which  liquid—liquid slug flow capillary microreactor can be
moved the capillary wall in a negative direction while studied numerically. Further, the interface movement
the slug remained stationary. The other parameters wer@nd internal circulations using single-phase and two-
defined relative to the slug velocity according to domain phase simulations showed very good results for the
requirement. flow patterns and stagnation zones within the slugs
Further, the simulations for particle tracing were car- Which is very important to predict the mixing within
ried out with the result obtained from CFD simula- € Slugs. The presented numerical models can be

tions. The meshes with different levels of refinement tested under different flow conditions and fluid prop-

; : erties, being a versatile tool for the design of capillar
were generated with the help of the |n—house—developedmicroreactogrS g priary

graphical pre-processing tool, TRIGEN2D, a tool for

two-dimensional coarse triangulations, and to write the

corresponding data in special format onto a hard disc. A Acknowledgement
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