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1.1
Introduction

We start our discussion by emphasizing how flow behavior is related to the transport
of molecules and chemical reactions in micrometer- and submicrometer-sized
channel networks. We discuss measurement of flow and transport properties and
demonstrate how these characteristics translate to a range of different microfluidic
applications: multiphase flow through porous media [1], human airways [2], minia-
ture cell-biological systems [3, 4], flow in microfluidic catalytic monoliths [5] and the
use of interfacial forces as a means for actuation in microdevices [6]. The discussion
of multiphase microfluidic systems in this chapter complements several recent
reviews on general aspects of transport phenomena in microfluidic systems
[37, 174-179].

Multiphase flows provide several mechanisms for enhancing and extending the
performance of single-phase microfluidic systems. The long diffusion times and
broad dispersion bands associated with single-phase pressure-driven flow can be
reduced by adding a second, immiscible, fluid stream. Multiphase flows form when
two or more partially or not miscible fluids are brought in contact and subjected to a
pressure gradient. The resulting flows display a rich phase behavior, e.g. as sus-
pended droplets, bubbles, slugs or thin films. The flow behavior is dependent on the
relative flow rates of the fluid phases involved, the resulting interaction between
gravitational, interfacial, inertial and viscous forces and the wetting behavior of the
channel walls. The alternating succession of immiscible fluid segments will play a
particularly important role. We refer to this flow condition as segmented flow and will
associate with it a number of favorable conditions, including enhanced mixing,
increased mass transfer across phase boundaries and reduced dispersion. These
effects enhance reaction yields and mixing. Multiphase microchemical systems
generally take advantage of the large interfacial areas, rapid mixing and reduced mass
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transfer limitations [7, 8] to achieve improved performance relative to conventional
bench-scale systems [9-11]. Examples of gas-liquid reactions that were performed in
microreactors include direct fluorination [12-20], chlorination, bromination, sulfo-
nation and oxidation reactions. Microreactors have further been suggested to advance
the sustainability of organic synthesis [21]. Another category concerns heterogeneous
catalytic reactions, involving gas-liquid—solid or liquid-liquid-solid systems such as
hydrogenation [22-25]. In the case of liquid-phase reactions, a second immiscible
fluid is introduced solely to improve the transport properties in the continuous liquid
phase, i.e. to enhance mixing and reduce the unwanted effect of axial dispersion.
The use of isolated, well-mixed droplets permits kinetic studies of organic reactions at
the millisecond time scale along with characterization of synthetic reaction net-
works [26]. Similarly, segmented flows of liquid slugs that are separated by gas
bubbles improve synthesis and overcoating of nanoparticles with narrow size
distributions [27-31]. Liquid droplets also allow the isolation and concentration of
protein solutions in crystallization studies [32, 33]. Blood analysis in segmented flow
in capillaries represents an early example of multiphase microfluidics [34]. Recent
biological applications include DNA analysis [35], cell encapsulation [36] and cell
stimulus and lysis [4].

We begin in Section 1.2 by considering the forces and time scales governing
multiphase flows in 10 nm-500 pm wide microchannels. In addition to interfacial
forces acting on fluid—fluid interfaces and on microchannel walls, multiphase micro-
fluidic networks are affected by gravitational, inertial and viscous forces. Interplay of
these forces gives rise to flow instabilities, rich dynamics and a variety of possible fluid
phase distributions, that are described in Section 1.3. Section 1.3 also introduces
passive, surface tension-driven means for separating two fluid phases in microfluidic
systems. The influence of channel geometries on flow behavior is discussed in
Section 1.4. Section 1.5 introduces practical aspects associated with scaled-out multi-
phase microreactors. Different numerical and experimental techniques are available to
probe multiphase flows, related transient flow behavior, phase distributions, mixing
and dispersion characteristics. Section 1.5 compares these methods based on their
spatial and temporal resolution, and also the potential for integration into scalable
systems where convenient flow observation in multiple microfluidic channels is
required. In Section 1.6, we discuss steady flows. In Section 1.7, we focus on droplet-
and bubble-based systems. Characteristics of microscale gas-liquid and liquid-liquid
flows are discussed separately. Finally, we discuss several practical aspects relating to
integrated networks of multiphase systems in Section 1.8.

1.2
Fundamentals of Multiphase Flow

In this section, we first introduce interfacial tension and consider a resting fluid
interface, and discuss its interaction with a microchannel wall. We continue with
consideration of dynamically moving fluid interfaces that are relevant to multiphase
microflows. The different body forces, gravitational, viscous and inertial effects are
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compared to interfacial forces. In most cases, we find that interfacial forces dominate
by several orders of magnitude.

1.2.1
Properties of Fluids and Interfaces

Under steady flow conditions and with negligible gravitational acceleration g and
temperature gradients, two fluid phases are in equilibrium if the pressures in both
phases are uniform and differ from each other only in the capillary pressure that is
given by the Young-Laplace equation, AP.,, =YK, where v is the interfacial tension
and x is the local mean curvature at the interface [6, 37]. We will use y in general and
Y12 to specifically denote the interfacial tension between the fluids 1 and 2. Symbol
0 = Y15 denotes the surface tension, the interfacial tension between a liquid and a gas
phase. Depending on the interface curvature (Figure 1.1a), interfacial forces either
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Figure 1.1 (a) Positive and negative differences with angle h; right, the fluid phases are separated
between the capillary pressure, Pc,p, and the by an adsorbed film [37]. Pinning fluid—fluid
ambient pressure, P, that result from an either interfaces by chemically inhomogeneous
positive or negative curvature of an air-liquid  surfaces in static (c) [180] and flowing systems
interface [42]. (b) Local configuration in the (d) [43]. Altering the wetting properties using
three-phase region. Left, the two fluid phases (1 chemically homogeneous, micro- and

and 2) and the solid wall intersect at a contactline nanostructured surfaces: (e) [38-40], (f) [44].
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reduce or increase the pressure P, in the liquid in comparison with the ambient
pressure, P. For example, the capillary pressure at a water—air interface in a 100 um
wide hydrophilic microchannel is approximately 1.5 kPa and it becomes very large at
submicrometer scales, approximately 1.5 MPa for a 100 nm wide channel.

1.2.1.1 Microchannel Surface Characteristics and Wetting

Solid surfaces are characterized by their roughness and wetting behavior, which is
determined by the contact angle. The gas-liquid—solid contact angle 6 is shown in
Figure 1.1b. When a static fluid interface appears to touch a wall, two local
configurations can be distinguished by enlarging the three-phase region
(Figure 1.1b). The fluid interface either touches the wall and forms a contact line
between the three phases, or an adsorbed film separates the second fluid from
the wall [6, 37]. The first case is described by the contact angle 8, which is related to
the interfacial energies of the solid, s, and two fluid phases 1 and 2 by Young’s
equation, Y1,€080 =5 — ¥as. Wetting liquids have small contact angles approach-
ing zero and non-wetting liquids have large contact angles going towards 180°.
Ajaev and Homsy ([37] and references therein) provide a detailed discussion
including the case of an adsorbed film. Figure 1.1c and d give examples of
hydrophobic— hydrophilic patterned surfaces in static and flowing systems. For
micropatterned surfaces, the two properties are interrelated since the contact angle
is a macroscopic quantity. Wetting properties can therefore be altered either by
chemically modifying surface properties (Figure 1.1c and d) or by introducing a
micro- or nanoscale surface roughness elements (Figure 1.1e and f), i.e. altering
the microchannel roughness can result in different contact angles even if the
same surface treatment is used. Figure 1.1(e) demonstrates how contact angles
for hydrophobic, micropatterned surfaces vary depending on the pattern density
and radius of curvature and generate macroscopically super-hydrophobic sur-
faces [38-40]. Micrometer- or submicrometer-scale roughness elements are rou-
tinely introduced during the microfabrication process and are sometimes even
purposefully included. Side-wall roughness is often caused either by the limited
resolution of a lithography mask or from the subsequent dry etch and passivation
cycles during deep reactive ion etching (DRIE). During DRIE, roughness elements
at the bottom wall can also build up, depending on the etching recipe used. Silicon
wet etching in KOH solution offers atomically smooth surfaces. Replica molding of
PDMS allows the reliable transfer of patterns from a microfabricated master at
submicron resolution. Variations in surface tension induced by chemically pat-
terned surfaces [6, 41] were used for thermocapillary droplet actuation.

