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Fast mixing is essential for many microfluidic applications, especially for flow at low Reynolds numbers. A capillary tube-
in-tube coaxial flow setup in combination with a glass microreactor was used to produce immiscible multiphase segments.
These double emulsion segments are composed of an organic solvent as the shell (outer) phase and a completely fluorinated
liquid (Fluorinert® FC-40) as the core (inner) phase. Due to the higher density of the core droplets, they are responsive to
changing their position to the force of gravity (g-force). By gently shaking or jiggling the reactor, the core drop flows very
fast in the direction of the g-field without leaving the shell organic phase segment. Furthermore, by shaking or jiggling the
reactor, the inner droplet moves along the phase boundary of the shell segment and continuous phase. Computational fluid
dynamics (CFD) calculations show an enhancement of the internal circulations, i.e., causing an exceptional mixing inside of
the shell segment. For reactions which are limited by mass transfer, where the conversion significantly increases with
improved mixing, these recirculation zones are decisive because they also accelerate the mixing process. With a common
phase-transfer catalytic (PTC) etherification of phenol with dimethyl sulphate, a remarkable increase of yield (85% gas
chromatography [GC]) could be achieved by applying active mixing within a segment in continuous flow.
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1. Introduction

Continuous processing in combination with segmented and/or
droplet flow microfluidics opens up new ways for process control
for a wide variety of reactions in different research fields like organic
and inorganic chemistry, biochemistry, analytics, and medicine [1].

When a homogeneous Newtonian fluid flows in the regime of a
laminar steady flow through a channel or a capillary of a micro-
reactor, a parabolic flow profile with maximum velocity along the
center axis of the capillary is formed. Therefore, single-phase
reactions performed in microflow are always heterogeneous in
regard to residence time, even for enhanced convection and diffu-
sion. This broadening of residence time distribution can be mini-
mized by the encapsulation of reagents within droplets or segments.
The precise control of segment volumes, their composition, the
temperature, and, optionally, the pressure is very important and
allows chemical reactions to be performed under very defined
conditions, in particular with well-defined residence times. There-
fore, each segment can be assumed to be an isolated reactor [2–4].

If droplets or segments are flowing inside a microchannel, they
change the Poiseuille-like flow profile through the presence of an
interface. Certain fluid elements within a segment move with a
greater velocity than the droplet itself does. These elements are
forced to change their direction upon arriving at the phase boun-
dary. This is the reason for the formation of recirculation zones
inside a dispersed phase as well as in the continuous phase [5–7].
The number and shape of these recirculation zones are complex
and depend on the viscosity ratio between continuous and dis-
persed phase, the channel aspect ratio, and the capillary number
[6, 8]. Such flow profiles were shown experimentally by using
microparticle image velocimetry [9, 10]. These vortices are
axially symmetric with respect to the center axis of the capillary
in the case of segments moving through straight microfluidic
channels. Thereby, the streamline patterns inside of such a seg-
ment are often described as two axisymmetric hemispheres
above and below the centerline in a 2-D cut. The mixing quality
strongly depends on how these vortices are distinct.

By using a meander-shaped microchannel, a periodical stream-
line crossing within the segments could be achieved which results
in chaotic advections. These advections stretch and fold the fluid
volume. Therefore, the diffusion pathways are shorter and the time
needed to reach a homogeneous mixture inside the segment
decreases. By generating further recirculation zones or reinforcing
the existing ones, the mixing can be accelerated [2]. Another
example for gaining uncommon enhanced mixing was achieved
through the generation of thermos-capillary flows produced by a
focused laser [11].

In this paper, a method for accelerating the mixing in micro-
segmented flows by using highly structured segments consisting of
two different fluids is introduced. Double or multiple emulsions
offer the possibility to perform multiphase reactions inside of a
microsegment. Several publications present possibilities for gener-
ation of different double and multiple emulsions by using capillary
microfluidic devices [12–15]. A system composed of three differ-
ent immiscible liquid phases, one representing the continuous and
the other two the dispersed phases, depending on interfacial ten-
sions of the fluids, can form multiple droplets or segments in
which one dispersed phase completely engulfs the other dispersed
phase. The possible structures and stabilities of such systems are
well described in literature [16].

