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Mixing and Contacting of Heterogeneous Systems*

Asterios Gavriilidis and Panagiota Angeli

Bringing two non-miscible phases together, gas and liquid or liquid and liquid,
has various applications. One group consists of reaction, separation and analysis
processes and includes multiphase reactions, absorption, stripping, extraction,
crystallization, nanoparticle synthesis, water oxygenation/purification, gas purifica-
tion, polymerization, oil recovery and DNA analysis. In this case, efficient mass
transfer is a key requirement and hence large interfacial area and mass transfer
coefficients are important criteria [1, 2]. In the second group, the outcome of
phase mixing/contacting is the final product and often the bubble/droplet size and
its size distribution are important for ensuring high quality. These products are
emulsions, suspensions, particles and encapsulated liquids with applications in
pharmaceuticals (drug delivery systems), medicine (ultrasound contrasting
agents, thrombus/tumor treatment), food processing (low-fat spreads), paints, inks,
toners, cosmetics, perfumes and electrooptic devices [3, 4]. The formulation of
such products commonly involves mixing two fluids in bulk processes [5].
This allows little control over individual units and a broad size distribution is
typically produced. However, microfluidics and microchemical processing allow
one to manipulate individual units precisely, control their properties and achieve
better uniformity.

Depending on the ultimate objective, different approaches to contacting are
available, offering distinct advantages. The type of flow obtained depends on
contactor design in addition to the system properties and operating conditions.
These influence the relative importance of gravitational, inertial, viscous and
interfacial forces. The dimensionless numbers which provide an appreciation of
the relative importance of these forces are the following:

e Bond number Bo=Apgd®/y (gravitational force/interfacial force)
 Reynolds number Re=pUd/un (inertial force/viscous force)

e Capillary number Ca=nUly (viscous force/interfacial force)

o Weber number We=pU%d/y (inertial force/interfacial force)

*A List of Symbols can be found at the end of this chapter.
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8 Mixing and Contacting of Heterogeneous Systems

In microstructured components, characteristic lengths are small and this often
leads to interfacial forces dominating. Furthermore, flow confinement between
microchannel walls gives rise to different behavior for various hydrodynamic
phenomena. Various reviews have addressed issues pertinent to multiphase
contacting and mixing [2, 4, 6-9].

There are basically two approaches for bringing in contact two phases: the firstis to
disperse one phase into the other by using upstream of the contactor section an
appropriate inlet or a micromixer similar to those used for mixing of homogeneous
systems (dispersed-phase microcontactors). The second is to keep both phases continu-
ous and use the contactor to create an interface between them (continuous-phase
microcontactors). In dispersed-phase contactors, the contactor is often a microchannel
or even a larger sized tube, containing a suitable inlet to induce merging of the two
phases. The inlet contains a dual feed arrangement or a multiple feed structure that
splits the phases and can lead to the formation of bubbles or droplets. After the inlet
section, both phases are delivered in a single contactor region. The hydrodynamics
obtained depend on various parameters but the most critical are the contactor (and
particularly inlet) geometry and the ratio of flow rates of the two phases. In gas-liquid
systems, the segmented flow obtained ranges from bubbly flow — when bubbles have a
smaller diameter than the contactor channel (bubbly flow microcontactor), to slug
(or Taylor) — when bubbles have a larger equivalent diameter than the contactor
channel (slug flow microcontactor) as the gas-to-liquid flow rate ratio increases. At very
high values of this ratio, annular flow is obtained — a thin liquid annulus film
surrounds a gas core (annular flow microcontactor) and hence the contactor becomes a
continuous-phase contactor. When confined spaces are created in the main contactor
channel by incorporating particles or microposts (packed microchannel contactor), they
promote the splitting of the phases to even smaller domains, further enhancing
contact area between them. Alternatively, additional confinement can be introduced
to the mixing area to further increase interfacial area. In this case, a fine interdisper-
sion of one phase into the other can be created (foam and bubble suspension
microcontactor). Analogues of most of the above contacting approaches exist for
liquid-liquid systems (e.g. droplet flow microcontactor). Even though in dispersed-
phase contactors transport limitations between the two phases are significantly
reduced, there is generally a degree of uncertainty concerning the actual fluid
domain geometries and available interfacial areas. Coalescence of the dispersed
phase is always an issue. However, the confinement offered by microstructures and
the uniform bubble/droplet size distributions that can be obtained counteract this
problem to a certain extent. Furthermore, if separation of the two phases at the end of
the process is desired, this could be problematic as gravity, often used in large-scale
operations, is negligible. Phase separation structures or devices may therefore need
to be incorporated downstream of the contacting region, if the phases need to be
collected separately. In continuous-phase microcontactors, the two phases form
two streams which are fed separately in two suitable regions of the contactor and
are (ideally) also withdrawn separately at the contactor outlet. The crucial design issue
of these contactors is the way in which the interface between the two phases
is stabilized. In overlapping microchannel and micromesh contactors, the interface
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is stabilized by the menisci that form in small openings. In the falling film micro-
channel contactor, gravity in conjunction with microstructured plates create and
stabilize the liquid film. The advantage of such contactors is that since the phases are
not intermixed the gas-liquid interfaces are well-defined. Furthermore, their use is
advantageous in cases where interdispersion processes result in foams or mists
which may be difficult to break in order to separate the phases. Apart from flow
confinement within channel walls, modification of the wetting properties of the wall
surfaces can pin the fluid—fluid interfaces and prevent flow instabilities to break them
up, thus creating virtual walls within which fluid streams flow in parallel. This has
been demonstrated for gas-liquid flows, where self-assembled monolayer chemistry
was used in combination with either multistream laminar flow or photolithography
to pattern the surfaces [10].

8.1
Gas-Liquid Systems

In two-phase microcontactors, patterns similar to those seen in large-scale flows are
observed but the dominance of surface tension forces over gravity causes differences
in flow pattern transitions. Three main regimes can be distinguished based on the
relevant importance of the various forces. Surface tension dominated regimes with
typical patterns of Taylor and bubbly flow, inertia dominated regimes with typical
patterns of dispersed liquid and annular flows and intermediate regimes with typical
patterns of Taylor—annular and churn flows. The stratified pattern which can still be
seen in channels with diameter above 1 mm disappears as the channel dimensions
diminish. A typical flow pattern map can be seen in Figure 8.1.
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Figure8.1 Flow patterns obtained during nitrogen—water flowin a

circular channel of 530 um diameter. O, bubbly; V7, slug; 7,
churn; &, slug—annular; A, annular. From [13].
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Taylor and bubbly flows appear at low gas velocities and annular flows at high gas
velocities (high inertia). As the channel dimension decreases, Taylor and annular flow
predominate [11, 12] while patterns specific to small channels appear (such as ring,
liquid lump, yakitori and rivulet flows) which can be considered as variations of the
Taylor and annular flow regimes. At very small channels (with 50 and 100 um
diameter) Chung and Kawaji [13] only observed Taylor flow. Although flow patterns
have mainly been investigated in circular tubes, some comparisons with non-circular
channels of similar hydraulic diameter did not reveal significant differences in the
flow patterns, while contradictory results in the flow pattern boundaries were
obtained [11, 14]. Wall wettability has been found to affect flow pattern transition
lines whereas highly wetted walls stabilize the liquid films [15]. From the few studies
available on the effect of fluid properties on flow patterns, it was found that
decreasing surface tension would delay the transition from Taylor to bubbly flow
to higher liquid velocities and to annular flow to lower gas velocities [16, 17]. An
increase in liquid viscosity has similar effects [17]. Unified flow pattern maps based
on either the phase superficial velocities, phase Weber numbers or their combination
with phase Reynolds numbers have been suggested with limited success [17, 18]. In
square geometries, Cubaud and Ho [19] found that transitions between flow regimes
occurred at the same liquid fractions in different sized channels. It is possible that
different physical phenomena described by different parameters are responsible for
each transition and for that reason it is not possible to describe all transitions by a
unified map, where the same dimensionless parameters are used for all transitions.
Moreover, the geometry of the inlet plays a significant role on the mechanism of
bubble formation (see Section 8.1.1) and on the type of pattern that forms, but usually
it varies widely between different investigations and that contributes further to the
difficulty in standardizing the transition lines. Models for each flow pattern boundary
that exist for large-scale pipes do not transfer successfully to small channels [14].
A criterion for flow pattern transition was established by Cubaud and Ho [19] for a
cross-flow inlet, who argued that at liquid fractions >0.04, the higher pressure drop of
the liquid compared with that of the gas results in a bubble break-up time propor-
tional to the liquid flow rate, whereas at lower liquid fractions the gas pressure drop
can sustain that generated by the liquid and the flow becomes annular.