Various fabrication techniques have been developed to alter wetting behavior of
microfabricated surfaces either permanently or temporarily. In addition to the
pressure-driven flow through microfluidic channels considered here, “channel-free”
methods for manipulating droplets (of generally larger size) on electrode arrays
below a hydrophobic layer have been introduced [45-48]. These electrowetting-on-
dielectric (EWOD) systems depend critically on the ability to deposit hydrophobic and
electrically isolating coatings consistently on top of the electrode arrays. Popular
choices are spin-coated fluoropolymers (e.g. Cytop, Asahi Chemicals) [47], parylene
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and polydimethylsiloxane. In addition to transporting droplets, changing the wetting
characteristics by EWOD can also be used to induce mixing, as demonstrated by
Nichols and Gardeniers and, who combined droplet transport, merging, splitting and
mixing using EWOD to determine fast kinetics [49].

1.2.1.2  Scaling of Forces

In flowing systems, the complex interplay between interfacial, gravitational, viscous
and inertial forces is responsible for a variety of phase distributions and flow patterns.
The dominant interfacial forces combined with the laminar nature of the flow result
in very regularly shaped gas-liquid and liquid-liquid interfaces characteristic of
multiphase microflows. Courbin et al. described dynamic wetting morphologies of a
flat surface that is microstructured with a forest of posts upon droplet impact [44].
Eijkel and co-workers [42, 48] provided a more general review of surface tension
effects in the context of nanofluidic systems. The importance of interfacial forces
with respect to gravity is described by the dimensionless Bond number,
Bo = (Ap)gdic, where Ap is the density difference between the two immiscible
fluids (gas-liquid, liquid-liquid) and dj, the characteristic channel dimension, the
hydraulic diameter (dy, = 4A/T, where A is the channel cross-sectional area and I is
the wetted perimeter).

Ranking the importance of different forces helps in categorizing the increasing
number of experimental studies with the ultimate goal to predict multiphase flow
behavior in microchannel networks and formulate guidelines for their design.
Multiphase microflows are characterized by the ratio of viscous to surface forces,
the capillary number (Ca) and by the ratio of fluid viscosities:

U,
ca=HTaH (1.1)
O g
where p and py are the viscosities of the continuous and the dispersed phases,
respectively. The ratio of inertia to surface forces is expressed by the Weber
number:

2
we = PYa%h (1.2)
c

As for single-phase flows, the Reynolds number, Re= We/Ca, relates viscous and
inertial forces and is fixed for given We and Ca. Figure 1.2 [50] shows how Bond,
capillary and Weber numbers, i.e. the relevant forces with respect to the interfacial
force, vary if the channel hydraulic diameter, d;,, and the velocity, Uy, are altered. The
thickness of the planes obtained represents the practical range of fluid properties for
organic—gaseous, organic-aqueous and aqueous—gaseous systems. The conditions at
which interfacial forces dominate over gravity, inertial and viscous forces corresponds
to low velocities and small microchannel sizes. Only if Uy is on the order of several
meters per second or in the presence of very large accelerations of liquids, e.g. at the
initial stage of rapid expansion of a vapor bubble, does inertia dominate over gravity
and viscous forces [37, 51, 52]. Under such conditions, bubbles and drops much
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Figure 1.2 Inertial, viscous and gravitational body forces, relative
to interfacial forces, as a function of the channel size and
characteristic velocity in microfluidic multiphase systems [50].

smaller than d;, can be formed, and microscale gas bubbles can be entrained,
potentially resulting in fluid interfaces with complex shapes or interfacial instabilities.

1.2.1.3  Surface Tension Variations

Surface tension variations affect the mobility of the fluid—fluid interface and cause
Marangoni flow instabilities. Surfactant-laden flows exhibit surface tension varia-
tions at the gas-liquid or liquid-liquid contact line due to surfactant accumulation
close to stagnation points [2, 53]. For gas-liquid systems, these Marangoni effects can
often be accounted for by assuming “hardening” of the gas bubble, i.e. by replacing
the no-shear boundary condition that is normally associated with a gas-liquid (free)
boundary with a no-slip boundary condition. It should be noted that such effects can
drastically alter pressure drop in microfluidic networks and theoretical predictions
based on no-shear at free interfaces must be used with care in practical
applications [54].

1.2.1.4 Particles and Fluid Interfaces

Particles with characteristic dimensions (e.g. particle diameters) between a few
nanometers (e.g. metal and semiconductor nanoparticles, quantum dots and rods)
and several micrometers (polymere microspheres, catalyst particles, biological cells)
play an important role in a variety of microfluidic systems. Depending on the
available residence time, their size d,, and the density ratio between the particle and
fluid phases, pp/p, particles will settle within the microchannel or can be transported
through it without sedimentation. In most applications (flow of suspended cells,
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Figure 1.3 Multiphase systems for performing
reactions in microscale segmented flow. The
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solutionphase particle synthesis), sedimentation and the resulting accumulation of
particles within a microchannel are unwanted.

1.2.2
Classification of Phase Distributions

Figure 1.3 shows a representative distribution between a continuous and an
immiscible dispersed phase that we refer to a segmented flow. Segmented flows exist
both in gas-liquid mixtures and in immiscible liquids. They can be produced with
great regularity in microfluidic devices. The resulting phase distributions are
sometimes also referred to as “digital” microflows or “digital microfluidics” — terms
that are used in a somewhat different context for electrically driven droplets.

1.3
Dynamic Behavior of Multiphase Microflows

In Section 1.2 we have discussed the important role of surface tension in multi-
phase flows through microchannel networks. This behavior is in stark contrast to
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single-phase microflows. We discuss in this section the mechanisms that cause a
rich variety of different fluid phase distributions to be formed. The different phase
distributions or flow regimes and the conditions for their formation are summa-
rized for microscale gas-liquid and liquid-liquid flows. At the end of the section,
we discuss different microscale solutions for the complete separation of multi-
phase flows into single-phase streams.

1.3.1
Flow Instabilities

When immiscible fluid streams are contacted at the inlet section of a microchannel
network, the ultimate flow regime depends on the geometry of the microchannel, the
flow rates and instabilities that occur at the fluid—fluid interface. In microfluidic
systems, flow instabilities provide a passive means for co-flowing fluid streams to
increase the interfacial area between them and form, e.g. by an unstable fluid interface
that disintegrates into droplets or bubbles. Because of the low Reynolds numbers
involved, viscous instabilities are very important. At very high flow rates, however,
inertial forces become influential as well. In the following, we discuss different
instabilities that either lead to drop/bubble breakup or at least deform an initially
flat fluid—fluid interface. Many important phenomena relate to classical work on the
stability of unbounded viscous flows (see e.g. the textbooks by Drazin and Reid [56] and
Chandrasekhar [57]). We will see, however, that flow confinement provides a number
of new effects that are not yet fully understood and remain active research topics.