Multiple segments, composed of an organic solvent as the shell
(outer) phase and a fully fluorinated liquid as the core (engulfed)
phase, were used as a double emulsion. These shell–core segments
are dispersed in water, which represents the continuous phase. Due
to the higher density of the core droplets, they are responsive to
changing their position in alignment with the direction of gravity
force (g-force). This additional movement of the core droplets
significantly increases the mixing inside the organic phase.

The change of the core droplet position relative to the direction
of the g-force can be done in two different ways, a passive and an
active one. The passive way can simply be accomplished by using
a microchannel unit with tortuous microchannels and placing it
perpendicularly to the ground so that the liquids within the capil-
lary are periodically flowing in the direction of the g-force or vice
versa against it. To produce an active procedure, the microchannel
unit is mounted on a plate performing slightly oscillatory move-
ments. Different flow patterns of the inner drop, like jiggling or
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circling movements, could be observed as a response to a gentle,
but periodical change of the inclination angles of the reactor, while
the continuous phase continues to travel within the flow direction.
Consequently, the additional motion of the core liquid produces
additional advections in the surrounding segment.

2. Experimental

2.1. Chemicals and Equipment. To prepare multiple drops,
the following chemicals were used: Fluorinert® FC-40 (Sigma-
Aldrich); a colorless, thermally stable, fully fluorinated liquid used
as the core phase. The dispersed organic shell phase consists of
either toluene 99.8% or cyclohexane 99.5% (both Sigma-Aldrich).
Deionized water was used as the aqueous, continuous phase either
pure or with 5.0 wt.% poly(vinyl alcohol), molecular weight
13,000–23,000; 87–89% hydrolyzed.

For better visualization of the effects, the organic shell phase
was colored yellow or red with SUDAN I or SUDAN III (Sigma-
Aldrich) and the continuous phase, with commercially available
ink for inkjet printers (cyan refill, HAMA). All dyes are only
soluble in the phase in which they were dissolved. The fluorinated
phase was left colorless. The influence of core droplet shaking on
the mixing efficiency and, therefore, on the chemical reaction
speed, benzyltriethylammonium bromide, sodium hydroxide, phe-
nol, and dimethyl sulphate (all from Sigma-Aldrich without further
purification) were used in a phase-transfer catalytic (PTC) reaction.

For fluid delivery, Harvard Apparatus 11 Elite® syringe pumps
were used in combination with Hamilton Gastight® syringes. In
addition, for performing the PTC-reaction, a pressure driven flow
control system (FLUIGENT Deutschland GmbH) was used to
ensure long-run undisturbed continuous flow. For side-to-side
movement of the core droplet, a home-made shaker was used,
while for circular wobbling movement, a conventional Heidolph
shaker Duomax 1030® was applied.

For the construction of the double emulsion unit, the following
three capillary tubings were used: core capillary, PEEK, with an
outer diameter (OD) = 360 μm and an inner diameter (ID) =

150 μm; middle capillary, FEP, OD = 1/32″, ID = 500 μm; and
outer capillary, PTFE, OD = 1/16″, ID = 1000 μm. All capillaries
were purchased from Chromatographie Handel Müller, Germany
(http://www.c-h-m.de) T-junctions: Valco-T, (Valco Instruments
Co. Inc., (www.vici.com) with 1000 μm diameter borings. The
used glass devices are as follows: (1) delay time unit type LTF-V,
a round channel with an inner diameter of 1000 μm and 20 cm
length, purchased from Little Things Factory GmbH; (2) glass
chip providing long residence time, 1000 μm square-shaped
channel and 240 cm length, purchased from Invenios Europe
GmbH. The product mixtures were investigated by gas chroma-
tography measurements (Varian GC 3900, C-18 standard col-
umn), versus biphenyl as internal standard.
2.2. Setup. The unit for the processing of multiple segments is

constructed as a modular capillary microreactor consisting of two
commercially available stainless steel T-junctions with 1000 μm
inner diameter borings. These two T-junctions are necessary in
order to connect three different types of capillary tubings and to
achieve a coaxial-flow configuration (see Figure 1).

