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Abstract

in detail in a diverging micro channel.

The current work investigates two phase flow visualization in a micro channel using micron resolution particle image
velocimetry (UPIV). Droplets of both oil-in-water and water-in-oil emulsions were generated in a T-shaped PDMS micro
fluidic device and the corresponding flow fields were measured down-stream in the divergent section of the device. The
oil-in-water emulsions were formed in a hydrophilically modified PDMS micro channel using plasma polymerization of
acrylic acid. To obtain the velocity fields in both types of emulsions, fluorescent particles of 0.86 m size were added
into the dispersed water phase in the case of water-in-oil emulsions, and in the continuous water phase in the case of
oil-in-water emulsions. The phenomena of flow behavior within the droplets and around the droplets were investigated
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Introduction

Numerous applications of microfluidic systems require a highly
monodispersed droplet formation, including the biomedical industry.
The behavior of a fluid at a microfluidic scale can differ significantly
from that on macrofluidic scales. Typically, flow in microfluidic
devices occurs at low Reynolds numbers due to the small dimension of
the channels and thus is solely laminar [1,2]. Due to this laminar flow
behavior, mass transfer and mixing processes occurring across adjacent
fluid streams are dominated by diffusion rather than by convection
[3,4]. The associated slow mixing rates can pose disadvantages for
performing chemical reactions at microfluidic length scales. However,
droplet based microfluidics provides a platform for fluid manipulation
within the droplets. Transfer rates are increased due to the presence
of high surface to volume ratios. Thus it is important to understand
the hydrodynamics inside and around the droplets. Two phase flow
fields at the microscale can be complicated due to surface interactions,
boundary conditions or non-Newtonian rheologies. It can be di cult
to adequately capture the dynamics of these effects using numerical
simulations. Therefore, a non-intrusive diagnostic experimental
technique such as PIV is inevitably required to analyze the flow field.

The basic principle of uPIV is same as that of conventional uPIV
but in-stead the whole volume of the microchannel is illuminated. It
involves an intrusion of nano to micron-sized seeding particles into the
flow field. These are illuminated using a double pulsed laser. As a result,
two consecutive images separated by a short time interval are recorded.
These two images are then correlated to determine the displacement
of particles over the time interval (separation between two images)
and hence the velocity field is determined. uPIV requires an optical
access to the microfluidic device and therefore the device needs to be
transparent for flow visualization.

The first successful application of puPIV was made by [5] to
analyze local flow fields in a microchannel. Since then, this technique
has been used by a large number of researchers to characterize flow
in microfluidic devices [6-11]. pPIV can be used to characterize two
phase flows in a microchannel. This is particularly useful for liquid phase
dispersion which is needed in the design of microreactors with enhanced
performance. Generally, velocity profiles can be determined in each of the
phases with the addition of appropriate seeding particles [12-15].

In this paper the flow field around an oil droplet, and inside water
droplets, in a PDMS microchannel have been presented. These flow
fields were analyzed at a time when the droplets had migrated far away
from the T-junction and had relaxed downstream into the divergent
channel. In the diverging channel fluid velocities are reduced compared
to those of the initial in flow. The flow behavior differs from that in the
vicinity of the T-junction. This phenomenon has not previously been
well-explored, and hence it forms the basis of this study.

System Description and Principle of pyPIV

As shown schematically in (Figure 1), our pPIV equipment consists

Figure 1: Schematic of experimental setup for microPIV.
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of a Nd:YAG double pulsed laser with a wavelength of 532 nm. The
laser is aligned with an inverted microscope (Zeiss Axiovert S100). A
12 bit CCD camera (PCO Sensicam) is mounted on the microscope for
imaging with a window comprising 1280*1024 pixels. A synchronizer
controls both the laser and the camera. A long pass filter with a cut o
of 560 nm is used to block the laser light. A personal computer with
VidPIV software installed is used to record the data and to perform the
post processing of the images.

