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Abstract

Micro particle imaging velocimetry (wPIV) has been used to characterize two-phase flows in micro channels. Phase internal flow in large segments
as well as in small segments has been investigated for the contribution of interface friction to the formation of the internal flow field. According
to experimental conditions (flow rate, volume ratio of the phases, channel path geometry, viscosity), the decisive contribution of either liquid/wall
or liquid/liquid interface friction to the phase internal flow changes locally. This results in partially alternating internal flow directions between
micro droplets and separation medium. For internal flow field evaluation, algorithms of PIV image analysis have been extended for algorithms of
droplet recognition, mapping and transformation into a single coordinate system before displacement analysis. Simulations by computational fluid

dynamics (CFD) are in good agreement with the measured flow fields.
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1. Introduction

In microfluidic applications, two-phase flow of immiscible
fluids transported in micro channel networks offers promising
potentials for high throughput sample processing in chemistry
and biotechnology. Creation of diverse and individually address-
able sample stacks for serial processing, narrow residence time
distributions as well as enhanced mixing capabilities are three
immediate benefits. These pay off for example in biochemi-
cal analysis, nanoparticle synthesis and kinetic measurements
[1-7].

Mixing of reagents is the limiting factor in many chemical
processes. Selectivity and conversion rate depend on mixing.
Based on these preconditions, efficient mixing approaches have
been developed and exist in a wide variety of implementations.
In single phase flow, passive micro mixers dependent on lami-
nation or chaotic advection to decrease diffusion lengths have
been applied [8—11]. Active micro mixers are based on pressure-
driven, dielectrophoretic, electro-kinetic or acoustic stimulation
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[12-15]. Two-phase flow with fluid segments separated by an
immiscible fluid or gas offers fast and efficient mixing while
limiting axial dispersion in contrast to other passive micro mix-
ers [16—-19]. The complex internal flow field in those segments
are induced by the shear force between the two immiscible fluids
or by liquid/wall friction.

Micro particle imaging velocimetry (wPIV) becomes a pow-
erful tool for the characterization of internal flow fields in micro
channels [20]. With its high spatial resolution it can resolve
details of the internal flow fields and provides an approved
instrument for qualitative and quantitative flow analyses.

In this work we are presenting the measurements of the inter-
nal flow fields of liquid/liquid and liquid/gas two-phase systems
in all-glass micro channels. After introducing the employed
microfluidic chip devices (Section 2) and the basics of seg-
mented flow (Section 3), Section 4 deals with our self-built wPIV
setup. Micro PIV of non-stationary objects requires some exten-
sions to the common algorithms of wPIV. These are discussed.
In Section 5, wWPIV is applied to the investigation of the contri-
bution of fluid/fluid and fluid/wall friction. Liquid/liquid as well
as liquid/gas segmented flow have been analyzed. Dependent
on experimental conditions, viscosity of the transported fluids
and operation conditions multiple flow regimes of Taylor flow
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Fig. 1. Left: Microfluidic chip device incorporating segment creation and dosing inlets with pre-mixing of respectively two reagents and a winding main channel for
efficient mixing of the dosed reagents. Middle: SEM image of the channel cross-section. Right: schematic of the channel consisting of two half-channels bonded via

a bond support layer.

are observed. Gas/liquid two-phase flow is dominated by lig-
uid/wall friction whereas oil/water two-phase flow is dominated
by friction at the liquid/liquid interface.

2. Microfluidic chip devices

Our technology of wet etching and anodic bonding of two
glass substrates using a bond support layer offers the prepara-
tion of microfluidic chip devices with optical transparent micro
channels for image based analysis of fluid dynamics and pro-
cess diagnostics. Moreover, a two-step etching process allows
the creation of channels with different etch depths on a single
substrate. Two half channel substrates are bonded with a newly
developed anodic bonding process. Anodic bonding is medi-
ated by a nickel/chromium [21] or silicon [22] bond support
layer. The micro channels may be prepared with channel heights
between 100 nm and 260 pm. In our experiments we used micro
channels with channel dimensions of 780 pwm x 260 pwm (Fig. 1).

3. Segmented flow

The concept of segmented flow uses small linearly organized
droplets of liquid samples, which are separated by an immiscible
separation fluid. These sample stacks are generated, manipu-
lated and controlled in a microfluidic environment as shown in
Fig. 2. [21] Microfluidic chip modules and technologies have

been developed for generation of diverse sample collections,
dosing of reagents to the sample compartments, retrieval of indi-
vidual compartments and analysis of compartment ingredients
and cell counting. Actual research focuses on the development
of functional nodes which use interface forces and flow dynam-
ics for development of self-controlling elements for processing
of segmented sample streams [23].