Straight through the 1st T-junction, the inner capillary, i.e., the
one with the smallest outer diameter, was inserted and attached
by a fitting at one entry of the 1st T-junction. The inner capillary
is pushed into the middle capillary, i.e., the middle capillary is
slipped over the inner one. The two now leave the 1st T-junction
together, and the middle capillary is attached by a fitting at the
exit of the T-junction. The resulting tube-in-tube configuration
also enters the 2nd T-junction in a straight manner and is again
attached at the entry. The outer capillary is added to the already
existing tube-in-tube configuration of the middle and inner capil-
lary. This is possible due to the inner diameter of the outer
capillary (1000 μm) being wider than the external diameter of
the middle tubing. The outer capillary is attached also by a fitting
at the exit of the 2nd T-junction, and the three tubes now form a
tube-in-tube-in-tube configuration. This configuration ensures a
coaxial flow of three immiscible liquids. The length of the outer
tube is considerably shorter than that of the two inside (magenta
in Figure 1), and the outer diameter has to fit the subsequent
following glass device. It is of utmost importance for a

Figure 1. A: Schematic illustration of the double emulsion processing unit setup. Core droplet = FC-40 (magenta), shell segment = organic phase
(orange), continuous phase = water (blue). B: coaxial flow unit in more detail: the outer diameter of the middle capillary is about 800 μm to ensure tight
connection with devices providing channel sizes >800 μm
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reproducible formation of double emulsion segments that the
inner and the middle capillary are perpendicular by cut to the
same length.
2.2.1. Double Emulsion Segment Generation. The coaxial

capillary microreactor setup described above allows preparation of
aqueous phase/organic phase/FC-40 double emulsions. By inject-
ing the immiscible fluids in the capillaries, a continuous and uni-
form flow of monodisperse double-emulsion droplets is formed at
the tip of the middle/inner capillaries by a dripping mode.

Due to absence of surfactants in the continuous phase, the shape
of the shell fluid depends on the inner channel diameter, the surface
tensions of the liquids, the viscosities, and the applied flow rates.
By adjusting the flow rates carefully, circular shell droplet could be
achieved, but for practical reasons, shell segments are preferred
(see Figure 2). Different sizes and compositions of shell and core
fluids (droplets/segments) can be adjusted by changing both flow
rates independently. For example, keeping the sum and the flow
velocities of organic shell- and perfluorinated core phases constant
but increasing or decreasing the ratio between them, the size of the
core droplet can be adjusted as required. Stable double emulsions
could be achieved with flow rates of 20 to 5 to 1 (continuous/shell/
core phases). Advantageously, the generation of monodisperse
double emulsions could be observed at low as well as high overall
volume flow ranging from μL/h to mL/min. With this method,
microfluidics for chip applications as well as for chemical syn-
thesis in the microscale are possible.
2.2.2. Passive Mixing Inside a Double Emulsion Segment.

To obtain a better mixing in the organic phase of the shell
segment, while flowing through the channels, the core droplet
can be used as an active mixing element. This can be achieved
by forced movements of the core droplet which induces addi-
tionally chaotic advections.

The simplest way is to place tortuously shaped channels per-
pendicular to the ground. Thus, the flow can be in the direction of
the gravity force or opposite it. For example, both used glass
reactors (LTF-V and INVENIOS) have parallel channels and are
interconnected by a 180-degree turn (see Figure 3). The dotted
lines mark the regions where the change of the direction takes
place. At each time such a double emulsion segment runs through
a curved part and, depending where it is localized, e.g., on top or
bottom, two different behaviors of the core droplet movement can
be observed. The straight areas of the channels are not of interest
for the passive operation mode, because there are no temporal
changes in the motion of the core droplet.

For better visualization of the observed effects, the flow rate of the
shell phase was adjusted to form segments instead of circular drop-
lets. By travelling through the top bends of the channels, the core
droplet is located at the lowest point of the organic shell segment as
long as possible due to the gravity (see Figure 4A and B).

Then the core droplet is pulled up from the organic interface to
the maximum of the channel curvature (see Figure 4A–C). From
this point, the core droplet falls instantaneously and comparably
fast down to the front end of the shell segment surface (see
Figure 4C). The core droplet now travels at the front end of the
shell segment downwards due to the influence of gravity (see
Figure 4D). It is obvious that the falling droplet generates further
circulations and chaotic advection within the organic shell phase.