1.3.1.1 Capillary Instability

The formation of droplets or bubbles in microfluidic devices relates to the classical
treatment of a capillary instability at a sheared, cylindrical interface in an unbounded
flow was described by Plateau and Lord Rayleigh [58, 59]. In microfluidic devices,
such instabilities allow the formation of monodisperse bubbles or drops in the flow
focusing configuration shown in Figure 1.4a. Ganan-Calvo’s group was the first to
form microbubbles at relatively high Reynolds numbers, Re, between 10 and
10% [60, 61]. For the flow-focusing experiments in microfluidic devices that were
pioneered by the groups of Stone, Whitesides and Weitz [62, 63], Re is much smaller,
typically between 0.01 and 1, interfacial forces dominate and the influence of inertia is
often small compared with viscous effects. In difference to the classical treatment of
unbounded flows, fluid confinement between microchannel walls affects the break-
up of a cylindrical liquid or gas core into droplets or bubbles [64, 65]. In many
applications, a capillary instability is expected to produce liquid-liquid [62, 63, 66] or
gas-liquid [67, 68] segmented flows with uniform droplet or bubble sizes. Several
attempts have focused on characterizing the rich dynamic behavior of segmented
microflows that also includes very irregular flow behavior. Kraus et al. [69] measured
statistical properties (distribution of liquid slug and gas bubble lengths) in segment-
ed gas-liquid flow and documented the sensitivity to external disturbances (e.g.
syringe pump pressure fluctuations). Garstecki et al. [65, 70] probed the dynamics of a
single-channel microfluidic bubble generator by analyzing the phase distribution
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Figure 1.4 Flow instabilities relevant to in a flow-focusing configuration with a ratio of
multifluid systems in microchannel networks. ~ 350:7 of outer to inner flow rates and an applied
The different miscible or immiscible phases are voltage of 2000V [73, 74]. (d) Formation of liquid
indicated as 1, 2, 3 and 4. (a) Breakup in a flow- threads using miscible liquid streams with

focusing geometry [62, 181] due to a different viscosities [75, 76]. (e) High-rate droplet
Rayleigh—Plateau instability. Bubble and droplet production during acoustic streaming [77].
chains and multiple emulsions were Cases (a—c and e) are concerned with immiscible
prepared [71]. (b) Pressure-induced fluids; case (d) considers two miscible fluid

breakup [64, 72, 182]. (c) Taylor cone formation streams.

that was determined from ensembles of micrographs and suggested such flows as a
model system for studying complex systems in space and time. Pressure drop -
induced breakup. At low capillary numbers, Garstecki et al. [64] demonstrated that
breakup of drops or bubbles at a microfluidic T-junction (Figure 1.4b) does not occur
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due to shear stress but due to the pressure drop across the emerging bubble or drop.
As a function of increasing Ca, three different regimes for the formation of droplets
and bubbles can be identified: squeezing, dripping and jetting [64]. Garstecki et al.
demonstrated that droplet/bubble formation in the squeezing regime is induced by
pressure fluctuations during breakup and is independent of Ca.

1.3.1.2 Deformation of Stratified Liquid Layers

The Kelvin-Helmholtz (KH) instability causes the sheared interface between two
fluids that move horizontally at different velocities to form waves (Figure 1.4d). Below
athreshold value, surface tension stabilizes the interface. Above the threshold, waves
of small wavelength become unstable and finally lead to the formation of drops
(liquid-liquid flows) or bubbles (gas-liquid flows), defined by the microchannel
dimensions. Surface tension will suppress the KH instability if [57]

(U102 <2/golp, ;) P4 P2 (13)
where p;, p, and U;, U, are the densities and velocities of the phases 1 and 2,
respectively. Relative velocities of several meters per second are needed to destabilize
gas-liquid systems; velocities that are considered very large in most microfluidic
applications. However, for liquid-liquid flows with fluids of similar density, e.g. ethanol
(p1=790kgm ) and paraffin oil (p, =830kgm>), the required velocity difference
canbeaslowas0.1 ms~ ' —conditions relevant to microfluidics. Funada and Joseph [78]
discussed the particular case of viscous KH instability in a rectangular channel.

1.3.2
Multiphase Flow Regimes

Many flow patterns have been obtained for two-phase flow in capillaries of circular
cross-section (Figure 1.5a). Although quantitative methods, e.g. void fraction
measurements, are under development, the description of flow patterns is often
based on a qualitative and sometimes somewhat subjective visual discrimination.
Most researchers present “representative” pictures along with the observed flow
pattern map for clarity.

With the aforementioned limitations in mind the number of different flow
patterns may be reduced to the following four:

1. Bubbly flow. When the flow rate of the non-wetting phase is much lower than the
one of the wetting phase, droplets/bubbles with diameters that are smaller than
the microchannel size are formed it. If stabilized by surfactants, these droplets or
bubbles are stable for extended periods of time without coalescence, especially
when the volume fraction of the disperse phase is small.

2. Segmented flow. When the ratio of flow rates for the wetting to the non-wetting
phases is close to unity, the dispersed phase forms droplets or bubbles that span
most of the cross-section of the channel. Two consecutive droplets confine the
continuous liquid phase between them.
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Figure 1.5 Flow patterns. (a) The most common liquid-liquid flow [81]. (d) Transition from a
flow patterns are bubbly flow, segmented flow segmented flow in which the dispersed phase
and annular flow [79]. (b) A flow map, indicating spans the entire cross-section to a bubbly

the ranges of gas and liquid velocity for which the flow [63]. (e) T-junctions result in segmented
various flow patterns are observed in a given  flow for a wide range of flow conditions [64], as
device [80]. These flow maps have to be used with shown here with micrographs taken under
care, as the pattern is not determined by conditions similar to those in a flow focusing
velocities alone, such as wettability, channel device [62] that uses a small orifice to create
geometry and inlet geometry (c—e). (c) Impact of bubbly flows of small droplets or bubbles over a
wetting on observed flow patterns for a wide range of conditions.
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3. Annular flow. When the ratio of flow rates for the wetting phase to the non-wetting
phase is very small, the wetting phase is confined to the wall, flowing as an annular
film. In channels with non-circular cross-section the film thickness varies
considerably along the perimeter, with a significant liquid volume confined to
the microchannel corners. The film may become wavy as a result of the interaction
with the non-wetting phase at higher velocities.

4. Churn flow. At very high velocities, regular flow patterns cease to exist and a
chaotic flow appears, in which the sizes and shapes of droplets/bubbles vary
widely.

Depending on the wetting properties of the microchannel walls, the lubricating
films of the continuous phase, that are found in segmented and annular flow, may
break into droplets of a characteristic size ~dj,.

Flow maps can be constructed by arranging the experimentally observed phase
distributions inside a microchannel in a diagram with the liquid superficial velocity
on the ordinate and the gas superficial velocity on the abscissa (Figure 1.5b and c).
The superficial velocity is defined as the volumetric flow rate of the respective phase
divided by the cross-sectional area of the microchannel. The experimentally
determined flow patterns are often identified with different symbols in the diagram
and lines are used to indicate flow regime transitions. Flow regime diagrams may
give the impression that the flow rates are the main parameters involved in
predicting which flow pattern occurs. This is not the case, as can readily be seen
by comparing maps from different references. Which flow pattern actually occurs
in a given microchannel also depends on the fluid properties, the wetting behavior
of the channel surface, the channel diameter, its cross-sectional shape and the
entrance conditions. Even when dimensional analysis is used to reduce the number
of parameters, the number of dimensionless groups remains large and most flow
maps in the literature are applicable only close to the conditions under which they
were obtained. Systematically characterizing multiphase microflows over signifi-
cant ranges of parameters and meaningful dimensionless representation of the
results obtained will be important in arriving at a more general understanding of
flow regime behavior.