Droplet formation experiments were performed in a PDMS
microfludic device consisting of a T-shaped droplet generator of 100*50
m? cross section, intersecting channels and a wider diverging section of
200*50 m? rectangular cross section where droplets are subsequently
relaxed. Fluorescent particles of diameter 0.86 microns (Dukes Scienti
¢ Co.) were used as seeding particles into the deionized (DI) water flow,
which acted as a droplet phase in the case of water-in-oil emulsions and
as a continuous phase in the case of oil-in-water emulsions. Mineral
oil with 4% span 80 surfactant was used as an oil phase. Fluorescent
particles were added into the DI water in a proportion of 30 pl per 2
ml solution (0.015% v/v). The particles were mixed into the DI water
using an ultrasonic treatment for a period of 30 min duration. The laser
beam illuminates a region of flow within the microchip. Fluorescent
tracer particles are excited by the 532 nm wavelength laser and emit
light at a wavelength of around 585 nm. A long pass filter cube adjusted
below the magnification lens blocks the laser light but allows the
passage of light emitted by the particles. The resulting images were
acquired using a high resolution CCD camera. Pulse distance, which
is the time separation between the two images was set according to
the averaged flow rate of the two phase fluid flow rates in such a way
that the maximum particle displacement is around 25% of the size of
the interrogation window (32*32 pixels). VidPIV software computes
how far the particles have moved between the pairs of images using a
standard cross correlation technique and finally a map of the velocity
field is generated.

Results and Discussion

puPIV measurement

Droplets are generated at a T-junction intersection and are
subsequently relaxed in a divergent section of the microfluidic device
[16]. The divergent section of the microchip is focused via volume
illumination for PIV imaging. Flow visualization was achieved by
capturing a 10-fold magnified image by the CCD camera. Therefore,
the system needs to be calibrated with the actual length scale in order to
determine the original distance between the particles. For this purpose,
graticules with graduation marks of 0.01 mm and 0.05 mm were
captured with a 10 objective lens as shown in (Figure 2). The horizontal
distance with a number of pixels in a row was compared with the
actual dimensions and as a result we obtained the relationship that 1
pixel=0.6667 microns. The optical parameters associated with the PIV
measurements are given below in (Table 1). Hence, the field of view is
853.38 m 682.70 m for the objective lens used (Table 1). The in-plane
spatial resolution of 21.3 m 21.3 m was obtained using an inter-rogation
window size of 32¥32 pixels. A high signal to noise ratio (SNR) is
usually obtained by either reducing the depth of the channel or the particle
concentration [17]. Due to the predefined dimensions of the microchannel
geometries, the depth is fixed, therefore the particle concentration is the
main parameter that can be optimized. The concentration of fluorescent
particles in our experiment was chosen by considering results from a series
of experiments comprising different particle concentrations in order to
obtain adequate quality pPTV images.

Figure 2: Graticule image with (a) 0.01 mm graduation marks and (b) 0.05
graduation marks taken by CCD camera on 10X magnification.

n (water) M NA dp p L
Refracti N ical = Particl Particl
e.rac ive Magnification umerical -a icle a |(T‘e Wavelength
index aperture | diameter density
1.33 10 0.3 0.86 m | 1005 kg/m?® 585 nm

Table 1: Parameters for pPIV setup.

The choice of seeding particles should be made such that they
are small enough to closely follow the flow and to avoid clogging of
the microchannel. On the other hand they should be large enough to
obtain a successful fluorescent image and to minimize the effect of
Brownian motion. In contrast to fluid mechanics at macroscales, the
hydrodynamic particle size is usually not of importance in microfluidics
due to the large surface to volume ratios at small length scales. The
particle behavior can be determined by representing the response time
of a particle as a step change in fluid velocity.

Based on the assumption of Stokes flow, the response time of
particles is given by:
2
zdppp
18,

where d_ is the particle diameter, d_ is the density of the particle and

™ 6]

is dynamic viscosity of the fluid. The response time of 0.86 micron
diameter polystyrene particles in water, which were used in our flow
visualization experiments, is of the order of 10-* s which is much smaller
than the time scales of any practical liquid or gas flow at low speed.