8.1.1
Segmented Flow Contactors

In Taylor flow (also referred to in the literature as bubble train, slug, segmented, plug,
elongated bubble or intermittent flow), the gas bubbles are separated by liquid slugs
(Figure 8.2). The presence of bubbles in front of and at the back of the slugs modifies the
flow field in the liquid compared with single-phase flows and toroidal vortices along the
length of the slug can form. The recirculation within the liquid slugs improves heatand
masstransfer fromliquid towall and interfacial mass transfer from gas toliquid [20, 21].
In addition, the separation of the bulk liquid by the bubbles significantly reduces axial
mixing in the liquid as the very thin film surrounding the bubbles is the only means of
communication between two successive slugs [22]. Microcontactors operating under
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Figure 8.2 Taylor flow in a capillary and flow streamlines within the liquid slug.

Taylor flow have many similarities with monolith reactors. A lot of work on Taylor
microchannel flow has been aimed at understanding and improving the conditions
within monolithic reactor channels [23]. Because of its low axial mixing properties,
Taylor flow can be used in high-throughput screening [4]. Even microfiltration
efficiencies have been found to improve in the Taylor flow regime [24].

8.1.1.1 Bubble Formation and Length

For systems of T- inlet design, where all channels connecting to the inlet junction
have similar diameters, at low capillary numbers (Ca<10~%) interfacial forces
dominate shear stresses and the dynamics of break-up are dominated by the pressure
drop across the emerging bubble/droplet [25]. The shear stresses exerted on the
interface of the emerging bubble are not sufficient to distort it significantly and
the bubble blocks almost the entire cross-section of the main channel, confining the
flow of the carrier fluid to the wetting films adjacent to the microchannel walls. This
increases the pressure upstream of the emerging bubble and leads to the squeezing
of the neck connecting the forming bubble with the gas inlet. In this squeezing regime,
the process of break- up is independent of Ca and thus of viscosity and interfacial
tension. The length of the bubble can be obtained by

L aQy
w T g (8.1)
For a =1 this equation also predicts Taylor bubble length obtained in mixing sections
of cross geometry with square channels [26] and in co-flow geometry [27]; in the latter
case, when bubbles with irregular shapes are formed, the equation can still predict
the equivalent bubble length. At low gas flow rates, the bubble volume remains
essentially constant and the frequency of bubble production is proportional to gas
flow rate (comstant volume formation regime). For larger gas flow rates, bubble
frequency levels off and bubble volume increases in proportion to the gas flow rate
(constant frequency formation regime) [26].

Bubble (and slug) lengths have been obtained experimentally or through compu-
tational fluid dynamic simulations [28-30]. These revealed that sizes are mainly
affected by gas and liquid superficial velocities and contactor size and slightly by
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surface tension, whereas the results on the effect of viscosity were contradictory.
The different inlet geometries used perhaps contributed to the discrepancies
between the empirical correlations. To demonstrate the effect of inlet design on the
size of the bubbles formed, Qian and Lawal [31] carried out simulations using
different degrees of premixing for the two fluids and found that small mixing zones
favored short bubbles and slugs.

In T- and Y-junctions with different inlet channel dimensions and fluid joining
angles and in a co-flow configuration, Amador et al. identified three main bubble
formation mechanisms [32]. One of them, which involves bubble lift-off, neck
formation between the bubble and the gas inlet and finally neck break-up and
bubble detachment, resembles the mechanism of bubble formation from an orifice
in an infinite liquid medium. Bubble pairing was also observed at the inlet and,
when small non-Taylor bubbles formed, there was bubble coalescence in the main
channel. Bubble length was found to depend mainly on the ratio of gas to liquid
superficial velocities. The size of the gas inlet affected bubble size but not that of the
liquid inlet. Furthermore, the angle between the two fluid inlets had a small effect
on bubble size. In a co-flow configuration, Xiong et al. [27] observed a two-step
mechanism: gas ligament expansion, where the bubble neck forms, and gas
ligament collapse, where the neck breaks and the bubble detaches. Increasing
viscosity reduced bubble size, while decreasing surface tension resulted in bubbles
with irregular shapes.

8.1.1.2 Hydrodynamics

The presence of bubbles affects the flow field within the liquid slugs and results in
fluid recirculation [33]. At low Ca, there is a stagnation ring at each bubble cap
(Figure 8.2). For 0.6 < Ca < 0.7 there is still recirculation in the liquid accompanied by
two stagnation points: on the bubble front and inside the liquid. At Ca>0.7, complete
bypass of the liquid occurs with a single stagnation point at the bubble front [34, 35].
Thulasidas et al. [34] found theoretically that complete bypass occurs at Ca>0.5 in
upward flow and at Ca > 0.6 in downward flow. In square channels, liquid bypass was
found to occur at Ca> 0.54 for horizontal flow [36], whereas in upward and downward
flows complete bypass occurred at Ca>0.5 and Ca>0.57, respectively [34].

8.1.1.3 Bubble Shape and Film Thickness

The film that surrounds the Taylor bubbles affects mass transfer and is related to
bubble velocity and gas holdup in the channel. Initial experimental findings that the
film thickness was proportional to Ca'/? were confirmed and extended to Ca=10""
by Taylor [33]. In his pioneering approach, Bretherton [37] used lubrication theory
and found that the film thickness is given by 8/d, = 0.66Ca*’*. Although this finding
should be valid for low Ca, experiments agreed better with the theory for Ca>10"",
whereas at lower Ca, where the theory should hold exactly, the film thickness was
substantially larger than the theoretical values. This discrepancy was later attributed
to the presence of surface-active contaminants absorbed at the interface. Ratulowski
and Chang [38] demonstrated that surface contamination could be correctly assessed
if surface tension is allowed to vary along the interface and surfactant transport in the
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bulk is mass transfer limited. For higher values of Ca (Ca>5 x 10™?), numerical
studies are required to obtain bubble shape and film thickness. Based on scaling
arguments in a semi-infinite bubble, Aussilous and Quéré [39] suggested a correla-
tion for film thickness in the viscocapillary regime (where the film thickness depends
only on Ca) that agreed well with Taylor’s data and at very small Ca with Bretherton’s
model. After fitting it against experimental data the correlation became
2

8 0.66Ca? (8.2)

di  1+2.5(1.34Ca?/3)
At Ca>10"?, inertial effects become important (visco-inertial regime) and the film
thickens as suggested by Taylor’s data. In this regime

) Ca?/?

aoc 14 Ca2/3—We (8:3)

Computationally it was found that the influence of increasing Re on film thick-
ness is non-monotonic where an initial decrease in thickness is followed by an
increase [40]. For Ca<0.01, however, inertial forces do not have an effect on film
thickness. Experimentally determined film thickness correlations were listed by
Edvinsson and Irandoust [41]. Thulasidas et al. [34] found experimentally in 2 mm
channels that the film thickness was almost the same in horizontal and downward
flows but twice as much in upward flow.

Analytical and numerical investigations provided information on bubble
shape [35, 37, 40, 41]. The bubble front tends to adopt the shape of an arc of a
circlefor decreasing Ca. Undulations appear at the back of the bubble which depend on
both Ca and Re. Larger Re values appear to produce larger undulations whereas for
Ca>0.5 no undulations are observed. As Ca increases, the rear of the meniscus
changes from convex to flat and then to concave. For Ca< 10, close to the meniscus
tip the interface is an almost perfect hemisphere. The film acquires a constant
thickness downstream of the bubble front and this transition region diminishes
with decreasing Ca.

In square channels at Ca<0.1, the bubble is not axisymmetric and flattens out
against the tube walls leaving liquid regions in the corners joined by thin flat films at
the channel sides. Atincreased Ca the bubble becomes axisymmetric and for high Ca
the bubble radius reaches an asymptotic minimum value, approximately equal to
0.68 of the square channel half-width [36]. The liquid flows mainly in the corners and
is very thin film at the side walls, where dry patches can appear when the wall is not
fully wetted. Cubaud and Ho [19] argued that when Uy, < Ugey, where Uy, is the bubble
velocity and Uye is a dewetting velocity, the bubbles completely dry out the solid
surface in the center of the channel wall, whereas when U, > Uc, where Uc is the
bubble velocity in the center of the channel wall at the bubble rear to dry out, the
bubbles are lubricated by a thin liquid film.

8.1.1.4 Pressure Drop
For low Re, Kreutzer et al. [42] found that the presence of bubbles in Taylor flow
increases the single-phase liquid pressure drop by an amount almost equal to the
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difference in interfacial pressure between the tips of the bubble. At higher Re,
however, the dramatic increase in pressure over the bubble is not represented in the
overall pressure drop. Assuming that the overall pressure drop in a unit cell, that
comprises a bubble and a slug, should be equal to the pressure drop in the slug plus a
term that accounts for the effects of the presence of the bubble, the following
correlation was suggested:

dt Re 173
1 — | = 8.4
T Ls <Ca) ( )
where o; was numerically found to be equal to 0.07, but experimental data were fitted
better by a value of 0.17, perhaps because of the presence of impurities. At very low

Ca, the equation agreed with Bretherton’s [37] analytical solution. Pressure drop over
the whole channel is then equal to

16
F=%

AP 2f Ulp
L 4
An empirical correlation for pressure drop has been suggested by Liu et al. [29].