Droplets and bubbles in microchannels are very stable, in particular when
surfactants are added. As a result, one should focus on the conditions at the inlet
of the channel. Once formed, droplets and bubbles of a given size often remain intact
when carefully expanded within a microchannel network. As is shown in Figure 1.5, a
two-phase stream that was generated as a segmented flow may well become a bubbly
or foam-like flow.

Quasi-stable droplets and bubbles in microchannels can, when given enough time,
undergo flow pattern transitions due to either coalescence or slowly growing
disturbances. The amplitude of the disturbances introduced at the inlet can have
a profound effect on flow patterns. Galbiati and Andreini [82] demonstrated that a
smooth introduction of gas and liquid into the capillary channel resulted in stratified
and dispersed flow. By introducing only a single miniature wire into the water feed
line of the channel, these flow patterns vanished completely and only slug flow and
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annular flow were observed instead. A similar effect was observed by using a very
long calming section that allowed small disturbances to grow.

Although most flow maps are presented without attempting to account for the
effect of fluid properties and channel diameter, some noticeable exceptions exist.
Rezkallah’s group [83, 84] obtained flow maps for liquid-liquid systems and dis-
cussed the differences from gas-liquid systems. Suo [85] performed experiments
using octane, heptane and water as liquids and helium, nitrogen and argon as gases.
No significant changes were found for the different gases and the groups pg/pr and
U/ were eliminated from consideration. The transition from slug to churn flow
was suggested as ReWe=2.8 x 10°.

1.3.3
Formation of Multiphase Flow

In many applications, a capillary instability is expected to produce liquid-
liquid [62, 63, 66] or gas-liquid [67, 68] segmented flows with uniform droplet or
bubble sizes. Several attempts have focused on characterizing the rich dynamic
behavior of segmented microflows that also includes very irregular flow behavior.
The most common geometry to generate such a stream of segments is a simple
T-junction in which the disperse phase is injected from a side channel into the main
flow channel. Garstecki et al. [64] (see Section 1.3.1.1) demonstrated that droplet/
bubble formation in the squeezing regime can be described using a simple balance
equation. In this regime, the length of the droplet (or bubble) scales as

Lo 1% (1.4)

Wq Q.
where Q. and Qj are the flow rates of the dispersed phase and the continuous phase,
respectively, and W, is the width of the disperse-phase inlet channel. The propor-
tionality constants for this scaling relation depend on several aspect ratios of the T-
junction, but hardly vary with fluid properties. Because Ca < 1, the interface of the
forming bubble maintains the shape that minimizes the surface area, independent of
Ca. Geometry plays an important role, especially in non-round channels: van Steijn
et al. [86] demonstrated that significant leakage occurs past the forming droplet in the
gutters, which reduces the speed with which the interface is squeezed, leading to
longer droplets or bubbles in channels of near-square cross-section.

1.3.4
Susceptibility of Multiphase Flow to Pressure Fluctuations

In multiphase microfluidics, transient phenomena can be divided into fluctuations
that are flow induced (inside the channel) and induced by external fluctuations.
Kraus et al. [69] measured statistical properties (distribution of liquid slug and gas
bubble lengths) in segmented gas-liquid flow and documented the sensitivity to
external disturbances (e.g. syringe pump pressure fluctuations). Van Steijn
et al. [87] investigated such fluctuations in detail for low-velocity flow in a short
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channel. Under these conditions, the pressure jump associated with the release of a
droplet from the channel causes a significant pressure pulse that dominates all
other contributions.

External fluctuations that are induced by syringe pumps [69, 88] often translate into
time-dependent flow rates and potentially even changes in the flow regime. The
origin of such fluctuations during steady mechanical driving, as opposed to steady
upstream pressure, is related to fluid elasticity and is known as the “bottleneck”
effect [89, 90]. The start-up times that are caused by this effect can be surprisingly
long, even for liquid flow. Another contribution to long transients can come from the
flexibility of feed tubing [90]. Reinecke and Mewes [91] considered a compressible gas
section directly upstream of a segmented flow channel, which leads to fluctuations
that are proportional to the volume of that channel. Such fluctuations, which can take
a very long time to vanish during start-up, can be reduced by placing a high
hydrodynamic resistance in the gas feed directly upstream of bubble-generating
sections such as the above-mentioned T-junctions. De Mas et al. [18] created a
horizontally and vertically scaled-out microfluidic reactor with 60 parallel channels
that are each fed with gas and liquid through such a high hydrodynamic resistance, in
order to achieve a steady distribution of both phases (see also section 1.8).

1.3.5
Separation of Phases

Phase separation in macroscale equipment either uses density differences between
the two fluids to drive the separation, as in settlers, or these differences play an
important role in the technical layout of the separator, e.g. in distillation towers. In
macroscopic two-phase flow, length scales vary between the size of the apparatus and
the interface-dictated Laplace length scale (/0/(g-AQ)) of entrained bubbles or
drops. The former is often on the order of meters, whereas the latter is on the order of
millimeters. This significant disparity in length scales makes it virtually impossible to
separate macroscopic two-phase flows in a single step.

In microfluidic systems, however, gravitational body forces and associated density
differences are small and most separations are based on surface forces rather than
body forces. The equipment length scales shrink to values smaller than the Laplace
scale. Complete separation of multiphase microflows therefore becomes possibleina
single step. Glinther et al. [92] fabricated a gas-liquid separator as a capillary-based
system that separates mixtures of gases and wetting liquids, independent of flow
regime and at liquid flow rates varying over three orders of magnitude, between
~1ulmin~' and 2mlmin~" [50]. By wetting the capillaries, the liquid phase
prevented the gas from penetrating into the capillary matrix as long as the applied
pressure was less than the breaking pressure that is equivalent to the capillary
pressure, pe.p=3-10kPa. The applied pressure forced the liquid through the
capillaries separating the gas-liquid mixture. The capacity of the separator depended
on the size and number of capillaries. For typical synthesis conditions, the upper
demonstrated limit of 2mlmin~" corresponds to amounts typically produced in
200-1000 parallel multiphase reaction channels. Hibara et al. [93] demonstrated the
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separation of bubbly gas-liquid flows in a hydrophilic-hydrophobic patterned
microchannel network that was fabricated using a two-step photolithographic
wet-etching technique and had a breaking pressure of 1.1-7.7 kPa. The breaking
pressure determines the operating limit of the separator and hence the robustness of
the system to pressure fluctuations. Kralj et al. [94] extendet the gas-liquid seperator
design to liquid-liquid separations, using a membrane with a narrow pore size
distribution in place of a row of slits. For liquid-liquid separations, viscous pressure
losses are larger and interfacial tensions are generally lower, which requires smaller
feature sizes in order to obtain practical windows of operation. Instead of micro-
fabricating these features, Kralj et al. integrated a porous hydrophobic membrane
into the device.

1.4
Role of Channel Geometries

The previous section provided an overview of instabilities that lead to a rich variety
of different multiphase flow regimes that can be obtained in microchannel net-
works. Two-phase flow in well-defined geometries has been investigated in great
detail. A closer look reveals that many of the underlying theories were originally
developed either for an unbounded system (no channel walls) or for channels of
circular cross-section. Computational and theoretical studies favor round channels
in which only two-dimensional, i.e. axisymmetric, solutions are required. In
contrast, for many microfluidic channel networks the layout of the microchannel
network is lithographically defined in a 2D plane and then “extruded” into the third
dimension, either by etching the bulk material (e.g. dry etching in silicon, glass and
quartz) or by patterning the channel into a layer of negative resist (e.g. SU-8),
resulting in (near) rectangular cross-section microchannels with close to vertical
side-wall profiles. Dry etching tools are standard equipment in most university-
based or commercial microfabrication foundries for microelectromechanical
systems (MEMS).