The random motion of seeding particles causes uncertainty in uPIV
measurements which were quantified by Inoue [18]. The relative error,
g, in the measured horizontal displacement of a particle immersed in
a fluid moving with velocity u, over a time interval t, is estimated as

where D is the Stokes-Einstein diffusion coefficient of a particle.

1 [2D
R ET2) @
n vV At

The spatial resolution of an optical system is limited by the
diffraction [19]. The diameter of the diffraction limited point-spread
function is given by

d, =2.44M 721}:11,« 3)

where M is the magnification, NA is the numerical aperture and | is
wave-length of the recording light [20]. The diameter of the diffraction
limited point-spread function, d_ was calculated from parameters listed
in (Table 1) as 23.79 m.

The effective diameter of a particle image, d, recorded on the CCD
array is a convolution of the diffraction limited point-spread function
and geometric image, and is estimated as [21,22]:

d, =M’ +d’ 4)
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This diameter is calculated to be 25.3 m for our system. When
the image on the CCD array is projected back into the flow field,
the effective diameter is estimated to be 2.53 m. The diameter of the
particle image needs to be resolved by more than 3-4 pixels in order
to determine the location of the image correlation peak to within one
tenth of the particle image diameter [23]. This results in a measurement
uncertainty of x=d =10M=253 nm.

According to Meinhart [17], the measurement depth is more
relevant than the depth of field in PIV. The measurement depth of
two dimensional PIV is twice the distance from the objective plane in
which a particle is sufficiently unfocussed that its contribution to the
velocity measurement becomes insignificant. Considering this, the cut-
off particle image intensity is set to be 10% of the maximum intensity of
the focused particles. This gives an estimate for the total measurement
depth, 6Zm, as

3w, 2.16d,

oz, = >+ +d,
(NA) tan©,

(5)

where 6, is the light collection angle of the objective [17] and n is the
refractive index of water. For the current experimental setup, this value
is estimated to be 25.94 m.

Flow profiles in the continuous aqueous phase during the
formation of oil-in-water emulsions

A PDMS microchannel was modified from hydrophobic to
hydrophilic using the atmospheric pressure plasma polymerization
technique in order to form an oil-in-water emulsion [24]. Mineral
oil was used as the dispersed phase and DI water was used as the
continuous phase. This section analyzes the flow field around an
already formed oil droplet as it flows in a divergent section of the
T-junction micro fluidic device. The oil droplet formation in DI water
containing fluorescent particles with 10 magnification. The base and Figure 4: Velocity vectors in continuous water phase around an oil droplet,
cross uPIV images are shown in Figure 3. The velocity vectors shown in Q=1 pl/min, Q =4 pl/min.
Figure 4 were obtained using the adaptive cross correlation technique.
The flow profiles show that when the droplet relaxes in the divergent
channel section, the continuous phase sweeps through the small gap
between the oil droplet and channel walls at a higher speed due to the
high shear rate existing between the continuous water phase and the
droplet. Figure 5 presents the velocity pro le of the continuous water
phase along the line perpendicular to the flow direction across the
rear and front sides of the droplet interface, and in the middle of the
droplet. The velocity is shown to be zero in the middle of oil droplet

Figure 5: Velocity profiles in di erent sections of the continuous water phase
around an oil droplet with Q =1 pl/min and Q =4 pl/min.

unless any particle diffusion occurs through the interface. However,
fluid will flow through the gap between the oil droplet and the channel
wall with a speed higher than that of droplet upstream (rear) and
downstream (front) side. A gradual deceleration in the velocity profile

Figure 3: Fluorescent particles illuminated by the double pulsed laser in a occurs across the rear and front side of the oil droplet towards the

continuous water phase that contains a previously formed oil droplet with Q =1 middle of the channel due to the presence of high resistance to the flow
pl/min and Q=4 pl/imin, (a) base image at time t, (b) cross image at t + 4t. at the interface. The magnitude of the velocity vectors in the divergent
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channel is shown in Figure 6. The color bar indicates the lowest to
highest distribution of the velocity magnitude in the channel.