Based on experimental data, Cubaud and Ho [19] suggested two correlations for
pressure drop for gas-liquid flows depending on the liquid hold up &;:

€ (8.5)

* at high g (bubble and elongate bubble flows): AP; jpase = APLE; 1
* at low g (slug, annular and dry flows): AP, phase = AP g 1/2, reflecting the large
slip between the two phases

where AP, pnase and APy are the two-phase and single-phase liquid pressure drop,
respectively.

8.1.1.5 Mixing and Mass Transfer
The presence of bubbles in Taylor flow reduces axial mixing and results in narrow
residence time distributions [43]. At low Peclet number (Pe= Uyd/D), where the
mixing within the liquid slugs is good, tank-in-series models can be used to predict
the degree of dispersion [44]. However, at very low Pe, forward diffusion may also
occur. For higher Pe, more sophisticated models have been developed where the
region of the slug is divided into a closed vortex region and an enclosing open thin
liquid annulus film (two-region models) [22, 45, 46]. Various assumptions were used
for the mixedness of the two regions whereas the mass transfer between the two
regions was obtained either by using mass transfer coefficients or assuming that only
diffusion is taking place. Salman et al. [47] obtained residence time distributions
using computational fluid dynamics (CFD) modeling and showed that an increase in
Pe, Ca or the slug length results in larger tracer spreading in terms of time [48]. [t was
demonstrated that when short slugs are used, the tracer spreads to a larger number of
slugs but its spread over time is lower.

For predicting mass transfer in Taylor flow, gas-liquid and liquid-wall mass
transfer coefficients are required. Mass transfer coefficients from gas to liquid were
found experimentally to be in the range 0.1-0.8s™" and correlations have been
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suggested for their calculation [21, 49, 50]. Ber¢i¢ and Pintar [21] found that the liquid
slug length influenced the gas-liquid and liquid-wall mass transfer coefficients
much more than bubble length. In order to model the gas to liquid mass transfer, two
different contributions to the overall mass transfer coefficient are considered, from
the cylindrical part of the bubble and from the bubble ends. Liquid to wall mass
transfer coefficients have also been obtained through experiments and CFD simula-
tions and a correlation has been proposed [51]. Shorter slugs were found to yield
higher values of the mass transfer coefficient whereas the film-wall mass transfer
was found to be worse than the slug—wall mass transfer. Using a simplified model,
where the liquid film around the bubbles is ignored, Kreutzer et al. [23] demonstrated
that mass transfer from liquid to wall could be an order of magnitude faster that in
single-phase flow through a capillary.

Recently, meandering channels were used to improve radial mixing further in
Taylor flow. Using micro-particle image velocimetry (PIV), Ginther et al. [43]
observed that mixing is accelerated by the periodic switching of the recirculation
patterns within the liquid slugs and is more efficient than in homogeneous chaotic
mixers (Figure 8.3). In addition, surface roughness and compressibility of the gas
phase further improved radial mixing. Interfacial areas in Taylor flow have been
measured and related to the Weber number [52]. The maximum interfacial areas of
19000m?*m > for 2-propanol-nitrogen and of 18000 m?m > for water—nitrogen
systems were observed at similar Weber numbers above 1.5.

8.1.1.6 Phase Separation

The separation of phases at the segmented flow channel outlet can be problematic
and a number of approaches have been suggested that aid separation and reduce
pressure fluctuations as the bubbles exit. Hsieh and Yao used a separator consisting
of two parallel silicon wafers each containing an array of etched through holes [53].
One wafer was made hydrophilic to facilitate liquid removal and the other hydro-
phobic to prevent the liquid leaking through it. Giinther et al. separated liquid from
gas in a separator that consisted of 16 capillaries, each 20 um wide, that is wetted by
the liquid [43]. Liquid was withdrawn by applying a pressure difference smaller than
the capillary pressure across the microchannel so that only gas remained in the main
channel.
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Figure 8.3 Flow streamlines in a liquid slug during Taylor flow
in (a) a straight channel and (b) a meandering channel. From [43].
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8.1.1.7 Multichannel Systems

A scaled-out version of a single-channel Taylor-flow reactor, which was called a
microbubble column, was presented by Hessel et al. [54]. In this device, the gas and
liquid feeds were split into a number of substreams and were subsequently brought
into contact in the reaction channels so that one gas and one liquid substream were
introduced into one reaction channel. To achieve flow equipartition, the gas- and
liquid-inlet channels were designed with different hydraulic diameters (7 and 20 pm,
respectively). The reaction channels were 50 x 50pm or 300 x 100 um in cross-
section. Various flow patterns were found in the different channels [52]. A two-
channel dispersed phase microreactor was designed by de Mas et al. [55]. A single inlet
was used for the liquid and there were two gas ports. At the outlet, the two reaction
channels merged and the fluids exited via a single port. The reaction channels had a
triangular cross-section and a number of patterns were obtained (bubble, annular,
slug—annular, churn) with dry patches appearing during annular flow.

8.1.2
Packed Microchannel Contactors

Mixing gas and liquid phases can benefit from the presence of a high solid interfacial
area over which thin fluid streams can be generated and maintained. This can be
accomplished by placing microcolumns inside a microchannel to form a micro-
machined packed-bed contactor [56]. Introducing surface forces in the center of the
channel provides an added level of control over the two-phase flow and flow
transitions. The fluid streams are brought into contact by a series of interleaved
inlet channels. A fixed bed can also be formed by immobilizing solid particles inside
an empty microchannel with the aid of a microfilter [57]. However, the microstruc-
tured version avoids the randomness in packing that is inherent in small particle
beds, which can result in high pressure drops and flow maldistribution in multi-
channel systems. For the packed bed contactor with a regular array of microcolumns
shown in Figure 8.4, in addition to slug and annular flow, other flow patterns are
observed. Dispersed flow (Figure 8.5) is encountered when both gas and liquid
flow rates are increased and is characterized by an intimate dispersion similar to

Figure 8.4 Packed microchannel contactor with microfabricated columns. From [56].
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Figure 8.5 Flow regimes observed for gas—liquid flow in the
device pictured in Figure 8.4. (a) At low gas flow rates, the phases
are segregated, as seen with the gas slug in the center of the
channel (inset). (b) At high gas flow rates, the two phases are
randomly dispersed throughout the microstructured channel.
From [56].

bubbly flow. In this regime, mixing of the gas and liquid phases is the greatest and the
interfacial area is substantially larger than in an open channel arrangement. In the
dispersed flow regime an interfacial area of 16000m°’m™ > and for slug flow
1500 m?m > were estimated. In conventional trickle beds, the specific interfacial
area can reach (for pulse flow) up to 500 m* m > [58]. In the microchannel (particle)
packed bed reactor reported by Losey et al. [57], pulsing flow was observed, similarly to
macroscale analogues, but at slightly different flow conditions. The penalty for the
high surface area attained in these contactors is large pressure drop (~0.5 atm). For
packed microchannel contactors with microcolumns or similar sized particles, the
mass transfer coefficient was in the range 3-15s ™' [56, 57, 59], an order of magnitude
higher than for identical empty microchannels [60]. The increased mass transfer for
the former can be attributed to the larger interfacial area created by the presence of the
columns, analogous to the use of inert packing material in conventional macroscopic
gas-liquid contactors. The two phases are forced to mix over the particles in a
constrained volume relative to the large pellet-size in trickle-bed reactors. Typical
mass transfer coefficient values for laboratory trickle bed reactor systems are
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0.01-0.08 5! [61]. If one considers the penalty in terms of increased resistance to
flow and hence the associated energy dissipation, the microcontactor operates as
efficiently as a standard reactor [57].

8.13
Foam and Bubble Suspension Microcontactors

Foams are dispersions of bubbles where neighboring bubbles touch each other and
form a jammed solid-like closed packing [62]. They are characterized by polyhedral
bubbles and a high gas-phase fraction. When the gas fraction is relatively low, the
bubbles retain their spherical shape (unless they are severely confined) and bubble
suspensions are obtained. Monodisperse foams are advantageous, since coalescence,
driven by the difference of Laplace pressure between neighboring bubbles, is
reduced. Due to the high interfacial tension between gases and liquids, surfactants
are usually introduced in the liquid phase to facilitate bubble formation and reduce
coalescence.