Abrasive jet machining (AJM) [95, 96] and excimer laser-based ablation tools,
which require micromachined masks, are starting to become commercially available
and provide relatively high writing speeds. The resulting microchannels can
have very large aspect ratios and are characterized by slanted side-walls. The
deposition of debris at the surfaces close to the machined channel features can
be a point of concern for microfluidic devices during subsequent bonding. Femto-
second laser writing is very time consuming for microchannels that are relatively
large (>100 um wide and deep) but provides excellent smoothness of surfaces.

Channels that are patterned by isotropic etching have rounded corners in the cross-
section and channels that are patterned by KOH etching have a triangular or
trapezoidal shape.

Extrapolating theoretical predictions for axisymmetric studies to non-round
channels must be done with considerable care for multiphase microfluidics. For
bubbly flows the impact of channel shape is less important. In contrast, for droplet
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systems where the dispersed phase has dimensions comparable to the channel size,
the effect is considerable. The dominance of surface tension ensures that fluid- fluid
interfaces maintain smooth curvatures and conform poorly to the sharp micro-
channel corners. Figure 1.6a shows the influence of the microchannel cross-section
on microscale segmented flow for different capillary numbers. For the non-uniform
lubricating films and long droplets and bubbles, Wong et al. made theoretical
predictions for various polygonal channel shapes (Figure 1.6b) [97, 98]. A numerical
study was conducted by Hazel and Heil [99, 100]. Experimental confirmation of such

(d)

we b

Figure 1.6 Geometry of ducts, impact of cross-
sectional shape (a—c) and impact of bends (d—f).
(a) Relevant geometries in segmented flows,
including the shape of the menisci between the
channel wall and dispersed phase. The graph
shows what fraction of the cross-sectional area
the menisci fill for round and square channels, as
a function of Ca [104]. (b) Evolution of meniscus
shape in square channels [97]. The shape at the
front of the bubble is markedly different from that
at the tailing end. The numerical grid and
computed film shape and velocity field were

Gas

R Liquid
ho

obtained using a flexible-mesh finite element
analysis [99]. (d) In serpentine channels, the
inner film meniscus is thinner than the outer
meniscus, which can be analyzed using a
curvature-corrected lubrication analysis [105]. (e)
This difference in leakage breaks the symmetry of
the flow in the segments of the continuous
phase, enhancing mixing across the

centerline [106]. (f) A similar effect of mixing
enhancement, resulting in the chaotic baker’s
transformation mixing, is observed for the
dispersed phase [107].
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predictions is limited (e.g. [101-103]), especially for the low flow rates (Ca < 0.01) that
are predominant in microfluidic applications.

Apart from the microchannel cross-section, the impact of non-straight channels is
crucial, especially for mixing applications, where serpentine channels have been
shown to break symmetry and enhance mixing in bubbles [106]. Note that this
enhanced mixing is due to chaotic advection in Stokes flow. Dean vortices, i.e.
secondary flow patterns due to centrifugal inertia, are typically not a problem in low-
inertia (Re< 1) microfluidic applications.

Microchannels that are filled with packings, either randomly distributed by
packing the channel with particles or in a regular fashion by fabricating posts inside
the channels, show profoundly different behavior as compared with the multiphase
flows that we discussed previously. Figure 1.7 compares different configurations.
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A number of these references have yet to be introduced to the reaction engineering
community. For example, the range of conditions of current three-phase reactor
literature does not cover microfluidic flows. The study of flow in porous media,
relevant in oil recovery, is often more appropriate.

1.5
Experimental and Numerical Techniques

This section describes numerical and experimental means for the detailed charac-
terization of multiphase flows. Flow behavior is closely linked to the transport
processes of fluid mixing and axial dispersion and therefore affects the yield of
chemical reactions performed in microchannel networks. Integrated multiphase
flow sensors are potentially important for observing and controlling microreactor
performance during continuous operation.

1.5.1
Numerical

Surface tension-dominated flow are challenging numerically because of the Laplace
boundary condition at the interface. This makes the shape of the interface part of
the solution. One can use a flexible mesh that deforms to satisfy the boundary
conditions [99, 113-116]. Such simulations can also be performed using commer-
cially available codes [54, 117] and give good agreement with theory. The drawback
of flexible mesh methods is that they are less suited for problems that involve
droplet or bubble breakup or merger. An alternative to a flexible mesh is to use a
rigid grid and to track the interface movement, using so-called front-tracking
codes [118, 119]. Phase-field methods [120, 121] use a phase order parameter to
indicate the location of interfaces and are particularly well suited to study breakup
and coalescence phenomena using a finite thickness of the interface. Fan and
co-workers [122] used lattice-Boltzmann (LB) methods, a kinetic gas theory-based
approach, to simulate a flow-focusing device and found good agreement
with experiments. Volume-of-fluid (VOF) methods, finite-volume methods that
keep track of the volumetric fraction of each phase, are often used in commercial
codes such as Fluent, e.g. Qian and Lawal modeled segmented flow in a
microchannel [123].

1.5.2
Experimental

The dynamic nature of multiphase microflows imposes unique requirements on the
time resolution of the flow characterization techniques. Table 1.1 summarizes
different experimental techniques for characterizing microscale multiphase flow
and also the spatial and temporal measurement resolutions. Intrusive measurement
probes are generally not an option for micro- and nanofluidic systems.
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Table 1.1 Experimental techniques available to study multiphase
flow in microsystems with their spatial and temporal resolution

[50].
Spatial Spatial Temporal

Technique dimension resolution resolution

Brightfield microscopy [63] 2D ~1um 0.2-33ms, 18ns
(stroboscopic white
light source)

Fluorescence microscopy 2D ~1um 33ms, 7ns
(pulsed Nd:YAG/YLF
laser)

Confocal microscopy 2D/3D* ~1pm ~500ms (2D), ~1min
(3D), ~70ms (2D),

2D/3D" ~1um 0.1-1min (3D)

Transient magnetic 2D/3D 800 pm 150 ms

resonance

imaging (MRI) [128]

X-ray tomographic 2D/3D 1.1-4pm 30-90 min (3D)

microscopy 2D/3D <100 nm

(XTM) [129-131]

Total internal reflectance 1D ~200 pm 0.1-1ms

sensing [18, 69]

IR and conductivity 1D Distance between 0.1ms

sensing [132] probes 10 mm

“Scanning confocal microscope.
bSpinning disk confocal microscope.

1.5.2.1 Brightfield Microscopy

The most often used imaging technique requires direct optical access to the
microfluidic network. A popular option is to use bright field microscopy and a
sufficiently short camera shutter time. At high flow velocities of ~0.1 cm s, relevant
to rapid gas-liquid reactions (direct fluorination [17, 18], oxidation reactions) and for
studying reaction kinetics in segmented flows at millisecond time scales [124],
obtaining sharp images at a spatial resolution of ~1 um therefore requires a shutter
time of 0.1 ms. Digital cameras that acquire several thousand frames per second are
often used to record fast transient events such as microdroplet formation and
breakup [63, 124]. For camera shutter times below 10 ms, image quality can generally
be improved if the continuous light source of a microscope (typical power 100 W) is
replaced by a stroboscopic source (Figure 1.8a).