Flow profiles in an aqueous droplet phase during the
formation of water-in-oil droplets

The Internal flow field of a moving droplet confined in a diverging
channel is presented in Figure 7. As the flow is extremely slow, we did
not observe standard circulation within the droplet. As the oil flow rate

Figure 6: Velocity profiles in continuous water phase containing an already
formed oil droplet, Q =1 ul/min, Q,=4 pl/min.

Figure 7: Velocity Vectors in continuous water phase around an oil droplet,
Q=1 pl/min, Q=1 pl/min.

increases the droplet size decreases, but still remains confined in the
divergent section. It becomes unconfined at higher flow rates, e.g. at
oil flow rates of 4 ul/min and 8 pl/min as shown in Figure 8, when
the gap between the droplet and the wall increases. It was observed
that the velocity at the stream wise interfaces for continuous phase
flow rates of Q =0.5 pl/min, 1 pl/min and 2 yl/min is higher than those
operating at flow rates of Q =4 pl/min and 8 ul/min (Figure 9). This is
because the shear stress effect at interfaces with the continuous phase
flow is more pronounced in the case of confined droplets. The velocity
profile is slightly parabolic in the case of the lowest flow rate considered
(Q,=0.5 pl/min), showing that in the center of the droplet the flow
is weakly accelerated. This profile damps gradually at increasing
continuous phase flow rates and eventually becomes reversed within
the unconfined droplet at highest flow rate considered (8 l/min),
showing a strong deceleration in the center of droplet. However, the
overall motion of the droplet follows the direction of flow downstream.

Conclusions

The flow profiles presented herein provide a fundamental
understanding of the very slow flow rate of droplets within a divergent
microchannel. The flow becomes very slow as the droplets move
downstream in the divergent section of the microchannel. These results
in the velocity profiles across water droplets dispersed in a carrier oil
indicating that no regions of circulation are present. Furthermore,
flow profiles in the center of water droplet for different flow rates
were compared and it was found that the degree of confinement of the
droplet in the divergent microchannel altered the velocity profiles in
droplets. The flow was observed to decelerate through the thicker films

Figure 8: PIV images of fluorescent particles in water droplet moving in
diverging section of microchannel at different oil flow rates of (a) Q =0.5 pl/
min, (b) Q =1 pl/min, (c) Q.=2 ul/min, (d) Q =4 pl/min, (e) Q =8 pl/min.

Figure 9: Velocity profiles across water droplets dispersed in a continuous
oil phase for range of flow rates Q =0.5 pl/min, 1 pl/min, 2 pl/min, 4 pl/min
and 8 ul/min with a constant dispersed water phase flow rate of Q,=1 pl/min.
The profiles are shown in mid position of the droplet perpendicular to the flow
direction.
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of carrier fluid that existed between the droplet and the microchannel
walls. In the case of the formation of an oil-in-water emulsion, velocity
profiles in the continuous water indicated that the maximum velocity
occurred around the interface adjacent to the channel wall. This arose
due to the strong shear existing between the droplet and the channel
wall. A high degree of deceleration in the flow around the center of
the rear interface of the oil droplet was observed which is due to the
high level of resistance to the flow, and around the center of the front
interface due to the resistance to the out flow. Hence, it was concluded
that the degree of mixing occurring within the droplets in two phase
flow may not always be as strong as previously reported due to the
zero velocity gradients that appear at lower velocities and also due
to the droplet travelling in an area of lower velocity gradients due to
thickening of the thin Im in the diverging channel surrounding the
droplet. Our methodology has accurately predicted when the flow
within a droplet will be non-circulatory. This could be validated
numerically using computational fluid dynamics with the conditions
of the physical properties and flow rates imposed. Such simulations can
be used to determine the optimum velocities at which the flow will start
to circulate inside the droplet. Our pPIV technique enables the local
flow field analysis at high spatial resolution. However, this technique
is limited by several factors including particle size, image quality and
density of seeding particles.
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