8.1.3.1 T-type Mixing Section Geometries

A simple way to produce foams in a microchannel environment is to use a T, Y or
cross geometry mixing section where the gas and liquid merge, feeding to a larger
width channel. In general, for Ca<10 2 Taylor bubbles form according to the
pressure-dominated squeezing mechanism described earlier. When these bubbles
enter the main channel, a bubble suspension is produced as shown in Figure 8.6. Air
bubble sizes of ~100um at low formation frequencies and larger bubbles at
frequencies >1kHz were observed for water solutions [26]. Bubble size can be

Figure 8.6 Aqueous foam flow generated with a cross geometry
mixing section consisting of 100 um square channels. Liquid
fraction: (a) 0.91, (b) 0.57, (c) 0.09. From [26].
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reduced by reducing the size of the channels in the mixing region. Unless shear
forces are enhanced, the smallest bubble diameter that can be obtained is similar to
the outlet microchannel characteristic dimension. Shear forces were increased in a
microbubble beam generator which consisted of micropipette tips submerged at a
right-angle to the main liquid-flow channel [63]. Since micropipettes with a hole size
of 0.4-5um are commercially available, such a device can be constructed easily
without resorting to microfabrication. Bubble size decreased to 5 um with decreasing
pipette hole size, increasing liquid velocity or viscosity, decreasing gas supply
pressure and increasing liquid—pipette contact angle. One of the limitations of very
small gas inlet size is that the minimum gas supply pressure for gas breakthrough to
the liquid phase, leading to bubble generation, can become prohibitively high,
particularly for wetting liquids.

8.1.3.2 Flow Focusing Mixing Section Geometries

With the above mixing section geometries, bubbles smaller than the characteristic
width of the gas inlet channel cannot be obtained. Flow focusing (FF) devices
circumvent this limitation. One type of axisymmetric FF device consists of a gas
feeding nozzle positioned upstream of an orifice (50-200 um) through which a liquid
stream is forced [64]. At the mouth of the nozzle a cusp-like bubble attaches, from
whose apex a steady gas ligament forms and is focused through the orifice by the
surrounding liquid stream. The absolute instability of the gas ligament, which is
ensured as long as Ca is below a critical value [65], provokes tip streaming of uniform
bubbles, at constant frequency (Figure 8.7). If the liquid jet utilized to focus the gas is
expelled into air, it eventually breaks up into uniform hollow droplets, whose density
can be adjusted by the Qg/Q; ratio. Through this procedure, air bubbles as small as
10 um and always smaller than the orifice (d/do, =~ 0.1-0.6), were obtained. The gas
fraction of the resulting suspension was typically smaller than 20%. Ganan-Calvo
suggested that a radial pressure gradient developing in the liquid is important in
bubble formation, because it leads to liquid acceleration which leaves room for the
expanding bubble [66]. The following expression, suitable for high Re, was developed
to calculate bubble diameter:

e 0.4
e a(Ql) (8.6)

A planar format rectangular chamber with height 30-50 um and one small exit
orifice (200-600 um width) (Figure 8.8) can still create a gas ligament from whose tip
bubbles break away, without the need for a nozzle to feed the gas [67]. Liquid feeding
orifices have to be located on both sides of the exit orifice, while the gas feeding orifice
is placed midway between them and located opposite the exit orifice. Such a device
was used to create bubble suspensions with gas fraction up to 85% and air bubble
diameters in the range 10-100 um in water mixtures.

A two-dimensional microfabricated flow focusing geometry, containing a central
channel for gas delivery, two flanking channels for liquid delivery and a focusing
orifice is shown in Figure 8.9 [68, 69]. The typical height of the channels was 30 um
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(a) (b)

- P i

[ Liquid flow B
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Figure 8.7 Axisymmetric flow focusing bubble generation device.
(a) Cusp-like bubble attached to the capillary gas-feeding tube;
(b) stream of gas bubbles issuing from the orifice;. (c) sketch of
the region around the exit orifice, showing the steady and
absolutely unstable regions of the gas ligament. From [64].

G _Gas inlet

Liquid inlet |Liauid Liquid inlet

L1
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(@)
Figure 8.8 Planar flow focusing bubble generation device without
nozzle. (a) Sketch of the device showing the expected shape of the

free surface; (b) picture of bubble-liquid suspension obtained.
From [67].
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Figure 8.9 Planar flow focusing foam generation device with gas
nozzle. (a) Schematic diagram; (b) optical micrograph of the
production of a foam comprising monodisperse bubbles.

From [69].

and the orifice width was in the range 30-120 pm. Nitrogen bubbles with diameters
of 10-1000 um in water mixtures were obtained with a polydispersity (standard
deviation of size distribution divided by average size) of <2%. The bubbles could be
generated with a frequency up to 100 kHz. Atlow Re, a bubble formation mechanism
similar to the squeezing mechanism described earlier provided good agreement with
experimental results. The bubble volume depended on the Pg/Qy, ratio but not on
interfacial tension (P, is the gas delivery pressure). In this mechanism, the gaseous
thread advances into the constriction until it reaches the collection channel where a
bubble is inflated. As soon as the bubble is large enough to block the exit of the
constriction, the liquid squeezes the gaseous thread, forming a neck which becomes
unstable and breaks, releasing the bubble into the collection channel [70]. The thread
then retracts upstream of the orifice. The bubble formation mechanism can be
influenced by changing operating conditions and inlet geometry; the thread can
remain inside the orifice after bubble break-up and bidisperse droplets can be
formed [71, 72]. When inertial effects become important, they give rise to a rich
dynamic behavior and result in non-uniform sized bubbles at intermediate ranges of
Re and We [73].

A simple three-dimensional FF geometry can be obtained by fitting a cylindrical
capillary tube, with a constriction of 50-350 um at its entrance, very closely into a
square capillary tube [74]. This device resulted in suspensions of nitrogen bubbles of
50-900 pm in water solutions with a gas fraction as large as 90%. The following
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expression, consistent with the squeezing mechanism of bubble formation, provided a
good fit to the experimental data:

d 1/3
ﬁa - a(%f) (8.7)

Above the volume fraction of a two-dimensional close-packed lattice (0.91),
bubbles are forced to distort their circular shapes and the flowing lattice becomes
a dynamically assembled foam. A bubble influences the volume of its successors
during its presence in the channel, while traveling from the orifice to the channel exit,
further affecting transient behavior [75, 76]. The confinement that is inherent in
microstructured devices results in a variety of periodic structures that correspond to
local minima in interfacial energy, which cannot be obtained in unbounded geome-
tries (where the only structure observed is the honeycomb lattice) [77]. The system
can be switched between these structures by changes of P, or Q, the transitions being
accompanied by oscillations [75].

8.1.3.3 Multichannel Systems

One approach to increase foam or bubble suspension throughput is to use a
multichannel system. However, issues about flow equipartition have to be carefully
addressed. Mixing geometries where the number of both gas and liquid inlet
channels is increased and feed into one outlet channel can employ a multilamination
mixing layout. Lob et al. [78] utilized a variety of multilamination mixers designed for
homogeneous mixing and obtained bubble suspensions with relatively low nitrogen
bubble size distributions in water solutions, for low gas and liquid flow rates
(Figure 8.10). Smaller bubbles were obtained with FF geometries, even though the
orifice width was larger than that for the gas and liquid feeding channels. Not all
channels were active for gas introduction. By increasing the gas flow rate, more gas
channels became active, but this resulted in a broader bubble size distribution. To
avoid flow maldistribution a three-channel design with a single gas inlet, flanked by
two liquid inlets, was used and resulted in improved bubble size distribution and
smaller bubbles (at the same inlet flow rates). Decreasing the distance between the
mouth of the inlet channels and the orifice restricted bubble growth and resulted in
smaller bubble sizes for both multichannel and three-channel mixers. A different
multichannel geometry was proposed by Yasuno et al. [79], which is discussed in
more detail in Section 8.2.2. The gas phase was introduced through 600 rectangular
channels of 16 x 4 um cross-section into a deeper main channel where the liquid
flowed. Air bubbles of size 30-50 um in water solutions were obtained with size
variations below 10%.

8.1.3.4 Dispersion Effects

When a bubble suspension generated in the mixer is fed to a large diameter “delay”
tube, hexagonal close packing of bubbles is obtained (Figure 8.10). Pulses of tracer to
these systems for residence time distribution determination showed that dispersion
in the delay tube is negligible [80]. Dispersion increased with total flow rate and
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Figure 8.10 Foam formation in multichannel geometries. (a)
Rectangular glass mixer; (b) slit-shaped glass mixer (flow focusing
design); (c) mixing element of stainless-steel multilamination
mixer, which when placed in its housing results in a 3D flow
focusing mixing section similar to (b). The left images show the
flow through the mixing chamber; the right images show the glass
tube connected to the mixer outlet. From [78].

gas/liquid ratio and was affected by the reactor tube orientation; gravity led to up to
five times higher dispersion for the vertical tube compared with the horizontal tube.
A narrower bubble size distribution, which can be obtained with the three-channel
mixer described above, results in lower tracer dispersion [78].