1.5.2.2 Fluorescence Microscopy

If atleast one of the liquid phases is fluorescently labeled with an organic dye or with
semiconductor nanocrystals (e.g. CdSe quantum dots [125]), fluorescent microscopy
reveals the phase distribution, the shape of the fluid interphase or the local species
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Figure 1.8 Experimental techniques for microspheres. Cross-correlating two subsequent
characterization of microscale multiphase flows. fluorescent micrographs allows to obtain velocity
(a) Time series of images from brightfield vector fields (UPIV). (d) 3D reconstruction of the
microscopy using a 25 m| flash (100ns) asa  phase distribution as obtained from scanning
white light source. Gas-liquid flows at high confocal measurements in annular gas-liquid
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segmented microflow is fluorescently labeled.  based, scalable flow regime sensor [69].
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concentration inside one phase in a multiphase microfluidic network (Figure 1.8b).
However, for time-dependent microflows (e.g. bubble and droplet flows), the light
intensity required for fluorescent images to be sharp is often too small to use
continuous light. At bubble/droplet velocities of 0.1 ms ™!, an exposure time of less
than 100 ns is required to reduce image distortions below 10 um. Pulsed solid-state
lasers (Nd:YAG, Nd:YLF) with very short pulse durations (~10 ns) are useful for this
task and synchronized to intensified CCD or CMOS cameras. The entire micro-
channel depth is illuminated and the collected fluorescence information is integrated
over the entire channel depth, h (Figure 1.8D).

1.5.2.3 Particle Tracking and Particle Image Velocimetry

Seeding at least one liquid phase with fluorescently labeled microparticles
(Figure 1.8c) allows an image plane within the liquid phase to be selected with a
depth of focus & that corresponds to the magnification, M, and numerical aperture,
NA, of the microscope objective. Particles located within & produce sharp images
whereas those located outside appear blurred and at reduced intensity. Inoue and
Spring [126] estimated the total depth of field as a sum of the depth of field due to
diffraction and geometric effects:

n\ ne

S=a "M naA

(1.5)
where n is the refractive index of the immersion medium between the microfluidic
device and the objective lens, A is the wavelength of light in a vacuum, NA is the
numerical aperture of the objective lens, M is the total magnification of the system
and e is the smallest resolvable distance at the image detector [126, 127].

Typical values for & in microscale particle image velocimetry (LWPIV) measure-
ments are between 0.5 and 5 um. The technique determines velocity vector fields
within the depth of field by locally cross-correlating two successive particle images
and thereby determining the local displacement of the seeding particle
images [127, 133]. Applying uPIV to the disperse phase in multiphase systems is
generally a challenge due to the different refractive indices and refraction of light at
curved fluid interfaces. Effects that are particularly pronounced for microscale
gas-liquid flows (water—air has a refractive index ratio of 1.333 compared with
1.01 for water—perfluorodecalin). The dominance of surface tension and the regu-
larity of interfaces (microbubbles/drops) in microscale flows are advantages and
make PIVa much more suitable technique to study microscale multiphase flows than
in the macroscale case.

Observations are unaffected by refraction at the fluid interface for measurements
in the continuous fluid phase, but they are affected if the velocity is determined in
the discrete phase (velocity field inside microdrops). Image resolution close to the
microchannel walls and in the proximity of the fluid interface is limited by
reflections and aperture effects, regions that should be masked before performing
the cross-correlation. Several UPIV results have been obtained in segmented
gas-liquid flows [50, 80, 86]. For steady or periodic flows, two-dimensional velocity
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fields can be reconstructed by successively obtaining velocity fields in different
image planes.

1.5.2.4 Confocal Microscopy

The technique excludes out-of-plane information in fluorescence measurements and
allows, for steady systems, three-dimensional information to be acquired slice-by-
slice. It is therefore often the technique of choice to obtain local intensity measure-
ments for steady microscale flow and transport problems. However, for multiphase
microfluidic systems, poor temporal 3D resolution often limits the applicability of the
technique. The confocal technique is available in scanning confocal microscopes, in
which one confocal laser beam scans the image plane line-by-line and the intensity is
collected in a photomultiplier tube and in spinning (Nipkow) disk microscopes [134],
in which an array of confocal beams scans the image plane. Imaging one image plane
with the spinning disk technique is often limited to a single color and typically takes
<70 ms. Scanning confocal microscopes can simultaneously scan multiple wave-
lengths, but their time resolution of ~1s per plane is relatively slow. For time-
dependent measurements, e.g. to study transport processes in segmented flows, the
first technique is often preferred. At low flow rates of liquid-suspended fluorescent
particles, the time resolution of the spinning disk technique is even sufficient to
cross-correlate subsequent image frames and perform PIV [135].

1.5.2.5 Flow Sensors

Microscopy often implies an expensive means to characterize flows, in particular for
(routinely) observing flow regimes highly parallel (scaled-out) multiphase micro-
fluidic networks. Therefore, there is interest in the availability of scalable and non-
intrusive sensor concepts that can be integrated in a variety of microfluidic devices
without major design modifications, provide basic flow characterization and serve as
monitoring tools, e.g. to determine whether channels are plugged or distinguish
between segmented an annular regimes. Wolffenbuttel et al. [132] combined IR
absorption with a capacitance sensor to analyze gas-liquid—solid flows and Kraus
et al. [69] used total internal reflection (TIR) of laser light at a fluid interface to
characterize flow regimes at up to 10kHz (Figure 1.8e). The latter measurement
system was then integrated in a multilayer, multichannel device to demonstrate its
scalability and application in situations where direct optical access to the flow channel
was not available [18].

1.5.2.6 Magnetic Resonance Imaging

Tomographic techniques are powerful but expensive tools to obtain flow regime
information in microfluidic networks, particularly where direct optical access is not
available, e.g. in multilayer stacked microreactors or inside microstructured reaction
channels. Magnetic resonance imaging (MRI) is currently used for characterizing
single- and multiphase flows inside parallel flow channels of monolith reactors. The
single excitation multiple image rapid acquisition with relaxation enhancement
(SEMI-RARE) technique reported by Gladden’s group [128, 136] provides a temporal
resolution of 156 ms and a spatial resolution of 371 x 782 um (at an image slice
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thickness of 800 um). Although the spatial and temporal resolution of current MRI
systems is limited, the technique is very promising for basic flow regime studies in
scaled-out microreactor units.

1.5.2.7 X-ray Tomography

High spatial resolution phase distribution measurements in microchannels can be
achieved with X-ray projection imaging or by X-ray tomographic microscopy (XTM)
using synchrotron radiation. XTM capabilities are installed at several beamline
facilities and provide a spatial resolution of ca. 4um for a 10mm?® measuring
volume [129, 130]. The temporal resolution can vary significantly anywhere from
several seconds (in the case of projection imaging) up to several hours (for
tomographic reconstruction), depending on the detail of reconstruction, the tolerated
noise level and the absorption in wall surfaces. Synchrotron XTM is a powerful
technique that is often used to characterize microstructured materials, e.g. the
microstructure of bone, the microvascular network [137], condensed soft matter and
biological cells [131], and has previously been applied to multiphase flow studies in
porous materials [138]. State-of-the-art systems for cellular applications can achieve a
spatial resolution below 100nm. A general fabrication challenge for transient
synchrotron XTM measurements is to reduce absorption from side-walls, e.g. by
confining the multiphase flows studies between ~100 nm thin SiN channel walls.

1.6
Annular and Stratified Two-phase Flows

For annular flows, all microchannel walls are covered with continuous thin layers of
liquid, where the core of the channel is filled with either a gas or a second, immiscible
liquid. Wetting properties of the microchannel wall are of key importance, particu-
larly atlow flow rates. The film is preferentially formed by the wetting fluid [67]. Stable
annular flows are formed at high superficial velocities and a flow rate of the film phase
thatis significantly lower than that of the core phase. Atvery high flow rates of the core
phase, the interface is susceptible to interfacial instabilities and forms waves that
disintegrate into more complex phase distributions. Atlow flow rates, capillary forces
vastly dominate over viscous or inertial forces, conditions that favor the formation of
segmented flows. Annular flows have found a range of different applications in
microreactor research. Non-catalytic gas-liquid reactions, e.g. direct fluorinations,
have been performed either under annular flow conditions or close to the transition
line to segmented flows [18, 23, 88, 139].