Dependent on the channel dimensions droplets may have a
volume between a few nanoliters up to several hundred nano-
liters. In modular setups micro droplets have a volume of
about 60-100nl and are transported in well controlled plug
mode [24]. In most applications segments of water are trans-
ported in tetradecane as separation medium. Channel surfaces
are treated with octadecyltrichlorosilane in order to generate
optimum wettability for mineral oil and minimum wettabil-
ity for water. For wPIV investigations the water droplets are
loaded with yeast cells as tracer particles with a diameter of
4-5 pm.

Phase internal flows are induced by friction at the interfaces
(Fig. 3). The liquid/wall as well as the liquid/liquid interface
contribute to the flow induction. In large segments the flow is
dominated by liquid/wall friction and Taylor flow is observed. In
small aqueous micro droplets flanked by large segments of sep-
aration medium the contribution of friction at the liquid/liquid
interface is increased. This results in an opposite direction of the
phase internal flow.
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Fig. 2. Segmented flow based high-throughput micro-chemical applications are based on discrete sample streams which are generated, processed, analyzed and

controlled using microfluidic chip technology.
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Fig. 3. Contribution of interface friction to the phase internal flow. In large
segments it is dominated by liquid/wall friction. Their stable flow field induces
areversed flow direction inside the micro droplets caused by liquid/liquid friction
which superposes existing liquid/wall friction.

4. pPIV Setup and algorithms

Tracer particles are visualized via dark field transmission
mode illumination with a red high-power LED serving as light
source. Image acquisition has been conducted with an Olympus
i-SPEED 2 high speed video camera (800 x 600 @ 1,000 fps)
and an AVT Marlin video camera (780 x 582 with triggered
flashlight double frame exposition). In both cases the cameras
have been equipped with 10x microscope lenses with a Numer-
ical Aperture of 0.2 (Fig. 4) ..The depth of focus has been
measured with a pinhole to be 100 wm. Each tracer particle
in the object plane (1.0 mm x 0.75 mm) is imaged on at least
3—4 pixels in order to get positional sub-pixel resolution by fit-
ting its gray values to a Gauss profile. Image acquisition with
the AVT Marlin camera is triggered via the moving fluid/fluid
phase boundary of the segments detected by a photo diode. A
programmable micro controller allows adjustment of exposure
time (flashlight duration) and time between two illuminations
(typically 3 ms) (Fig. 5) .

In order to obtain the phase internal flow field rather than the
global flow field of the segment translating through the micro
channel, segments from both frames have to be transformed into
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Fig.4. Optical wPIV setup for double frame exposition in dark field transmission
mode. As light source serves a red high power LED, the microscope lens has a
10x magnification and a NA of 0.2. Images are recorded with a Marlin video
camera from AVT.
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Fig. 5. Time sequence for the programmable flashlight controller for triggered
double frame exposition: #1, time between segment-induced trigger signal and
first camera frame; 5, time offset for first flashlight exposition (# flashlight
exposition time); #3, time between first and second flashlight exposition.

the same coordinate system with a segment matching algorithm
before PIV analysis. This is done in three steps: First, seg-
ments are detected by a gradient based contour detection. Then,
based on these contours, a transformation matrix is calculated
which comprehends of translation, rotation and optional scaling.
Finally, this transformation is applied to the second frame with
bilinear interpolation of the gray values for sub-pixel resolution.

PIV analysis is conducted with a self-developed software
in cooperation with the Department of Computer Science at
Friedrich-Schiller-University Jena. The employed algorithm is
based on direct cross correlation extended by the shift detection
by restoration method [25]. Sub-pixel resolution is achieved by
Gaussian interpolation of the tracer particles.

In contrast to single phase flow with stationary conditions
and the possibility for averaging the vector fields or correlation
matrices of numerous double-frames [20], two-phase flow does
not provide these possibilities. There is only one double expo-
sition for each segment and that means the resulting vector field
contains all outliers produced by the correlation algorithm. Thus,
an additional step of data validation is required. Our data has
been validated with a peak median filter which uses additional
information included in the correlation image to reconstruct vec-
tors identified as outliers. Normally, the decision which peak of
the correlation image corresponds to the true displacement is
to take the one with the highest value. Yet this is problematic
in case of peaks with comparable heights where an ancillary
peak corresponds to the true displacement rather than the main
peak. The peak median algorithm evaluates the main peaks from
the neighborhood correlation images and selects the peak in the
correlation image whose distance to its neighborhood peaks gets
minimal (Fig. 6). Additionally, the algorithm considers a min-
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Fig. 6. 32 x 32 pixel correlation image (smoothed) with two peaks correspond-
ing to possible displacement vectors. The peak median algorithm will also
consider the second-highest peak if its distance to valid peaks in the neigh-
borhood correlation images is minimal.
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imal peak height and implements a parameter accounting for
the trade-off between peak height and minimal distance to the
neighborhood peaks (equivalent to the smoothness of the vector
field). Assuming that the majority of the valid displacement vec-
tors correspond to the main peak and false displacement vectors
are statistically distributed, an iterative application of the peak
median filter should select valid displacement vectors from the
ancillary peaks [26].