8.1.4
Overlapping Microchannel and Micromesh Contactors

In overlapping microchannel and mesh microcontactors, the two fluids (gas and liquid)
flow through separate channels. To provide stable operation, the fluid interface is
immobilized by well-defined openings obtained by partial overlapping of the (open
on one side) channels where the two fluids flow [81] (Figure 8.11) or by a thin
mesh [82] (Figure 8.12). Interfacial forces help to stabilize the fluid interface within
the openings, while fluid layers are thin enough to enhance mass transfer. The
overlapping microchannel contactor shown in Figure 8.11 was manufactured by
anodically bonding etched silicon and glass substrates [83]. Generation of constricted
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90R4_ 5KU B 180en WD37
Figure 8.11 SEM image of cross-section of silicon-glass bonded

structure with overlapping microchannels to form contactor.
From [81].

openings, in the range of 5 um, by overlapping of channels required high alignment
accuracy. A typical contactor [84] consisted of silicon with ~100 x S50 pum (cross-
section) microchannels. Due to geometric and fabrication constraints, the above
contactors had limited stability, small contact time, working volume and interfacial
area. Stability was particularly an issue for uneven pressure gradients such as those
obtained during counter-current operation. The fact that the two materials, glass and
silicon, had different wetting properties can further help in stabilizing the interface,

(a)

_ JFluid1l [Gﬂiﬂ_lquld] Non-Wetting Phase [I\.W]
Pore

s mﬂﬂmm ]

Fluid 2 (Liquid) Pw Wetting Phase (W)————*

(b)

Figure 8.12 Micromesh contactor. (a) Schematic
representation of contacting of immiscible fluids; (b) SEM
image of pores of a nickel micromesh. From [82].)
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not only by flow confinement but also by wetting mismatch between the two
channels. Another way of inducing this wetting mismatch is by selectively coating
one of the channels with a hydrophobic coating such as octadecyltrichlorosilane [85].
Mesh or porous plate microcontactors can alleviate some of the problems encoun-
tered in overlapping channel contactors [82, 86]. Wenn et al. [82] implemented a mesh
structure to separate planar chambers containing the two fluids (Figure 8.12). The
mesh to wall distances could be set generally to ~100 pm, while the pore widths were
typically ~5 um and provided adequate stability. A pore length (mesh thickness) to
width ratio of ~1:1 ensured low diffusive transport resistance through the mesh.
The latter was placed between two glass layers that form chambers for the two fluids.
The mesh was fabricated in nickel using photolithography and a two-stage electro-
plating method.

The meniscus shape at the interface between the two phases defines the available
area for mass transfer and is a function of contact angle, pore geometry and pressure
difference between phases. The open area of the micromesh contactor was about
20-25%, which leads to a gas-liquid interfacial area of 2000 m* m >, well above the
values obtained in traditional stirred tank reactors. This high gas-liquid interfacial
area combined with the small fluid layer thickness resulted in high mass transfer
coefficients. Values of volumetric mass transfer coefficients, kiar, during hydro-
genation of up to ~2s~ " have been measured experimentally [87]. These contactors
also have other advantages, such as lower pressure drop and no danger of flooding
compared with bubble or packed columns. The fluids should be free of particulates to
avoid fouling of the pores. Operation of such overlapping channel or mesh devices
requires that the pressures utilized to drive flow do not produce excessive differential
pressures across the opening. Breakthrough of one phase into the other is broadly
predictable by the Young-Laplace expression

AP = yeosd for slot
2
AP = yc};)se for circular opening (8.8)

For more precise evaluation of breakthrough limits, dynamic contact angles and
meniscus contortion at the pore mouth(s) must also be considered [88]. The Young—
Laplace equation can still be used to determine the stability of the system for straight
cylindrical pores with rounded edges using 64 + 90° for breakthrough of the wetting
in the non-wetting phase and 0° for breakthrough of the non-wetting in the wetting
phase (04 is advancing contact angle). In practice, although narrower openings
provide greater stabilization, observed pressure differentials for breakthrough tend
to be somewhat lower than predicted.

8.1.5
Falling Film Microchannel Contactor

Falling film contactors employ thin liquid films that are created by aliquid feed falling
under gravitational pull. The liquid film is in contact with a solid support, which is
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tor housing (bottom) — ) Falling film plate Gas flow
TEifl" n .,E‘.'r“j stainle teel Liquid
e feed in

stor housing (top)

Figure 8.13 Disassembled falling film microchannel contactor
and schematic showing the gas—liquid contacting. From [92].

usually either a thin wall or stack of pipes. Conventional falling film systems generate
films with thickness of the order of 0.5-3 mm [89]. At high flow rates, the film takes
the form of continuous sheets, which may demonstrate waviness. At either the front
end of those sheets or atlow flow rates, flow breaks up into rivulets, fingers or a series
of droplets [90]. A falling film microchannel contactor [91, 92] developed by the
Institut fiir Mikrotechnik Mainz (Figure 8.13) can generate stable films less than
100 pm thick. The most critical part of the contactor is the stainless-steel plate where
the falling film is generated. Open microchannels (typically 300 pm wide, 100 um
deep, separated by 100um wide walls) are fabricated using electrodischarge
machining or wet chemical etching. Supply and withdrawal of liquid are through
boreholes which are connected via one large slit to numerous small orifices at the top
of the microchannels. The slit acts as flow restrictor and aids the equipartition of the
liquid phase to parallel streams. The entire plate is housed in a stainless-steel
enclosure and a structured heat exchanger copper plate is inserted into a cavity
beneath the falling film plate for temperature control. When both top and bottom
parts of the housing are placed together, a cavity is created above the plate through
which the gas flows.

The function of the microchannels is to prevent break-up of the liquid film. Due to
the combination of capillary forces and small channel widths, liquid being pulled
up along the sides of the channels takes up a significant portion of the channel width
and the surface of the liquid film takes the form of a flowing meniscus. At low flow
rates, the surface of the film curves upwards while moving from the center of the
channel to the walls [93]. As the flow rate increases, the film thickness increases and
the surface profile becomes flatter. Further increase in the flow rate causes the liquid
to bulge out of the channel until hydrostatic pressure exceeds surface tension forces
and the liquid bursts out of its channel wall confines. The film thickness observed for
various microchannel sizes was mostly smaller than the Nusselt and Feind equations,
while the Kapitza equation gave the closest overall prediction (Figure 8.14).
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Figure 8.14 Relationship between liquid film thickness, 3, and
Reynolds number, Re, obtained experimentally (points) and
theoretically (lines) (liquid ethanol). From [93].
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However, existing correlations are for two-dimensional films and do not account
for three-phase contact and surface tension. Hence they cannot capture the effect of
microchannel width on falling film thickness. A specific interfacial area of ~20 000
m?m  can be achieved with this contactor. This is larger than conventional bubble
columns and agitated tanks (up to 200 m®m ) [94]. In spite of the small film size,
axial dispersion can be present [95]. Depending on the channel cross-section (which
in turn depends on the microstructuring method utilized), the cross-sectional
velocity profile displays a single (for rectangular microchannels made by electrical
discharge machining) or a double maximum (for rounded corners microchannels
made by wet chemical etching). For nitrobenzene hydrogenation, an overall mass
transfer coefficient (based on liquid volume) kya; of 3-8s™' was estimated [96].
Reducing the flow rate and therefore the liquid film thickness increases the kia;
values. However, the need to avoid liquid film dry-out imposes a minimum practical
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Figure 8.15 Disassembled and partially assembled helicoidal
microchannel falling film contactor with path length 540 mm.
From [97].

flow rate. Decreasing the flow rate results in an increase not only in residence time
but also specific interfacial area.

One of the limitations of the falling film contactor is that the residence time of the
liquid in the microchannel is ~5-20s, the exact value depending of the liquid
properties and operating conditions. This can be increased by increasing the
microchannel length. Another way is to decrease the angle of descent, which can
be achieved with the helicoidal microchannel falling film reactor (Figure 8.15). In this
case, the microchannel has a small angle descend of 7.5°, resulting in an increase in
residence time by a factor of 50 [97]. Scaled-up versions (by a factor of 10) of the falling
film contactor have been designed and evaluated [98]. This was accomplished by
either increasing the number and the length of the microchannels in a planar format
or placing the vertical channels in a cylindrical configuration. Similar levels of
reaction performance were obtained in the scaled-up reactors as compared with the
standard version (Figure 8.13), as demonstrated with a liquid-phase oxidation and
CO, absorption. During scale-up, care must be taken to avoid liquid flow maldistri-
bution and undesired gas recirculation patterns [99].