Instabilities of a fluid—fluid interface can be prevented by patterning the internal
surface of a microchannel to create hydrophilic and hydrophobic paths [43]. Capillary
forces can then be used to create precisely controlled vertical interfaces or “virtual
walls” between two immiscible fluids with different wetting behavior [140]. Such
pinned interfaces result in large interfacial areas for efficient mass transfer between
the two phases and have previously been used for microfluidic extraction in co-flow
and cross-flow configurations [93]. Kenis et al. have guided miscible liquids in
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microfluidic networks and used the technique for selectively patterning sections of
the microchannel [141]. The same group created an “air breathing” fuel cell by
confining thin sheaths of a liquid between two bounding gas streams [142].

1.7
Droplet and Bubble Flows

The formation of droplets and bubbles in a continuous phase has attracted attention
ever since Lord Rayleigh in 1879 studied the breakup of fluid jets [43, 143] and Taylor
investigated stability criteria of droplet/bubble formation [144]. The most common
flow patterns in microfluidic reactor applications involve discrete bubbles or droplets.
Droplets can be generated at moderate to high frequencies in passive microfluidic
systems where Rayleigh or Rayleigh—Plateau instabilities (e.g. Figure 1.4a) govern
droplet formation, with an upper limit of about 1-10 kHz. Droplets range in size from
less than 1 um for ultrasound contrast agent applications to the large segmented-flow
droplets that span the entire cross-section of a microchannel. Active microfluidic
systems that rely on an external forcing frequency to induce droplet breakup are often
based on acoustic streaming and have demonstrated the production of 24 um
droplets at a rate of 34.7 MHz (Figure 1.4e) [77, 145].

In microreactor applications, the segmented flow pattern (Figure 1.3) is most
common. Here, discrete droplets behave as separate reactor vessels that are con-
vected along in the microfluidic network by the continuous carrier liquid. Similarly,
the longitudinal dispersion of the continuous phase can be suppressed by the use of
discrete droplets or bubbles of the segmenting phase.

1.7.1
Lubrication Analysis

The understanding of segmented flow in capillary channels begins with two now
classical papers from the Cavendish Laboratories in Cambridge, published in 1961.
In the first paper, Taylor [146] postulated the main features of the possible flow
patterns, introducing the recirculating vortex in the slug, separated from the film
attached to the wall. In later studies, these features of segmented flow were confirmed
using photographs and particle image velocimetry [80, 147-149]. The second paper,
by Bretherton [150], used lubrication analysis for the transitional region where the
film is formed, i.e. between the spherical front of the bubble and the flat film far
behind the front. Lubrication theory was originally developed to explain why no solid-
to-solid contact occurs in bearings due to the motion of a lubricating viscous fluid. In
segmented flow, the thin film prohibits gas-to-solid contact rather than solid-to-solid
contact; the same mathematical treatment of the equations of fluid motion as
developed for bearings may be used.

Here only a condensed scaling analysis from Aussilous and Quere [151] is given.
The front of the bubble may be regarded as spherical with radius r and the Laplace
pressure difference across the gas-liquid interface is given by Ap = 2y/r, provided
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that the film thickness & is small (3 < 7). In the region of constant film thickness, the
curvature in the axial direction vanishes and here the Laplace pressure difference is
given by Ap =1y/r. A balance of the viscous force and the pressure gradient in this
transitional region yields

L (1.6)

where A is the length of the transitional region between the spherical and flat
interface. This length A is unknown, but we can estimate it by requiring that the
Laplace pressure is continuous at the interface or, in other words, that the curvature of
the spherical part matches the curvature at the end of the transition region:

———~ =22 (1.7)
or L=./(8r), which yields the now classical scaling rule §/r~ Ca*”>. The more
rigorous analysis of the full Navier—Stokes equations in the transition region at the
front and the back of the bubble by Bretherton yielded the constant of this scaling
rule for round channels: 8/r = 0.66 Ca*. At high values of the capillary number, the
approximation that § <7 no longer holds [151] and the film thickness has an
asymptotic constant value for high Ca. This asymptotic value, &~ 0.4r, was first
reported by Taylor [146].

To estimate the film thickness, an analysis of the front of the bubble suffices. Apart
from the film thickness, the matching method also yields the pressure difference
between the nose of the bubble and the film. A similar analysis can be made for the
rear of the bubble, to give the pressure difference between the film and opposite tip of
the bubble. Adding the two pressure differences gives an expression for the pressure
drop over the bubble:

AP _ 5 16(3Ca)? (1.8)

/T

The theory of Bretherton agrees nicely with experimental data for low Ca. For other
geometries, the values of the proportionality constant changes [97-99, 101, 152-154],
but the scaling rules remain valid.

The lubrication analysis presented above does not include the effect of inertia,
which readily becomes significant for low-viscosity liquids. Inertia has been taken
into account in a scaling analysis [151], in numerical studies [54, 114-116, 155] and in
experimental pressure drop measurements [54]. Apart from inertia, Marangoni
effects, i.e. the gradients of surface tension on the interface due to gradients in
temperature or surfactant concentration, can significantly change the film thickness
and pressure drop over a bubble. Bretherton estimated the maximum effect of
Marangoni convection by repeating the analysis for the front and rear of the bubble,
but now with a no-slip boundary condition on the interface instead of a non-shear
boundary condition. This did not invalidate the Ca?l3 scaling rule, but the numerical
values for the pressure drop and film thickness were a factor of 4*/> higher than those
for a clean, non-rigid interface. The full analysis of these Marangoni effects is much
more complex [156-163] and is not discussed here.
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1.7.2
Pressure Drop in Segmented-flow Microfluidic Networks

At the small capillary numbers associated by most microfluidic applications, the
pressure drop over a bubble is significant with respect to the viscous losses in
the continuous liquid. For single-phase laminar flow, velocity and pressure drop are
linearly related and the pressure drop is proportional to the length Az of the channel.
For segmented flow, the pressure drop also contains a term that depends on n, the
number of segments (i.e. bubbles or droplets) in that channel. For round channels,
the two terms are

Apvisc = 32%%; pseg = 15;32%”
These two terms are written as a function of the viscous scale (L UJd) to facilitate a
comparison. For most microfluidic systems, Ca<107> or Ca~'/>>10 and the per-
segment pressure drop is >10*(uU/d), which may be compared with the pressure
drop in the continuous liquid between the segments of 32(1wU/d) per distance of a
channel diameter. One has to be careful when using a linear circuit model (Ap ~ U) of
hydrodynamic resistances [29] for reactor design, because the per-segment term also
depends non-linearly on the velocity through the Ca™'/* factor.