Visualization of the measured vector fields and stream line
generation with the Runge—Kutta algorithm has been done using
the ParaView software [27].

5. Experimental
5.1. Phase internal flow in large segments

For segment internal flow the stable flow fields in the separa-
tion medium are the main stimulus for flow field development.
Yet PIV measurements of flow fields in the oil phase have been
difficult to realize because of the lack of suitable tracer par-
ticles. Thus a reverse situation with similar wetting conditions
has been chosen where water acts as separation medium between
small segments of air. In Fig. 7 phase internal flow is shown for
an elongated slug of water flanked by two air bubbles. The flow
field shape is non-symmetrical as a result of the air bubble defor-
mation. The internal flow is determined by liquid/wall friction
which is in agreement to Giinther et al. [28]. Because of the
orders of magnitude lower viscosity of air and thus inexistent
interface friction, the flow inside these bubbles causes no effect
to the flow field in the separation medium. This is in contrast to
the oil/water system where there does exist a coupling of both
liquid phases over their interface that determines phase internal
flow (Fig. 8).

The internal flow field in long segments of water flanked
by a transport medium of oil (Fig. 8) is determined by lig-
uid/liquid friction, even though there is a larger liquid/wall
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Fig. 7. In long segments of water between two smaller segments of air the
internal flow is dominated by liquid/wall friction (transport velocity 5.4 mm/s).
Flow inside the air bubbles causes no effect to the flow field in the separation
medium because of the orders of magnitude lower viscosity.
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Fig. 8. In long segments of water flanked by long segments of oil, the inter-
nal flow is dominated by liquid/liquid friction (transport velocity 2.3 mm/s). A
dominating influence of liquid/wall friction like in the water/air system is not
recognizable. Complex internal structures can be seen as the existence of six
regions with vortices.

than liquid/liquid contact area. A possible explanation is the
existence of a thin film of oil wetting the lipophilic channel
walls between the water segment resulting in diminished fric-
tion. Unlike liquid/wall friction dominated flow found in water
segments of air/water flow and in oil segments of oil/water
flow, phase internal flow is determined by friction at the lig-
uid/liquid interfaces. There are six regions with vortices, four
near the liquid/liquid interfaces and two can be estimated in
between. Thus, a total of four regions with liquid/liquid fric-
tion dominated flow are found inside the segment. In the central
region of the segment the contribution of liquid/wall friction
increases, yet liquid/wall friction is not dominating internal flow.
This measurement is in agreement with CFD simulations shown
below.

5.2. Small segments translating through linear or winding
micro channels

For small segments the contribution of the liquid/liquid
friction to the phase internal flow is the decisive factor and lig-
uid/wall friction is minimal due to its low interface area. In linear
micro channels, the flow field is symmetrical with respect to the
channel direction (Fig. 9). Impulse transfer takes place at the
four regions with maximum flow at the interface. Each interface
region of maximum flow is flanked by a region with circular flow
inside the segment. Due to symmetry, mass transfer between the
lower and upper half of the segment is restrained which results
in a limited mixing efficiency.

A similar behavior is observed for small segments in wind-
ing micro channels (Fig. 10). Again, the major contribution to
the phase internal flow is induced by the four regions of maxi-
mum flow at the liquid/liquid interface. Yet other than for linear
channels, flow induction is asymmetric as a result of the channel
curvature. This leads to more complex flow fields which results
in a faster mass transfer over the whole segment and an improved
mixing efficiency.
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Fig. 9. Reversed symmetrical flow fields are induced by the translation of micro
droplets through linear micro channels (transport velocity 7.6 mm/s). Mixing is
suppressed. The measured internal flow inside a micro droplet is shown for a
micro channel with dimensions of 780 pwm x 260 wm. Internal flow is induced
at the liquid/liquid interface with four regions of maximum flow.

5.3. CFD simulations of phase internal flows

The computational fluid dynamics simulation of phase inter-
nal flow in micro channels has been performed with the CFD
software Fluent®. Segments of water flanked by separation
medium of oil translate through round micro channels with
300 wm in diameter with a transport velocity of 2 mm/s. A con-
tactangle of 160° is adjusted via the boundary layer. Calculations
have been conducted with no-slip condition at the channel walls,
resulting in an overestimated contribution of liquid/wall friction.