8.2
Non-miscible Liquid-Liquid Systems

Inliquid-liquid flows, wettability phenomena can significantly affect the flow patterns
formed as both fluids, unlike in gas-liquid flows, can wet the channel wall. In
addition, neither phase has negligible viscosity and both phases are incompressible.
Dreyfus et al. [100] demonstrated that ordered patterns in liquid-liquid flows could
only form when one phase completely wets the channel wall (Figure 8.16a), while
disordered not well-defined patterns form, with phases adhering intermittently to the
channel walls, when wetting is partial (Figure 8.16b). Xu et al. [101] obtained slug
flow only when the continuous phase fully wetted the channel wall and for other
cases poorly defined flow configurations occurred. Although for complete wetting
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Figure 8.16 Flow patterns during water and tetradecane with
surfactant (SPAN 80) flow in silicon—glass microchannels with
20 x 200 um cross-section. (a) Organic phase completely wets
the silicon channel wall at surfactant concentration 2.2% w/w;
(b) no surfactant is used and the organic phase partially wets the
channel wall. From [100].

surfactant has to be added at a concentration above the critical micellar concentration
(CMC), the change from disordered to ordered patterns occurred at concentrations an
order of magnitude above the CMC [100]. Decreasing the channel size also tends to
favor disordered patterns. A flow pattern map that combined data by a number of
investigators was given by Gilinther and Jensen [2] (Figure 8.17). Hydrophobic
surfaces are obtained with soft-lithographically patterned PDMS devices, whereas
microchannels patterned in silicon, glass and metals have various degrees of
hydrophilicity and would have to be treated or surfactants need to be added so that
walls are fully wetted by one or the other phase. A criterion was suggested by Guillot
and Colin [102] to predict the transition from slug to stratified flow at high dispersed
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Figure 8.17 Flow pattern diagram for liquid—liquid flows in
microfabricated systems with transition lines from different
literature data. From [2].

phase fractions, that was based on the “squeezing” formation mechanism described
in Section 8.1.1.1 and discussed below for liquid-liquid flows.

8.2.1
Segmented Flow Contactors

In the segmented pattern during the flow of two immiscible liquids, depending on
wall wettability, either phase can be the continuous one in contact with the channel
wall. We will call the continuous phase segments “slugs” and the discontinuous
phase segments “plugs”. Plugs are equivalent to bubbles in Taylor flow. Flow
circulation patterns appear both within the slugs and the plugs. Liquid-phase
reactions can be carried out in the plugs, thus reducing axial dispersion and avoiding
direct contact with the channel wall, thereby eliminating any contamination or
clogging of microchannels due to deposition of material on wall surfaces. In this case,
the second fluid is introduced for the purpose of improving mixing and reducing
axial dispersion. Their isolation allows plugs to be used as individual batch reactors in
high-throughput analysis or synthesis.

8.2.1.1 Slug/Plug Formation

Segmented liquid-liquid flow has been produced with a number of different inlet
configurations. The dispersed phase plug length does not seem to depend on the
balance of shear (viscous) and interfacial stresses and therefore on Ca as is the case
with drop formation (see Section 8.2.2). Rather, the “squeezing” mechanism, as
described in Section 8.1.1.1 for gas-liquid flows, applies where plug formation and
size are determined by the competition between Laplace forces and the force related
to the resistance to flow of the continuous fluid by the emerging drop. For T-junctions
where the dispersed fluid enters from the side channel, Equation (8.1) can be used.
When Q,>> Qy, the plug size is constant and equal to channel width, whereas when
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Q< Qg the plug size depends on the ratio of the flow rates of the two liquids.
According to Garstecki et al. [25], the mechanism is valid for dispersed phase inlet
channels with width at least equal to half the width of the main channel, where the
emerging dispersed phase can block the main channel. For a smaller dispersed phase
inlet, the drops are smaller than the main channel and shear forces become
important. A similar mechanism was suggested by Guillot and Colin [102] for a
funnel-type inlet, where the two liquids entered in an almost stratified manner.
Thorsen et al. [103] found that in a T-junction even with similar size main and
dispersed phase channels, Ca affects the plug size when the forming dispersed phase
does not block the main channel. Tice et al. [104] suggested that shear forces and Ca
affect drop size for Ca>0.1. For lower Ca, plug length depended on the relative flow
rates of the two liquids but not on total flow rate and therefore on Ca, while the data
were correlated with the phase fraction. No dependence of plug length on total flow
rate was also found by Xu et al. [101], who, however, suggested a correlation with
Qu/ Q. different to Equation (8.1); in their case, the dispersed phase entered from the
main channel. For large Ca, Adzima and Velankar [105] measured plug lengths that
were inconsistent with Equation (8.1) but could be related to phase fraction. In
contrast to the above, Burns and Ramshaw [106] found in a T-junction where the two
phases entered from opposite sides that plug lengths depended on total flow rate.

In a cross-flow inlet configuration, Zheng et al. [107] observed that drops of the
dispersed phase formed alternatingly from each of the two opposite dispersed phase
inlet channels (Figure 8.18). Atlow dispersed phase fractions, there was a wide range
of Ca where this mechanism appeared, but at dispersed phase fractions above 0.6,
this was not possible.

Figure 8.18 Formation of alternating plugs during liquid-liquid
flow in a cross-flow inlet configuration. From [107].
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8.2.1.2 Hydrodynamics and Mixing

The flow field inside the slugs and plugs has been investigated by CFD modeling
and PIV measurements. Normalized circulation times in both slugs and plugs
were found to be about 3—4, which means that a fluid element within a slug or
plug will move from one end to the other during the time the slug/plug has
traveled a distance 3-4 times its own length. These times remained almost
constant with increasing flow velocity apart from the case of slugs shorter than
the channel diameter and no film on the wall [108]. Mixing times within plugs, half of
which contained solute, were found to be much smaller in the convection than the
diffusion dominating regime [109]. Convection dominates over diffusion when the
plug velocity is much larger than a critical velocity, where the diffusive time-scale
equals the convective one; the opposite happens at velocities lower than the critical
value. Increased flow (and consequently drop) velocities were found to improve
conversion in nitration reactions occurring within aqueous plugs, which was
attributed to improved mass transfer [110].

Reagents can be added to already formed segmented flow plugs by side
channels in T-junctions. The reagent can be added directly into the plug when the
side channel wall is wetted by the plug phase, otherwise Ca should be low. Another
injection method is to use side channels that are preferentially wetted by the
reagents that need to be added. A droplet forms from the injection of the reagent
that remains on top of the side channel inside the main channel because the wetting
of the side channel prevents the droplet from breaking away. This droplet will only be
broken off by and join a passing plug [111]. The possibility of forming plugs
alternatingly from the two side inlets in a cross-flow configuration [107] has been
used for indexing, where the concentration of a solute in a plug is measured by the
addition of a marker in an adjacent plug. Reagent concentrations within plugs can
also be varied by combining streams of reagents with buffer solutions in the inlet
channel of the phase that forms the plug. Following the same approach, different
reagents can be added in the plug, in which case the plug acts as a small reactor.
The way in which the reagents are added in the plug can, however, affect their
mixing [104, 112].

As in gas-liquid flow, serpentine channels have also been used in liquid-liquid
segmented flow to improve mixing within plugs [113]. Mixing is achieved through
chaotic advection, which relies on repeated folding and stretching of fluid layers with
different concentrations that become thinner and thinner until mixing by diffusion
becomes rapid (Figure 8.19).

8.2.1.3 Pressure Drop

Pressure drop in an organic—aqueous segmented flow, with water forming the
dispersed plugs, was found to be higher than organic single-phase flow at the same
total velocity and to increase with plug size, even though the water had a lower
viscosity than the organic phase [105]. Uncoated channels with walls partially wetted
by the phases showed a higher pressure drop than channels fully wetted by the
organic phase; this increase was attributed to the moving water/organic contact lines
in the non-fully wetted channels.
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Figure 8.19 Mixing within liquid plug in a serpentine
microchannel (a) experimentally; (b) schematically. From [113].

8.2.2
Liquid-Liquid Dispersion Microcontactors

The generation of liquid-liquid dispersions, commonly used as emulsions, has many
commonalities with the generation of bubble suspensions, but differences also exist,
due to the different ranges of interfacial tensions, viscosities and densities between
the two systems. Surfactants are often introduced to facilitate dispersion formation
and reduce coalescence.

8.2.2.1 T-ype and Co-flow Mixing Section Geometries

Liquid-liquid dispersions can be produced in T-junctions feeding to a larger
collection channel. The mixing geometry forces the two flows of immiscible liquids
to merge in such a way that one liquid forms droplets dispersed in the other. The
dispersed phase can be selected by adjusting the wetting properties of the device
walls. This can be achieved by coating the channels with hydrophilic/hydrophobic
compounds or introducing surfactants in the continuous phase [114]. The relative
flow rates of the two liquids can be utilized to adjust droplet size. These are the main
parameters that affect droplet size in the pressure-dominated squeezing regime.
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(c) 60 pm W

Figure 8.20 Microchannel T-junction for formation of
liquid—liquid dispersion. (a) Junction schematic [dashed
rectangle indicates area in (b)]; (b) photomicrograph of the
discontinuous water phase introduced into the continuous

oil phase; (c) droplets in square channels. Photomicrographs
show the transition from the 30 um wide channel to the 60 um
wide channel. From [103].