Once the double emulsion plug arrives at the bottom of the
capillary, it needs to pass lower bends. Compared to the upper
bends, a very different behavior can be observed (see Figure 5).

The core droplet arrives first at the lowest point of the capillary
and remains there as long as possible (Figure 5A and B). The shell
segment has to squeeze between the capillary wall and the linger-
ing core droplet (Figure 5C). This continues until the rear interface
of the shell segment pulls up the core droplet again (Figure 5D).
The method described above is a passive way of working. Passive
refers to the fact that the internal movements causing additional
advections and, thereby mixing, only occur by g-force when the
double emulsion segments pass through the upper and lower bends
of the capillary.
2.2.3. Active Mixing Inside a Double Emulsion Segment. It

is possible – at any time – to evoke different movements of the
inner drop by placing the reactor on a plate performing controlled
periodical motion. This working manner represents an active
method. The construction used is shown in Figure 6.

A mounting plate is connected to a programmable motor which
periodically repeats inclinations for a given set of angles. The whole
experimental setup, i.e., the double emulsion processing unit and the
glass microreactor with capillaries inside, is mounted on this plate. A
digital microscope was placed directly on the glass reactor to
observe the response of the inner drops to different tilt angles. Using
the experimental setup shown in Figure 6, a side-to-side motion of

Figure 2. CFD simulation (openFOAM®) of the described setup for the
formation of multiple segments at the inlet into themicrochannel of the LTF-V
glass device, (red = continuous phase, blue = organic phase, colorless = FC40).
B: microscope image of resulting double emulsions flowing in a channel. In
both cases, the inner diameter of the outer capillary is 1000 μm

Figure 3. Schematic illustration of the setup for passive mixing method.
Glass reactor with curved channels is placed perpendicularly to the ground.
The areas of interest are highlighted in red dotted line boxes
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the glass microreactor with a frequency 1 Hz could be applied. The
slope in each direction was set to 15°.

The shell segments were not remarkably influenced by the
jiggling motions, and they travel within the continuous phase
through the channel without any change. The alternating inclined
plane influences the core droplets making them move rhythmi-
cally inside the organic phase from one boundary to the other.
These rhythmic runs of the core droplets create additional distinct
advections and recirculation zones.

Placing the microreactor on a Heidolph Duomax 1030® shaker
2-D or 3-D movements of the mounting plate, i.e., shaking or
wobbling of the plate, enables a circulating response of the core
droplet inside the shell segment. Such a commercial available shaker
maintains a uniform movement combination of circular and side-to-
side motions (Figure 7A).

Within double emulsions, which are exposed to such a three
dimensional motion, reproducible and uniform orbital movements

of the core droplets are generated while the shell segment is
moving nearly undisturbed in the direction of the continuous phase
flow (Figure 8A). The frequency of the inner movement of the
core droplet can effortlessly be controlled by the rotation frequency
of the 3-D shaker. By the circular motion (1 Hz) within a segment
of the double emulsion fluidic systems, an outstanding mixing
efficiency is ensured. This proposed behavior can be predicted
by numerical simulation and validated by a chemical reaction in
the following.

3. Numerical Simulations

To get an insight into the flow patterns arising from the move-
ments of the core droplets, computational fluid dynamics studies
were performed by using the open-source software tool open-
FOAM® (version 2.3.0) [16]. The included “multiphaseInter-
Foam” solver can be used for the modelling of the interaction of

Figure 4. Microscope images of a double emulsion segment traveling through the upper bends of a perpendicularly placed microreactor. White arrows
represent the flow direction of the continuous phase. A and B: the core drop lingers at the end of the shell segment captured by the phase boundary. C: the core
drop falls down immediately after passing the maximum of the curved channel. D: the core droplet travels now at the front end of the shell segment

Figure 5. Microscope images of a multiple segment traveling through the lower bend of perpendicularly placed microchannels. Arrows represent the
flow direction. B and C: core droplet is located at the minimum of the bend, and the organic phase has to squeeze to pass it