In elongated segments of water flanked by mineral oil, phase
internal flow consists of six zones with alternating vortices
(Fig. 11). Friction at the liquid/liquid interfaces induces a total of
four vortices next to the interface regions. In the middle region
of the segment, two more vortices are generated by liquid/wall
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Fig. 10. Translation of droplets through winding channels (transport velocity
7.6 mm/s) induces complex internal flow for efficient mixing. Maximum flow is
observed at the liquid/liquid interface which dominates the phase internal flow.

friction. In small segments liquid/liquid friction determines the
internal flow and two main vortices are induced (Fig. 12).

5.4. Flow rate dependency of the phase internal flow in
small segments

In small segments the internal flow induction depends on
the flow field in the separation medium which is induced by
liquid/wall friction. Fig. 13 shows this dependence, which is
indicated by the x-components of a vertical column of displace-
ment vectors along the segment middle axis, with regard to flow
rate. Velocity components smaller than zero indicate flow in
transport direction which is found, as already shown, near the
liquid/wall phase boundary. This is also true for very small flow
rates with hardly any flow induction over the liquid/liquid phase
boundary yet also with no measurable flow induction over the
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Fig. 11. CFD simulation of the phase internal flow of a long micro droplet translating through a micro channel (transport velocity 2 mm/s). The flow field near
the liquid/liquid interface induced by liquid/liquid friction is clearly seen. Inherent to simulation under computational no slip condition, an influence of liquid/wall
friction is also represented. Six vortex-regions are apparent, four strong vortices at the liquid/liquid interfaces and two in between, determined by the liquid/wall

interface friction.
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Fig. 12. CFD simulation of the phase internal flow of a micro droplet translating through a micro channel (transport velocity 2 mm/s). The flow field near the
liquid/liquid interface induced by liquid/liquid friction is clearly seen. Inherent to simulation under computational no slip condition, an influence of liquid/wall

friction is also represented.

liquid/wall phase boundary. The results indicate the absence of
any liquid/wall dominated flow in small segments. Higher flow
rates result in faster internal flow and stronger flow induction
over the liquid/liquid phase boundary. The position of the zero-
flow zone in the center of the vortices does not significantly
depend on the flow rate.

6. Results and discussion

The concept of segmented flow based on serial high through-
put sample processing depends on small sample droplets
separated by large segments of a liquid separation medium. In
order to ensure maximum reliability for the transport of seg-
mented sample streams, the micro channel wall has to provide
optimum wettability for the separation medium and minimum
wettability for the sample liquid. This affects the contribution
of liquid/wall friction to the internal flow of both fluids. Our
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Fig. 13. Flow rate dependency of the internal flow field in small segments trans-
lating through linear micro channels. The x-component of the displacement
vectors along the middle axis of the segment (red stripe in the schematic inset)
is plotted against their y-position for different flow rates. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of the article.)

results indicate the presence of an ultra thin film of separation
fluid between channel wall and sample fluid, which additionally
reduces friction between sample liquid and channel wall.

Segment internal flows are induced by friction at the inter-
faces. The liquid/wall as well as the liquid/liquid interface
contribute to the flow induction. In elongated segments of sep-
aration medium the flow is dominated by liquid/wall friction
and Taylor flow is observed. In small aqueous micro droplets
flanked by separation medium the phase internal flow is dom-
inated by friction at the liquid/liquid interface and driven by
the more stable, wall friction dominated flow inside the mineral
oil which results in an opposite direction of the phase internal
flow. A more complicated situation is found in elongated aque-
ous droplets flanked by mineral oil. At the front and the end
of the droplet phase internal flow is determined by friction at
the liquid/liquid interfaces. In the central region of the aqueous
droplet an additional vortex is induced. These observations are
also evident in simulations by CFD where the flow field near
the liquid/liquid interface induced by liquid/liquid friction is
reversed and an additional vortex between the two outer vortices
is found in longish segments.

Fast and efficient mixing of reagents dosed to the sample
droplets is strongly dependent on the internal flow fields. Trans-
lation of micro droplets in linear channels results in an axial
symmetric flow field. This flow obstructs mixing of ingredients
inside the droplet. In contrast, translation in curved micro chan-
nels results in a superposition of the internal flow with a circular
flow field and enables efficient mixing inside the segment. Per-
manent mass transfer between near-wall and center regions is
provided.

These results extend earlier observations during titration
experiments [24] or by analysis of dye labeled segment flow
[29]. In contrast to these methods, wWPIV allows quantitative
analysis of the internal flow and provides the fundamentals for
development and validation of models for the liquid/liquid two
phase flow in micro channels. Thus, they provide the prerequi-
sites for the model based design of highly integrated LabOnChip
systems and implementations of the concept of serial organized
segmented sample streams [30].
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