Thorsen et al. [103] generated water in oil-surfactant dispersions in a T-junction as
shown in Figure 8.20. Monodisperse droplets with a size similar to that of the T-
junction channels were formed at generation frequency of 20-80 Hz. With smaller
inlet size for the dispersed phase, shear stress can distort the forming droplet, leading
to droplets smaller in size than the outlet junction channel characteristic
width [25, 115], as shown in Figure 8.21. When the droplet is smaller than the
smallest dimension of the outlet mixing channel, wall effects play a diminishing role
and the system behavior approaches that obtained in unbounded flow. In shear flows,
droplet break-up is affected not only by Ca but also by the ratio of the viscosities of the
two phases. When inertial effects can be neglected, drops break above a critical
Ca [116, 117] and their size is inversely proportional to Ca [101, 118, 119]:

da
din,d

=aCa™! (8.12)

However, when the droplet diameters are large, wall effects become important and
the dependence of droplet size on Ca becomes weaker, dq~ Ca ** [118-120].
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Figure 8.21 Droplet formation at T-junction. The channels have a
depth of 100 um. The dispersed inlet flow enters through a 100 pum
wide channel, while the continuous phase flows in a 500 um
channel. From [115].

Various approaches have been proposed for liquid-liquid dispersion generation in
unbounded flows using small openings for dispersed phase introduction. Drops
form at the opening and detach when they reach a size when streamwise forces
exceed interfacial tension forces. A cross-flow configuration based on a microstruc-
tured silicon device with a single square hole of 45 x 45 um [121] produced droplets
of ~150 um for a butanol-water system. Another one with a 4.8 um circular opening
produced aqueous solution droplets of ~35 um. The size decreased with decreasing
pressure of the dispersed phase [122].

For co-flow, the dripping (where the drops form close to the dispersed phase
inlet mouth after break-up of the connecting neck) and jetting (when the drops
break up from an extended liquid jet due to Rayleigh instabilities) regimes are
encountered. The dripping regime which occurs at low dispersed and continuous
phase flow rates and low viscosity ratio of dispersed to continuous phase,
provides stable droplet growth, leading to size uniformity, but it may also exhibit
bidisperse or polydisperse droplet distributions [123, 124]. Cramer et al. [123], using a
tube-in-a-tube configuration with a 20 um inner tube inlet, generated droplets of
<35 um and achieved a generation frequency of 5 kHz and less than 1% polydisper-
sity. Umbanhowar et al. [125] introduced the dispersed phase through a 0.7-100 pm
capillary tip in a surfactant containing continuous phase which was placed in a
rotating cup, so that the free surface was almost vertical. This device generated
2-200 um droplets with polydispersity <3%. A simplified model, accounting for drag
and interfacial forces and applicable to large Re (0.1-100), showed that the critical
parameter was Ca:

da _ a+bCa™' (8.13)
din,d

The above equation does not account for the droplet size increase due to fluid
transfer through the neck during droplet detachment and hence does not capture the
fact that increasing the flow rate of the dispersed phase leads to a larger droplet
size [123]. A force balance analysis accounting for this effect, and also other detaching
forces, can provide a more accurate prediction of droplet size [121].
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8.2.2.2 Flow Focusing Geometries

Liquid-liquid dispersion can be created using flow focusing (FF) devices similar to
those described in Section 8.1.3, with two streams of one liquid flanking a stream of a
second immiscible liquid, the combined two-phase flow then being forced through a
small orifice. The pressure and viscous forces exerted by the outer fluid force the
inner fluid into a narrow thread, which then breaks into droplets inside or down-
stream of the orifice. For a planar FF device (Figure 8.9a), with orifice width ~40 pm
and channel depth ~100um, various droplet formation mechanisms including
dripping and jetting were observed on changing the flow rates of the oil continuous
phase and water dispersed phase at Re < 18 (Figure 8.22) [126-128]. Atlow flow rates,
nearly monodisperse droplets whose size was comparable to the orifice width were
obtained. High flow rates allowed the formation of monodisperse droplets with high
frequencies (<10kHz), whose size was much smaller than the orifice width.
Bidisperse and polydisperse droplet size distribution was also encountered (see
also [120, 129]). The presence of surfactant could lead to a conical shaped interface
with a highly sharpened tip. Tiny liquid threads and micrometer sized droplets
streamed off the end of this tip, either continuously (high Q,./Qy) or alternating with
large droplets (low Q./Qg). The process resembled tip streaming, reported for large
isolated droplets in unbounded linear flow [117].

3.6x10°

1.4x10+

4.2x104

Q, (mLs™)

1.4x10°

425107

3.3110-3 =

Figure 8.22 Pictures of drop formation in flow focusing device at
different values of the continuous Q,and dispersed phase Q; flow
rates. From [126].
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In the above planar device, when the drop is of comparable size to the orifice, it may
be squeezed by the top and bottom walls. This leads to shear and possible damage but
can be avoided by three-dimensional FF geometries. Takeuchi et al. [130] fabricated an
axisymmetric device with a 250 um orifice by casting PDMS around locally shaved
optical fibers. By increasing the flow rate of the continuous hexadecane solution, the
size of aqueous droplets decreased. Droplet size in the range 50-300um with
frequency ~10 Hz were obtained. Yobas et al. [131] used silicon micromachining
to fabricate a circular 24 pm diameter and 16 um long constriction directly inside the
FF geometry. Oil droplets as small as 25 um and formation frequencies of 900 Hz
were obtained. The diameter of water droplets generated in the dripping regime were
proportional to Q.. In the jetting regime, the droplet size could be reduced to 10 um
and frequencies exceeded 10 kHz.

In the jetting regime, where inertial forces become important, droplet uniformity
decreases somewhat but the frequency of generation and hence throughput can be
increased, while droplets with smaller size than the orifice can be produced. In a
planar FF geometry, similar to that in Figure 8.9a, Nie et al. [132] obtained <100 pm
monodisperse droplets (within 2.5%) with an orifice 60 um wide and 200 um high at
intermediate ranges of Re (~100). At even higher Re (~500), Martin-Banderas
et al. [133], using a device similar to that shown in Figure 8.7, obtained droplets
as small as 5 um, 1/10 to 1/30 of the orifice diameter (100-200 um). Polydispersity
was slightly higher at 10%, but a droplet generation frequency up to 1 MHz was
achieved. Droplet size in the jetting regime increases with Q4 and decreases with Q,
and can be predicted by a simple model of the Rayleigh hydrodynamic
instability [132, 133].

With the above devices, the droplet size is controlled by changing the flow rates of
the phases. However, it may not be possible to control independently dispersed phase
volume fraction and droplet size. An alternative approach is to form large droplets
at the required volume fraction and then break them up to the required size, with-
out altering the dispersed phase volume fraction. This can be achieved through
instabilities induced in extensional flows by passing droplets through contrac-
tions [134] or T-junctions [135]. Using a sequence of T-junctions, droplets progres-
sively break to a size of the order of the channel width (Figure 8.23). Deformed
droplets with length larger than their circumference always break at T-junction
consistently with a Rayleigh-plateau instability, even though they may be stabilized at
straight channels due to wall-induced distortion of the shear flow field [136].
Deformed droplets break at T-junctions above a critical Ca given by [135, 137]

2
1
Ca= agg T/S_l (814)
€

8.2.2.3 Multichannel Systems

Increased throughput can be obtained by using multichannel geometries, but the
droplet size distribution may become broader. Various planar and three-dimensional
interdigital mixers, with or without focusing, were investigated for water—oil and
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(a) (b)

Figure 8.23 (a) Droplet break-up in sequential T-junctions; (b) the
droplets flow downstream with hexagonal-close-packed ordering.
From [135].

water—heptane systems (Figure 8.24) [138-140]. The geometry of the mixing section
affected the droplet formation mechanism. For the non-focusing geometry, at low
total flow rates droplets formed at the exit of the feed channels and led to droplets
significantly larger than the feed channel width. A higher total flow rate led to the
formation of jets that broke to droplets after a certain length due to Rayleigh-plateau
instability. An increase in the total flow rate (at constant flow rate ratio) increased
the length of the jet to the point that no decay of the jet could be observed in the
outlet mixing channel. Interaction of the jets with the channel walls improved jet
stability [141]. Altering the ratio of the two flow rates could be used to reverse the
dispersed phase; the phase with the lower flow rate became the dispersed phase. If
this was the non-wetting phase, the drops were formed from cylindrical jets, whereas
when it was the wetting phase, the jets were thin lamellae in contact with the top and
bottom walls. For the focusing geometries, droplet formation was influenced by shear
forces and vortex flows as indicated by the presence of eddies (Figure 8.24). An
increase in the total flow rate (at constant flow rate ratio) significantly decreased the
droplet size and narrowed the droplet size distribution. Decreasing the size of the
feed channels for the 3D mixers to 25 pm reduced the average droplet size to >5.6 um,
whereas decreasing the distance between the mouth of the inlet channels and the
orifice and the number of feeding channels also resulted in a smaller droplet size and
narrower drop size distribution. Droplet size correlated with energy input; small
drops were obtained at high energy input.