Figure 6. Photograph of the setup for active mixing inside emulsion double emulsion droplet or segment. The fluidic setup is mounted on a plate
which can periodically perform side-to-side motions for a set angle
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several immiscible fluids. The multiphaseInterFoam solver uses
the finite volume method in combination with the volume-of-
fluid (VOF) method for solving the incompressible Navier–
Stokes equations [17]. Computations of the flow pattern inside
multiple segments are performed in a two-dimensional manner.
Quadrilateral meshes with nearly 60,000 cells were used. The
simulation type was set to laminar flow, and all fluids were
treated as Newtonian liquids. The following quantities for the
kinematic viscosity (ν), the density (ρ), and the surface tensions
(σ) were used: continuous phase (CP, water): ν = 1×10−6 m2/s, ρ =
1000 kg/m3; organic phase (shell segment, toluene) (OP): ν = 7×
10−7 m2/s, ρ = 800 kg/m3; perfluorinated phase (core droplet,
FC-40) (FP): ν = 2.2×10−6 m2/s, ρ = 1800 kg/m3; σCP-OP =
0.025 N/m; σCP-FP = 0.06 N/m; σOP-FP = 0.01 N/m. The contact
angle between the continuous phase and both dispersed phases
was set to 0°. The inflow velocity was set to uinlet = 0.01 m/s.

3.1. Governing Equations. To define the interface between
different phases, the partial differential equation of the first
order shown below has to be solved for the volume fraction
(αf) in each cell.

@

@t
αf þ div v

! �αf

� �
¼ 0 ð1Þ

X
f
αf ¼ 1 ð2Þ

The transition length between two phases is infinitesimally
small. The volume fraction transitions from minimum to the

maximum or vice versa over infinitesimal length-scales. This leads
to results, where smearing of the interface occurs. To handle this,
the transport equation above has to be modified by an extra term.
This term contributes only at the interface.

Thus, the transport equation becomes:
@

@t
αþ grad α v

!� �
þ grad α 1−αð Þw!

� �
¼ 0 ð3Þ

and the extension contains an artificial velocity w! with
the property:

w!

w!j j � n
!
����� ¼ 1:

����� ð4Þ

The magnitude of this velocity can be adjusted by
internal solver parameters.

For each control volume in the VOF model, averaged
fluid properties were calculated. The averaging is linear
and weighted by the volume fraction.

Hereafter, χCV is any fluid property (averaged density,
averaged viscosity):

χCV ¼
X

f
αfχf ð5Þ

The conservation equations for mass and momentum are
given as:

div v
!� �

¼ 0 ð6Þ

Figure 7. A: Microscope images of core droplets performing side-to-side motions through the shell segment caused by different inclination angles
(top view). B: Schematic illustration of the periodically tilting setup

Figure 8. A: Circulation of a core droplet inside the shell segment as a response to the 3-D shaker movements (top view). Continuous phase volume flow:
20 mL/h, frequency of the orbital shaker f = 1 Hz. B: Photograph of the setup for active mixing inside double emulsion segment with an orbital shaker
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@

@t
ρ v
!� �

þ grad ρ v
! ∗ v

!� �� �
¼ −grad pð Þ

þ grad μ div v
!� �

þ div v
!T

� �� �h i
þ ρ g

!þ F
!

ð7Þ

v!: fluid velocity, p: pressure, g!: gravitational force, ρ: density,
μ : viscosity
F
!

is the surface tension force and is defined as:

F
! ¼ σ∗div n

!� �
� grad αf

� � ð8Þ

while n! is the unit normal vector of the interface:

n
! ¼ grad αf

� �

grad αf
� ��� �� ð9Þ

n! is calculated by:

n
! ¼ n!w cos θð Þ � n!t sin θð Þ ð10Þ

n!w: unit normal vector to the wall pointing towards the wall.
n
!
t: unit vector tangential to the wall pointing towards the liquid.
θ: contact angle
3.2. Falling Droplet. Figure 9 shows a comparison of compu-

tational fluid dynamics (CFD) calculated velocity profiles in multi-
phasic systems of different compositions. The vectors represent the
velocity direction, and their color expresses the magnitude of the
velocity. Obviously, by comparing the four images, the presence of
the core droplets causes additional vortices within the segments.
These vortices are symmetrically localized in respect to the center
line (2-D model). The occuring recirculations are distinct to a
different extent in the four cases presented above. The shape and
the velocity magnitude of the recirculations directly depend on the
core droplet size and its velocity.