(1.9)

1.8
Practical Aspects of Microfluidic Networks

1.8.1
Parallel Scaling

In this section, we describe how segmented flow properties can be achieved in
scalable multiphase microfluidic networks that are independent of internal (flow-
related) and external (e.g. pump-related) pressure fluctuations. A desired feature of
microchemical systems is the ability to replicate flow, transport and reaction
conditions from a single microchannel to many, ideally infinitely many, parallel
microchannels. This process is often referred to as scaling-out. The concept stands
in contrast to scale-up procedures for large-scale equipment in which reactor
design and dimensions are increased through a series of time-consuming steps.
The following requirements therefore exist to achieve scalable multiphase
microsystems:

e equal distribution of multiphase flow properties and prevention of “cross-talk”
across a large number of parallel flow channels;

e minimum adverse multiphase flow effects influenced by external or upstream
pressure fluctuations (caused either by subsequent multiphase processing steps or
by fluctuations in single-phase feed lines);

« prevention of cross-talk between several single-phase and/or multiphase systems
that are operated in line.
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In Sections 1.2 and 1.7, we have seen that the formation of gas-liquid and
liquid-liquid segments is a dynamic phenomenon depending on the flow rates of
the two phases (Figure 1.5b and c), the wetting properties of the channel walls and the
inflow geometry. Within the segmented flow regime, the time-dependent nature of
droplet/bubble breakup causes the flow behavior to be sensitive to external pressure
fluctuations. This influence is particularly pronounced at the low flow rates and
pressure drops that are typical for segmented gas-liquid flows for liquid-phase
reactions. Significantly improved flow regularity was achieved if pressure drop
channels were included for all single-phase feed streams [18, 50]. At low flow rates,
flow uniformity was achieved if the pressure drop in the single-phase feed lines
dominated significantly over the two-phase pressure fluctuations.

Various sources of unstable flow have been discussed in Section 1.3.4. These
fluctuations can be reduced if flow restrictions are incorporated in the single-phase
feed streams such that the pressure drop across each the feed stream is at least
one order of magnitude larger than across the multiphase flow (reaction) channel.
Undesired external pressure variations and the time-dependent pressure drop
across the multiphase reaction channel are then sufficiently damped and no longer
cause significant inequalities in the flow rates through different channels (mal-
distributions) — an important condition for obtaining robust, scalable multiphase
reaction networks. The presence of individual pressure drop channels also avoids
undesired communication between neighboring flow channels, which can other-
wise lead to gas and liquid periodically switching between adjacent channels [88].
de Mas et al. designed and fabricated a 60-channel, three-layer (20 channels per
layer) gas-liquid reaction platform as a scalable unit [18]. Integrated flow regime
sensors confirmed the replication not only of bulk flow rates for gas and liquid, but
also of statistical multiphase flow properties (slug lengths and frequencies) across
individual channels and reaction layers. Giinther et al [50] previously illustrated the
realization of the pressure manifold feeding concept in a soft-lithographically
patterned microfluidic network that provided very regular segmented flows in the
multiphase flow channels at superficial velocities of several millimeters per second
that correspond to reaction times on the order of minutes that are required for, e.g.,
nanoparticle synthesis and for on-chip cell lysis.

In contrast to gas-liquid systems, the preferred flow conditions of segmented
liquid-liquid flows generally correspond to significantly higher flow rates (often by at
least one order of magnitude), and hence to larger pressure drops. Correspondingly,
the two-phase pressure drop is much larger in those systems. In this case, external (e.
g. syringe pump-induced) pressure fluctuations can assumed to be independent of
flow rate. Pressure fluctuations associated with the formation of segmented flows
have also been shown to be independent of Ca [64]. In many liquid-liquid systems,
pressure fluctuations are therefore small compared with the two-phase pressure
drop; and regular segmented flows can often be obtained even without separate
pressure-drop channels present. Simultaneous droplet production was demonstrat-
ed by Sugiura and co-workers [66, 164] in a silicon-based microfluidic device that
contained 150 parallel orifices. Li et al. [165] recently used the flow-focusing method
in a soft-lithographically patterned four-channel microreactor.
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Even though an impressive number of multiphase transport and reaction studies
have to date been performed in microfluidic systems, their robust linear and serial
integration is only starting to be explored. Present limitations are related to the lack of
robust chip-to-chip interconnections and to unit operations (e.g. segmented flow
channels, separators and extractors) with fairly narrow sets of flow conditions
(throughput, temperatures and pressures). Sahoo et al. [166] demonstrated linear
integration for multistep chemical synthesis with subsequent reaction and phase
separations. Expanding these operational conditions will be an important step
towards integrated multiphase microfluidic platforms.

1.8.2
Using Multiphase Flows for Controlling Fluid Paths

Integrated microreaction solutions often require fluid pathways on a chip to be
altered between different reaction, separation and detection steps. A variety of active
valves for fluid control were previously developed in polymers using soft-lithographic
techniques [167-169] and, based on metals and silicon, in the MEMS community.
Most of these solutions, however, pose significant challenges with respect either to
the chemical and thermal compatibility required for many microchemical systems or
to fabrication cost and ease of integration.

Passive means of altering fluid pathways that rely solely on the dominance of
interfacial forces in microscale confinements have the potential to offer robust and
passive solutions. A number of solutions for capillary-based pumping [170, 171] and
flow separation [80, 92, 93] were previously demonstrated. More recently, logic
elements such as AND, OR and NOR gates, a toggle flip-flop, a ripple counter, timing
restoration and a ring oscillator were realized by bubble motion in microfluidic
networks [172, 173] and might offer a passive alternative to active fluid control
elements in future designs of integrated microfluidic reaction platforms.

List of Symbols and Abbreviations

dy Hydraulic diameter, = 4AT ! (m)

dp Particle size (m)

e Smallest resolvable distance (m)

g Gravitational acceleration (ms™?)

h Microchannel depth (m)

H Microchannel height (m)

Jo Superficial velocity of gas phase (ms™?)
Ju Superficial velocity of liquid phase (ms™)
L Length scale (m)

Ly Bubble length in flow direction (m)

Ly Droplet length in flow direction (m)

Lg Slug length in flow direction (m)

M Magnification
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Abbreviations

Refractive index or number of bubbles/droplets
Numerical aperture

Pressure (Pa)

Capillary pressure difference (Pa)

Volumetric flow rate of the continuous fluid phase (m)
Volumetric flow rate of the dispersed fluid phase (m)
Coordinate in radial direction (m)

Tube radius (m)

Time scale (s)

Velocity (ms™)

Velocity of the dispersed fluid phase (ms™")
Microchannel width (m)

Cartesian (streamwise) coordinate (m)

Cartesian coordinate (m)

Cartesian coordinate (m)

Film thickness or depth of field (m)

Interfacial tension (N/m)

Wetted perimeter =2(W + H) (m)

Interface curvature (m ™)

Wavelength of light or length of transitional region at the gas-liquid
interface of a bubble inside a microchannel (m)
Absolute viscosity of the continuous fluid phase (Pas)
Absolute viscosity of the dispersed fluid phase (Pas)
Fluid density (kgm )

Particle density (kgm )

Density difference between the two fluid phases (kgm )
Interfacial tension (Nm ™)

Gas-liquid—solid contact angle (°)

Dimensionless Groups

Bo
Ca
Re
We

Bond number = (Ap)gdic"
Capillary number = pUyo ™"
Reynolds number = We/Ca = Ugpdypu ™"
Weber number = p Ujdpo !

Abbreviations

AJM
CCD
CMOS

DNA
DRIE

Abrasive jet machining, micromachining method

Charge-coupled device, chip architecture for digital cameras
Complementary metal-oxide—semiconductor, chip architecture for
digital cameras

Deoxyribonucleic acid

Deep reactive ion etching, high-aspect ratio dry etching method
for silicon
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Particle image velocimetry, whole-field velocity measurement technique

Polydimethylsiloxane, popular structural material for the fabrication of

Volume of fluid method, numerical method for the treatment of

EWOD Electrowetting-on-dielectric
IR Infrared
KH Kelvin—-Helmbholtz flow instability
KOH Potassium hydroxide etch, silicon wet etching method
LB Lattice-Boltzmann numerical method
MEMS Microelectromechanical systems
MRI Magnetic resonance imaging
PIV
PDMS
microfluidic devices based on soft lithography
RTD Residence time distribution
TIR Total internal reflection-based measurement technique
VOF
multiphase systems
XTM X-ray tomographic microscopy
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