A few devices have been proposed that resemble cross-flow membrane emulsifi-
cation, where a phase is induced to disperse through the small openings of a mem-
brane in a flow of continuous phase [3]. Such processes are more energy efficient
than conventional approaches such as colloid mills and homogenizers [142].
A microstructured analogue of membrane emulsification was presented by de



8.2 Non-miscible Liquid—Liquid Systems | 237

1
§
B

P

channel w.idth: 40 pm

Figure 8.24 Liquid-liquid dispersion generation by multichannel
devices with (a) planar non-focusing mixing chamber; (b) planar
focusing mixing chamber; (c) 3D focusing mixing chamber
geometry (obtained when the mixing element shown is placed in
an appropriate housing). From [140].



238

8 Mixing and Contacting of Heterogeneous Systems

Jong et al. [143]. Porous microfluidic devices were fabricated by phase separation
micromolding. Oil-in-water emulsions with 190 um size and polydispersity 2.5%
were produced inside 150um diameter porous microchannels. Sugiura and
co-workers [144-148] proposed a microfabricated silicon geometry containing at
least 400 microchannels of small dimensions (typical cross-section 6 x 13 pum)
(Figure 8.25). Not all the channels were initially active, but as the pressure of the

Enlargement of the
emulsification point

Qil for
dispersed qt;
phase . oili #.l. v
Continuous Il In water AQI!H" Continuous
l_ water phase emulsion B water phase
o Glass plate :l:
MC plate
-
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el point Oil
phase
-
Microscopic Y
video syslem
Emulsion Module MC plate Glass plate
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Well part
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(@) (b)

Y

(d) (e) (f)
Figure 8.25 Microchannel emulsification set-up and device
incorporating a stepped terrace, and steps of the drop formation
mechanism: (a—c) inflation stage; (d—f) detachment stage.

From [144].



8.2 Non-miscible Liquid—Liquid Systems

dispersed phase increased above the breakthrough pressure, more channels, up to
100%, became active. Slit-like terraces placed at the exit of the microchannels were
important for stable droplet production and uniformity. They induced spontaneous
transformation of disk-like droplets (with higher Laplace pressure) to spherical
droplets, driven by interface free energy minimization. Droplet formation occurred
by a slow inflation stage at the terrace, followed by a faster detachment process. Atlow
Ca, when interfacial forces were dominant, small oil droplets were formed (typically
20 um diameter with <5% polydispersity). Their size was independent of channel
width, flow velocity and interfacial tension, while small terrace length and micro-
channel depth resulted in smaller droplets. Above a critical Ca, larger droplets were
obtained. It was important that the dispersed phase did not wet the walls, in order to
ensure droplet size uniformity. Even though the droplet formation frequency per
channel was <15 Hz, a device containing 1500 channels could achieve frequencies of
~20kHz. With even smaller channels (cross-section 0.3 x 3 um). oil droplets with
size ~1um and polydispersity ~10% could be produced [149]. Similar beneficial
effects (in terms of drop size and phase fraction control) of altering the droplet
formation mechanism by introducing an abrupt expansion in the flow were reported
by Priest et al. [150] and Chan et al. [151]. A slightly different configuration is that of
short channels that can be obtained in microsieve structures. Emulsification
in devices containing silicon nitride microsieves with pores of 7 um diameter and
1um length produced polydispersed droplets of water solution in the range
50-250 pm [152]. The droplet diameter decreased with increasing pressure of the
dispersed phase, because this increased the number of active pores leading to the
droplets hindering each other during growth. Droplet generation frequencies per
pore were of the order of 1 Hz. Because silicon nitride is hydrophilic, hydrophobic
coatings were applied for stable water-in-oil emulsification [153]. In a slightly
different design, microchannels were etched through a 200 um thick silicon wafer
(Figure 8.26) [154, 155]. With oblong openings of 17 um equivalent diameter, the
droplet size was 32 um and was independent of cross-flow velocity and transmem-
brane pressure. For 10 um circular openings, droplet formation depended on these
parameters and the droplets were ~100 um. More importantly, the oblong channels

L

Figure 8.26 Droplet generation in device with (a) circular and (b) oblong microslots. From [155].
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yielded monodispersed droplets (within 29), whereas polydisperse droplets were
obtained for the circular channels. The shape of the opening affected the droplet
formation mechanism. Oblong openings with aspect ratio >3 facilitated the forma-
tion of a neck inside the channel and its eventual break-up, resulting in small and
uniform droplets [156, 157].

8.2.3
Overlapping Microchannel and Micromesh Contactors

The overlapping microchannel and micromesh contactors described in Section 8.1.4
can also be utilized for contacting two immiscible liquid phases having lateral contact
without mixing [81, 82, 158, 159]. In addition, other strategies have been employed.
These include channels containing continuous or discontinuous ridges, selective
patterning of channel walls with hydrophobic coatings and interfacial tension and
flow rate control. The interfacial forces in liquid-liquid systems are often low and
contact angles of the liquid-liquid/solid interface approach 90°. Thus, according to
the Young-Laplace equation, the pressure difference that the interface can cope with
is smaller.

Microchannels with continuous ridges (Figure 8.27) can be fabricated using a
specially designed photomask pattern and careful control of etch time [160]. For the
structure in Figure 8.27, the mask design had three separate channels, which, when
isotropic etching in glass was allowed to proceed for a few minutes, became one

(a) 30 mm

L I + ~— 140 ym —

i K
0.7 mm +

+ 1.4 mm

A

-5 um

(b)

20 um
Y

Figure 8.27 Microchannel contactor with guiding ridges. (a)
Schematic cross-sectional view and (b) 3D image of the guide
structures. From [160].
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microchannel with guide structures at the bottom. In a slightly different design
the ridges extend to the top wall and are intermittent [161]. Curved liquid-liquid
interfaces form at the openings, stabilizing the liquid-liquid interface and allowing
phase separation at the end-junction of the microchannel. The principle behind the
continuous and intermittent ridge contactors is similar to the mesh and overlapping
channel contactors; constricted opening(s) are formed between the two fluid streams
which help to pin the interface. Such pinned interfaces between immiscible fluids can
also be created by selective surface patterning of microchannels to create hydrophobic
and hydrophilic paths. Water molecules would adhere to the hydrophilic channel
surface with surface tension preventing the liquid from invading the hydrophobic
region. Aqueous solutions introduced to the patterned microchannel will thus be
confined to the hydrophilic region (Figure 8.28), provided that the pressure difference
across the interface does not exceed the value imposed by the Young-Laplace
equation [7]. Gravity does not affect the shape and geometry of the interface, provided
that Bo < 1. For a fluid-liquid system with low interfacial tension and large density
difference, y =0.001 Nm ™' and Ap = 5000 kg m ?, in pores with diameters smaller
than d =90 um, Bo<0.1 and the interface shape is very close to spherical. For fluid
pairs with larger interfacial tension or smaller density difference, even larger pores
would give spherical menisci. In such cases, immiscible fluids can flow side by side
along vertical interfaces or even on top of each other, defying gravity. The hydrophobic
regions in Figure 8.28 were formed by multistream laminar flow. Hexadecane and a
solution ofan organotrichlorosilane (e.g. octadecyltrichlorosilane) inhexadecane were
pumped into the preformed microchannels and were maintained under laminar flow
for a predetermined period of time until self-assembled monolayers (SAMs) with full
coverage formed. The areas where the silane solution passed were modified and
became hydrophobic, whereas other areas remained hydrophilic [162]. Alternatively,
the wetting properties of the surface can be selectively altered by photolithography
using photocleavable SAMs [163] or graft polymerization [164].

Without stabilizing structures or surface patterning in lateral flow of immiscible
fluids, there is a tendency for interfacial energy minimization to cause the streams
to break up, in some cases converting to slug flow or more irregular forms.
However, stratified flow without channel modification or stabilizing structure can
be achieved by increasing Ca, i.e. using relatively low interfacial tension fluids, flow

Silane solution

T e

Solvent—=

-

Silane solution
Figure 8.28 Schematic illustration of multistream laminar
flows for selective patterning of channel walls and the
corresponding image of aqueous flow inside channels after
surface patterning. From [162].
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rates sufficiently high to provide body forces counteracting the interfacial tension
effects and fluids with sufficient viscosity difference [107, 165]. Stabilization of
stratified flow can be aided by introducing surfactants which decrease the interfacial
tension [166]. Such approaches can result in stratified flow and have the attraction of
compatibility with simple channels, but are limited by the liquid pairs that can be used
and contact times.

List of Symbols

a, b constants of order 1

d characteristic dimension

dy tube diameter

dp bubble diameter

daq droplet diameter

Ging inlet diameter of dispersed phase channel
Aoy orifice diameter

diffusion coefficient

friction factor, Equation (8.4)

gravitational acceleration

length

pressure

flow rate

pore radius

velocity

microchannel width

interfacial tension

film thickness

volume fraction

pressure difference between phases or pressure drop
density difference between phases
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contact angle or inclination angle from the horizontal
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kinematic viscosity
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