Due to the fact that the core droplets are of different sizes, they
sustain a different fluid resistance, and therefore, they are moving
with different velocities within the shell segment. A similar sit-
uation is presented at the passage of the double emulsion segment
through an upper bend (compare Figure 4) at the moment when the
core droplet has passed the maximum of the channel curvature and
moves downwards. Because of the symmetric arrangement of the
velocity fields, the movement along the centerline performed by

the core droplet barely contributes to the mixing process. In this
way, the core droplets cause more vortices but the streamlines do
not cross each other. For this passive way of working when the
reactor is placed perpendicularly to the ground, an asymmetric
flow is predominantly formed in the areas of the bends at the
bottom when the core droplet is located at the minimum of the
curvature and the shell segment squeezes past it (Figure 5B and C).
For an optimal mixing, the breaking of the symmetries in the flow
field and, consequently, a crossing of the streamlines is imperative.

However, the experiments were performed in a glass reactor
with predominantly straight channels but only the movement of the
core droplets within the bended areas of the channels cause an
impact on the mixing. If a multiple emulsion flows through a
meander-shaped microchannel, two different effects contribute to
the mixing process: first, the serpentine structure of the channel
determines periodical streamline crossings caused by permanent
change of the direction of the recirculation zones [2], and secondly,
the core droplet generates additional vortices with larger velocites
during the movement inside the shell segment and induces an
asymmetrical flow at each bend.
3.3. Side-to-Side Movements. When the reactor is placed hor-

izontally on the mounting plate, the core droplet appears symmet-
rical from the top view, but due to gravity, it is asymmetrically
directed inside the shell segment with respect to the center line (2-D
model). This can be recognized by observing the channel in the side
view. The asymmetrical position of the core droplet is noticeable,
because during the side-to-side movement of the core drop, it
contributes to perturbing the flow fields and breaking up their
symmetry. Consequently, the crossing of the stream lines occurs
more often. This is presented in the CFD simulations in Figure 10.
The flow field patterns resulting from the movement of the core
droplet, when observed from the top view, are nearly symmetrical in
respect to the center line (compare Figure 7 and 10B). However,
when the same system is observed from the side view, the flow field
patterns are asymmetrical. As the two figures (Figure 10A and B)
display an identical system from two points of view, the combination
of the symmetrical and asymmetrical flow pattern results in an
overall asymmetrical flow pattern with respect to the center line.
Therefore, breaking up the symmetry in the flow field should result
in a faster mixing within the shell segment.

Figure 9. Comparison of velocity profiles for different systems. The gravity is applied in flow direction. The core drop diameter from left to right:
(A) without core droplet (0 μm), (B) 250 μm, (C) 500 μm, and (D) 700 μm, and the flow velocity of the continuous phase was set to 0.01 m/s.
The channel diameter is set to 1000 μm. Arrows (U-magnitude) represent the flow velocity inside of the segment
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3.4. Orbital Movements of Core Droplets. The described effect
of asymmetrical crossing of streamlines can be multiplied by induc-
ing a rotatory movement of the core droplet. The resulting velocity
fields within the organic phase are completely asymmetrical, chaotic,
and should culminate in a much faster mixing process (see
Figure 11).

4. Experimental Validation

To validate the simulation results, predicting a much enhanced
mixing due to the induced movement of the core droplet by
shaking or jiggling, a common etherification of phenol with
dimethyl sulphate under PTC conditions was investigated:

For all experiments, the following stock solutions were used:
the aqueous phase (the continuous phase in flow experiments)
consists of a solution of 2 wt.% poly(vinyl alcohol) (Mw
13,000–23,000), phenol (c = 0.2 mol/L), sodium hydroxide
(c = 0.2 mol/L), and benzyltriethylammonium bromide (c =

0.004 mol/L) as phase transfer catalyst. As organic phase, a
solution of dimethyl sulphate (c = 0.2 mol/L) in toluene was
used, and as mentioned above, FC-40 was used as the core droplet
in continuous flow experiments.

For the generation of double emulsion droplets, the following
flow rates were applied: aqueous phase, 50 μL/min; organic
phase, 9 μL/min; and FC-40, 2 μL/min. For comparison, the
PTC reaction was performed in a batch process. Except FC-40,
the organic and aqueous phases were delivered in the same ration
(overall volume 59 mL) and all at once by vigourously stirring.
All experiments were performed at room temperature, and the
reaction time in batch process and that in continuous flow of
segments through the microchannel were set to 22 min. The
chemical reaction was quenched by dripping into an excess of
cold water or puring the batch reaction mixture into water,
respectively. The organic phase was used directly for gas chro-
matography (GC) measurements. The achieved yields show
clearly that the predicted enhanced mixing by jiggling the core
droplet can have an enormous influence of the reaction speed.
The PTC reaction in batch appears as comparably slow due to
the undefined interfacial area provided by vigorously stirring. A
yield of only 31% (GC) was achieved. Also, the segmented
flow with an inserted core droplet but without forced internal
mixing gives a low yield. The yield (59% [GC]) is nearly
doubled compared to the batch process, while jiggling the core

Figure 10. CFD simulations: the flow direction of the continuous phase is from the left to the right with uinlet = 0.01 m/s. The diameter of the channel
is set to 1000 μm, and the core droplet diameter is set to 500 μm (aware from optical illusion, the core droplet diameter appears smaller than half of the
channel diameter). A: side view, B: top view of the channel; side-to-side motion of the core droplet. C: the reactor mounted on the plate performing
alternating inclination angles. Arrows (U-magnitude) represent the flow velocity inside of the segment
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droplet gives 85% (GC). For further comparison, the reaction
was performed in a segment without a core droplet. In this case,
the achieved yield does not remarkably change (58% GC) com-
pared to core droplet containing segments without core move-
ment (Figure 12).

5. Summary and Outlook

In a continuous microfluidic segmented flow system, the contact
between immiscible liquids offers an enormous potential for perform-
ing multiphasic reactions, e.g., in organic chemistry, with significant
advantages in comparison to conventional batch-based systems. Huge
specific interfacial areas in combination with an improved mixing
within the segments can dramatically increase the reaction rate.

This work introduces a method to accelerate the mixing process by
using double emulsion segments. These double emulsions consist of
an organic shell segment and a completely fluorinated inert liquid as
core droplet. Every shell segment can be considered as an isolated
single reactor with an inert core droplet as internal mixing element.
To ensure efficient mixing, the alternating movements of the core
droplet and, therefore, the recirculation must be asymmetrical with
respect to the center axis. This can be accomplished in two ways: a
passive and an active one. The passive method is easy to implement
by using a reactor with curved channels and placing it perpendicular
to the ground. In this case, the relative g-force direction alternates
when the multiple drops are flowing through the bends of the
channel. Such additional motions generate distinct circulation zones
in the surrounding organic shell segment. Depending on the device
used, the number of bends is low and limited by the design.

Figure 11. CFD simulation of core droplet circulations inside the shell segment. The flow direction is from left to right with uinlet = 0.01 m/s. B: indicates the
motion of the shaker, and arrows (U-magnitude) represent the flow velocity inside of the segment (see Figure 8)

Figure 12. Comparison of the yield for the PTC etherification of phenol with dimethyl sulphate. A: batch reaction with vigorous stirring, B: segmented flow
without core droplet, C: segmented flow without moving the core droplet, D: jiggling the core droplet with a frequency of 1 Hz
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Depending on the kind of method, different responses of the core
droplet were observed. In the passive method, the core droplet falls
through the surrounding shell segment and/or remains on one
position afterwards so that the shell droplet has to squeeze around it.

For the active method, side-to-side or orbital motions with
frequencies of 1 Hz were observed as responses of shaking or
jiggling the reactor. To achieve an optimized result, the length of
the shell segment must be adjusted to the core droplet size and the
frequency of the periodical motion. The core droplet should move
from one endcap of the shell segment to the opposite one and back
during a single period of the motion. Thus, it appears that different
combination of fluids requires an adapted motion frequency and
vice versa. Compared to a two-phase segmented flow, where the
recirculation zones are isolated from each other, the additional
movements of the core droplet in both methods accelerate the
mixing process by creating asymmetrical cross-flow advections.

The above investigated methods were validated by a PTC
reaction. Furthermore, it might be possible to solute reactants
within the perfluorinated phase to enable reactions on multiple
reactive interfaces in this way. The induced movement of the
core drops can also be applied for continuous mixing of shear
force sensitive substances, such as biomaterials.
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